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ABSTRACT: A technique for inhibiting the optical channel interaction
between two wa¨eguides of a three-dimensional directional coupler struc-

( )ture is in¨estigated. The technique, which uses an etched groo¨e slot in
the space between the channels, pro¨ed to be much more effectï e
compared to the classical method of bending the wa¨eguides away from
each other to terminate interaction. Using the three-dimensional explicit
finite-difference beam-propagation method, the characteristic parameters
of the etched groo¨e ha¨e been studied carefully to find the optimum
case. We also show that the application of the groo¨e is always accompa-
nied by a small radiation power loss. Q 2000 John Wiley & Sons, Inc.
Microwave Opt Technol Lett 26: 385]390, 2000.

Key words: optical wa¨eguides; integrated optics; groo¨es;
beam propagation

1. INTRODUCTION

Many integrated optical elements, such as switches, modula-
tors, and directional couplers, depend, in their operation of
optical processing, on the interaction of optical beams be-
tween two adjacent waveguides. Usually, these devices are
designed such that the interaction takes place on a precise
engineered length. After that, the interaction between the
two waveguides is to be terminated. In most cases, the two
waveguides are bent away from each other to minimize the
coupling effect, which is inversely proportional to the dis-
tance between the two channels. This method is not effective
because it wastes a lateral space of the device substrate due
to the bending action. In addition, the technique does not
immediately end the interaction between the two waveguides,
and sometimes it is accompanied by substantial power loss.
An alternative technique for the isolation of waveguide inter-

Ž .actions is the introduction of an abrupt etched groove slot
in the space between the channels. The method showed its

w xeffectiveness in 2-D using slab waveguide models 1 .
In this work, the characterization of three-dimensional

channel isolation using the etched groove technique is shown.
We show the full analysis of the technique by addressing the
variation of the three important parameters that optimize

channel isolation using an etched groove, which are the
depth, width, and location of the groove. Contrary to the
belief that a symmetrical etched groove produces optimum

w xresults 2 , it is shown in the present work that an asymmetric
etched groove can inhibit the interaction more abruptly with
little power loss. We use the three-dimensional explicit

Ž .finite-difference beam-propagation method EFD]BPM to
follow the propagation of an optical beam in a three-dimen-
sional directional coupler structure made of two dielectric rib
waveguides. The EFD]BPM is found to be very suitable for
the problem at hand; in addition, it is simple and highly

w xefficient 4]5 .

2. NUMERICAL METHOD

We start with the scalar parabolic equation for a three-
dimensional field f:

­f ­ 2f ­ 2f
2 2 2Ž . Ž .2 jk n s q q k n y n f 1o o o o2 2­ z ­ x ­ y

where n is a reference refractive index, k is the free-spaceo o
Ž .wavenumber, and n x, y, z is the refractive index. We use

the central finite-difference approximation for the partial
Ž .derivatives acting on the field f in Eq. 1 as

2 Ž . Ž . Ž . Ž .­ f r , z f r q D r , z y 2f r , z q f r y D r , z
s2 2­r D r

Ž .r s x , y

Ž . Ž . Ž .­f r , z f r , z q D z y f r , z y D z
Ž .s 2

­ z 2D z

where D r and D z are the transverse mesh size and the
longitudinal step size of the field, respectively. Then the

w xEFD]BPM algorithm can be obtained as 3]5

Ž . Ž . w Ž . Ž .xf zqD z sf zyD z qa f z qf zi , m i , m x iy1, m iq1, m

w Ž . Ž .x Ž . Ž .q a f z q f z q b f z 3y i , my1 i , mq1 i , m i , m

where

D z 2 2
2 2 2Ž .b s k n y n y y ,i , m o i , m o 2 2ž /jk n D x D yo o

D z D z
a s , and a sx y2 2Ž . Ž .jk n D x jk n D yo o o o

which is second-order accurate with respect to z. i and m
represent the discretization of the transverse coordinates x

Ž .and y, respectively. Equation 2 is stable under the following
w xcondition 3 :

y14 4
2 2 2< <D z - 2k n q q k n y n .maxo o o i , m o2 2D x D y

Ž .On the other hand, the EFD]BPM in Eq. 3 is very efficient
because marching the input field one propagational step
requires multiplication with a very sparse matrix that contains
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w xonly five nonzero elements in each row 3]5 . In addition, the
method proved to be very useful in modeling long 3-D optical
devices using parallel computers, and this is due to the high
efficiency of the algorithm when implemented in the parallel

w xenvironment 4]5 .

