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We use a Fourier-space imaging technique relying on outcoupling grating probes to study the
coupled mode interaction and dispersion properties of guided modes in silicon-on-insulator
codirectional couplers. Our approach allows us to measure the mode splitting inherent to coupled
systems, determine the mode symmetry, and locally probe the coupling length with an accuracy of
�50 nm. A systematic study of directional couplers with different waveguide widths, coupling gaps,
and e-beam exposure doses is reported in order to verify the results across a wider parameter
space. © 2008 American Institute of Physics. �DOI: 10.1063/1.2909575�

Codirectional waveguide couplers are fundamental
building blocks of optical integrated circuits. Their primary
function is to split or redirect optical signal and, hence, they
can be found in all-optical switches, cross connects, tuneable
add-drop de/multiplexers, or in a variety of interferometric
devices such as Mach–Zehnder interferometers.

State-of-the-art waveguide couplers based on silicon-on-
insulator �SOI� substrate offer additional advantage of com-
pactness with coupling lengths of typically 10 �m �or even
shorter in photonic crystal environment� and propagation
losses as low as 2.5 dB /cm.1–3 Their application potential is
further promoted by the well-developed complementary
metal-oxide semiconductor compatible fabrication technol-
ogy that allows for mass production of low-cost and high-
quality devices. It is therefore of high interest to acquire
more comprehensive knowledge about such couplers in di-
rect measurement, including coupling lengths, dispersion
properties, and critical technological limits.

The physical properties of coupled waveguides have
been intensively studied both theoretically and experimen-
tally since the early days of integrated photonics in 1970s.4

Along with numerical simulation tools �finite-difference time
domain or guided mode expansion methods�, analytical
coupled mode theory proved suitable for modeling the en-
ergy transfer within the coupled systems.4,5 In contrast, the
experimental verification has been almost exclusively limited
to transmission measurements,6 which provide spectral infor-
mation about the coupler performance but cannot directly
probe the coupling length or the coupled mode dispersion.
So the most important characteristics of the coupler have to
be indirectly inferred from a series of measurements, with
the precision being affected by imperfections and structural
variations across individual samples.

In this paper, we apply an experimental optical technique
based on Fourier-space �FS� imaging7 to directly probe the
fundamental physical interactions within the coupled wave-
guide structures. The mode splitting of the original isolated
waveguide mode is observed in the k space and the disper-
sion relation of the split modes is studied in detail for differ-
ent coupler geometries. From the FS images, valuable infor-
mation about the coupling length/strength and its spectral

dependence can be directly reconstructed with high accuracy
and without the need for time-consuming repetitive measure-
ments.

Symmetric directional couplers and isolated reference
wire waveguides were designed and fabricated in a silicon
layer using a SOI wafer �220�5 nm thick Si layer on top of
a 2 �m SiO2 buffer�. A 350 nm thick layer of ZEP-520A,
Zeon Chemicals, Japan, was used as a resist and etch mask.
The patterns were generated by electron beam lithography
and, following the development of the resist, the pattern was
directly transferred into the silicon layer using low power,
low dc bias, reactive ion etching with a SF6 /CHF3 gas mix,
optimized to yield wire waveguides with vertical sidewalls.8

A total of 21 different coupler and waveguide structures with
varying wire width d �350–460 nm� and coupled waveguide
separation distance g �220–390 nm� were prepared from
seven distinct mask patterns under different e-beam-dose
conditions. A typical top-view scanning electron microscope
�SEM� image together with the cross-sectional layout of a
final device is shown in Fig. 1�a�.

At both sides of the structures, a linear probe grating
�LPG� with a period �=700 nm was designed to diffract a
small fraction of the guided light into the far field. This light
carries amplitude and phase information about the propagat-
ing modes, which can be retrieved by use of conventional
optics. The waveguide-grating separation distance is 600 nm,
ensuring the electric field decay by two orders of magnitude
at the LPG. Hence, such separation is large enough not to
noticeably influence the loss figure and dispersion properties
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FIG. 1. �Color online� �a� Top-view SEM image and cross-sectional layout
�inset� of directional coupler with LPG; dimensions given in nanometer. �b�
Corresponding near-field IR image. Below: intensity profile at the bottom
LPG. �c� Experimental setup schematically showing the Fourier plane posi-
tion and the FS image formation.
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of the guided modes, yet at the same time, sufficient to yield
a scattered intensity of detectable level.

An external cavity continuous-wave laser diode tuneable
within the wavelength range 1480–1650 nm was used to
probe the samples via a lensed fiber and adiabatically tapered
access waveguides. 400-�m-long coupled waveguide section
was initiated by symmetric S-shaped bends of radius 50 �m.
Polarization of the excitation was set to transversal magnetic
�TM�, i.e., perpendicular to the sample surface, as stronger
mode interaction is observed in this case. The light scattered
at the probe gratings was collected from the top of the
sample by a high numerical aperture microscope objective
�NA=0.9� and projected onto a near infrared �NIR� camera.

Standard imaging of the sample surface yields a real-
space image, which reflects the intensity distribution at the
site of the scatterers, i.e., the LPG. As shown in Fig. 1�b�,
this allows us to map the transfer between the coupled
waveguides and estimate the coupling length. In the absence
of probe gratings, no intensity pattern can be observed be-
cause of the low intrinsic scattering loss of SOI structures
and the low spatial resolution of the NIR imaging, which
cannot resolve two closely spaced wire waveguides.

By imaging the back focal plane of the collecting lens
�Fig. 1�c��, we can access the far-field or k-space image,
which represents the optical Fourier transform of the near-
field pattern. In such an image, every point �k� ,k�� is
uniquely related to a wave vector k of the radiated field.
Proper design of the probe gratings ensures that the major
contribution to the radiated light comes from the first diffrac-
tion order of the guided field scattered at the LPG. According
to wave vector conservation, the parallel component of the
k-vector k� �see Fig. 1�c�� is then strictly related to the propa-
gation constant of the guided modes � and takes a single
value k� =�−2��, where � is the period of the LPG. Hence,
by recording k� for each excitation wavelength, we can un-
ambiguously reconstruct the dispersion relation of the guided
field. A more detailed discussion about the dispersion mea-
surement technique can be found in Ref. 7.

Figures 2�a� and 2�b� show a far-field image of a wire
waveguide and a directional coupler of the same waveguide
geometry �d=380 nm, g=250 nm�. In both cases, the
k-space pattern is formed by vertical lines; their position
along the k� axis is determined by the propagation constant�s�
of the guided field �k� =�−2� /�� and the vertical intensity
profile is defined by the radiated field distribution perpen-
dicular to the propagation direction.

While the k-space image of an isolated waveguide yields
a single line shape, the directional coupler figure consists of
two closely spaced lines, characterized by different modula-
tion pattern along the vertical k� axis. The two lines corre-
spond to two modes of the coupled waveguides, which ap-
pear upon splitting of the isolated waveguide mode in the
coupled configuration. The magnitude of the mode splitting
�k� is a direct measure of the coupling strength, increasing
for enhanced interaction between the coupled waveguides. In
our experimental configuration, we can determine �k� with a
precision of 0.0025 �m−1. Expressed in terms of the cou-
pling length LC=� /�k�, it can be measured with an accuracy
of �50 nm, which is quite remarkable. This accuracy is
based on a single wavelength measurement and primarily
depends on the signal-to-noise ratio and the field of view of
the imaging lens, and can be further enhanced.

The symmetry character of the measured modes can be
equally deduced from the k-space observation. As the guided
field is diffracted at the two LPGs designed alongside each
structure, it produces an interference pattern that is observed
in the far field along the k� direction. Careful analysis of this
pattern allows us to assign the parity of the measured modes.
For instance, an intensity maximum of the interference pro-
file at k�=0 implies that the field at both LPGs is in phase
and the mode under investigation is symmetric. Symmetry
assignment of the measured modes is indicated in Fig. 2�b�,
where “A” designates the antisymmetric and “S” the sym-
metric modes.

Figure 2�c� shows the measured dispersion diagram of
the coupled modes of directional coupler with d=370 nm
and g=345 nm ��� compared to the dispersion curve of the
isolated reference waveguide ���; in both cases, the disper-
sion curves were obtained by recording the spectral shift of
the k� line position in the FS. High precision dispersion mea-
surements result in smooth dispersion curves, which permits
to retrieve the spectral dependence of the group index or
higher order dispersion.9 Dashed lines that are also shown in
the figure represent the dispersion curves simulated by the
guided-mode-expansion based CAMFR �CAvity Modelling
FRamework� solver.10 A very good agreement between the
theory and experiment is achieved, especially for the fre-
quencies well above the mode cutoff.

The coupling strength and, hence, the magnitude of the
mode splitting in codirectional couplers is proportional to the
mode field overlap between the individual waveguides. This
depends on the cross-sectional layout of the coupler, in par-

FIG. 2. �Color online� ��a� and �b�� FS image of reference wire waveguide
and directional coupler at �=1550 nm, respectively. Right: corresponding
vertical line profiles. �c� Experimental dispersion curves of coupler �Cp, ��
and reference wire waveguide �Wg, �� compared to the theoretical results
calculated by CAMFR �dashed line�. �d� FS profiles along k� direction
shown for constant wire width d=430 nm and decreasing waveguide sepa-
ration g �Cp—solid, Wg—dotted line�.
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ticular on the proximity of the two waveguides g and the
waveguide width d, which is a measure of the lateral mode
field confinement. As an example, Fig. 2�d� illustrates an
increase in the mode splitting �k� when decreasing the wave-
guide separation distance from 330 to 245 nm, keeping the
constant waveguide thickness of 430 nm.

In order to more closely investigate the relation between
the mode splitting �k� and the two structural parameters g
and d, we use the results of coupled mode theory derived for
symmetric slab waveguides11 combined with the effective
index method. This approach allows us to express the mode
splitting function �k��d ,g� in an analytical form:

�k� =
�

LC
=

2	2
 exp�− g
�
k0

2��d��neff
2 − 1��d + 2/
�

, �1�

where 	=�neff
2 k0

2−�2, 
=��2−k0
2, k0 is the wave vector of

the free space, ��d� is the d-dependent propagation constant
of an isolated waveguide, and neff is the effective refractive
index of an unpatterned SOI membrane.

In Fig. 3�a�, the theoretical mode splitting given by Eq.
�1� is compared to the experimental data measured for all
available coupler designs. In the theoretical model, the effec-
tive index of the 220 nm thick Si device layer neff

TM=2.01
was used and the propagation constant ��d�=−6.2d2+9.3d
+3.9 ��m−1�, d in �m was extrapolated from the experimen-
tal data measured on isolated reference waveguides. The
two-dimensional function �k��d ,g� is shown as a surface
plot with markers ���, which help to visualize the position
discrepancy relative to the experimental values ���. An ex-
cellent consistency of the measured data and the theoretical
results is achieved, demonstrating that the presented analyti-
cal model can closely describe the mode splitting in high
index contrast SOI coupled systems.

Figure 3�a� further shows that within the studied param-
eter range, the magnitude of the mode splitting roughly lin-
early depends on both the wire width d and the waveguide
separation distance g. The proportionality constants of this
dependence are similar for both parameters, which means
that if the wire width is increased and the gap thickness
reduced by the same amount, the resulting change in the
coupling strength is minimal. Hence, the quantity g+d can
be considered as a measure of the coupled interaction. This is
demonstrated in Fig. 3�b�, which shows the analytical plot

LC�g+d� for all g and d values found within the studied
parameter range �shaded region�. The experimental coupling
lengths of individual coupler designs are also shown together
with the corresponding analytical values calculated for the
medium e-beam dose. Rectangles enclosing the theoretical
points represent �5 nm uncertainty in the coupler lateral pa-
rameter specification, reflecting the accuracy with which the
dimensions of actual devices can be determined.

The coupling length Lc monotonically increases with
g+d and for the different designs it ranges from 5 to 10 �m.
Nevertheless, it only weakly depends on the e-beam dose,
although the structural parameters considerably vary upon
the dose change. Variation in the dose of the e-beam pattern-
ing keeps the sum d+g constant and has therefore only a
small effect on the resulting coupling length; for all three
reported e-beam doses the relative difference in Lc lies
within the error of the structural parameter specifications, as
can be seen in Fig. 3�b�. Hence, once the proper mask design
is available, the fabrication procedure is robust against small
deviations from the target settings.

To conclude, we have noninvasively and accurately de-
termined the coupling length and the dispersion properties of
directional couplers based on SOI. Using linear grating
probes combined with FS imaging, this was possible in one
shot, without the need for repetitive measurement as in the
case of commonly used transmission experiments. For TM-
polarized excitation, the experimental coupling lengths were
found within the range of 5 to 10 �m, increasing as a one-
dimensional function of the quantity d+g, where d repre-
sents the waveguide width and g the gap separating the
coupled waveguides. A systematic study of different coupler
designs also revealed a low sensitivity of the coupling length
to the e-beam dose used upon fabrication. Beyond, it should
be noted that due to local nature of LPG probes, the pre-
sented technique allows for on-chip measurements of inte-
grated devices or more advanced systems, e.g., dynamic
switches or coupled slow light photonic crystal waveguides,
where the increasing losses make the transmission measure-
ments difficult.
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FIG. 3. �Color online� �a� Magnitude of the line splitting �k��d ,g� at
�=1500 nm. Experimental data ��� are compared to the theory ���. �b�
Experimental and theoretical coupling lengths of different mask designs
�labeled as A–F� and e-beam doses �theory: medium e-beam dose only�
plotted vs the sum of the wire width d and waveguide separation distance g.
Theoretical coupling length Lc�d+g� is shown as a shaded region.
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