3. RESULTS AND DISCUSSIONS

For the purpose of studying the effect of an etched-groove
separation of adjacent optical waveguides, a three-dimen-
sional dielectric rib-waveguide directional coupler structure is

Ž .used. Figure 1 a shows a cross-sectional view of the struc-
ture, with an etched groove designed between the two arms
of the waveguides. The first guided mode, shown in Figure
Ž .1 b , of the isolated rib waveguide is used as input in all

computations. The power spectral method has been used to
compute the mode-effective index and the field distribution

w xof the first guided mode from the BPM field 6 . This method
uses the numerical correlation function, between an input

Ž .field Gaussian field in this case and the BPM field, to locate
the peaks in the Fourier space. First, the correlation is
multiplied by a Hanning window function, and then Fourier
transformation is performed with respect to the axial distance
z. The position of the power spectral peaks can determine, by
applying a line-shape fitting technique, the parabolic propa-
gation constant from which the Helmholtz propagation con-
stant can be computed. The full description of the power

w xspectral method can be found in 6 . In addition, the coupling
Ž .length of the directional coupler structure of Figure 1 a ,

Ž .without an etched groove D s 0 , is calculated using theg
w xspectral method 4 . In order to excite the even super mode,

the sum of two equal-amplitude Gaussian fields centered in
the middle of each arm of the coupler has been launched as
an input. The same has been done to excite the odd super
mode of the coupler, except that the two Gaussian fields have

w xthe opposite sign 4 . Calculating the super mode effective
Ž eff . Ž eff .indexes of the even n and odd n modes, then thee o

Ž .Figure 1 a Cross-sectional view of the three-dimensional directional coupler structure with an etched-groove depth D and widthg
W placed between the two rib waveguides. The common parameters used in the analysis are: Y s 5.5, D s 0.5, H s 0.5, Y s 0.5,g s c

Ž . Ž .X s X s 10.0, W s W s 3.0, and a wavelength of 1.55 all dimensions are in micrometers . b Field contours of the first guideds1 s4 1 2
mode of a single rib waveguide used as input in the study
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coupling length of the directional coupler can be found as
Ž eff eff .L s lr2 n y n , where l is the wavelength. For thec e o

structure of Figure 1, the coupling length is found to be
L s 6500 mm. All of the results appearing in this study werec
computed using D x s D y s 0.1 mm, D z s 0.0275 mm, and
zero field boundary condition at the edge of the computa-

Ž .tional window. The parameters of Figure 1 a indicate that
the modes of the rib waveguides are strongly confined; in
addition, a large computational window has been used to
minimize the influence of the zero fields at its edge. For the
purpose of identifying the power loss due to the introduction
of an etched groove in the structure, the normalized trans-
missivity of the left and right channels is evaluated during the

course of propagation. The computation of the normalized
transmissivities has been carried out numerically by evaluat-
ing the square of the magnitude of the projected total BPM

Ž . Ž .field f x, y, z onto the normalized mode c x, y , and then
normalizing with respect to the input intensity, which can be
expressed as

2
l , r l , r l , rŽ . Ž .I z s c f z dAH Hnorm

A

2 2l , r l< < < Ž . < Ž .c dA f 0 dA 4H H H H
A A

Ž .Figure 2 a Field contours showing the power exchange between the two arms of the directional coupler of Figure 1 in the absence
Ž . Ž . Ž .of etched groove D s 0 at several propagational distances. b Same as in a , but with an etched groove of D s 1.0 mm andg g

Ž .W s 0.6 mm, placed symmetrically X s X s 0.4 mm , showing the isolation of interaction between the two waveguidesg s2 s3
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where A is the cross-sectional area, and L and r represent
the left or right waveguide, respectively.

3.1. A Symmetric Etched Groo¨e. In this section, the study of
a symmetrical etched groove introduced between the two
waveguides is shown using different groove depth and width
parameters. First, the results of the propagation of the field

Ž .inside the structure of Figure 1 a without an etched groove
Ž .is evaluated. Figure 2 a shows contour plots of the field for

the power exchange between the two waveguides with D s 0g

wat several propagational distances and an input field of Fig.
Ž .x1 b applied at z s 0. It is clear from the figure that com-

plete coupling takes place at a length of z s 6500 mm, as
Ž .predicted earlier. Figure 2 b shows the same computation as

Ž .in Figure 2 a , but with an etched groove of depth D s 1g
mm introduced at z s 0 right in the middle of the space
Ž .symmetrically between the two waveguides. The action of
the etched groove in isolating the waveguides is clearly
demonstrated, where the power introduced into the left wave-
guide is seen to remain in this channel because of the

Figure 3 Normalized intensities of the left and right waveguide fields during the course of propagation for several symmetrical groove
depths D . Curves starting from 1 belong to the left waveguide where the input is applied, and curves staring from 0 belong to the rightg

Ž . Ž . Ž .waveguide. Dashed curves are for D s 0, and solid curves are for W s 0.6 mm and a D s 0.2 mm, b D s 0.3 mm, c D s 0.4g g g g g
Ž .mm, d D s 0.6 mm. Other parameters are the same as those used in Figures 1 and 2g

Figure 4 Normalized intensities of the left and right waveguide fields at z s 6500 mm as a function of groove depth D for severalg
groove widths W of a symmetric groove with X q W q X s 1.4 mm. Curves starting from 0 belong to the left waveguide where theg s2 g s3

Ž . Ž . Ž . Žinput is applied, and curves staring from 1 belong to the right waveguide. W s 0.2 * curves , 0.4 ( curves , 0.6 = curves , and 0.8 qg
.curves mm. Other parameters are the same as those in Figure 1
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existence of the groove. Figure 3 shows the normalized inten-
sities of the left and right waveguides as a function of
propagation distance for several groove depths. The zero
groove-depth case has been included in the figure for com-
parison. It is clear from the figure that, as the groove depth
increases, the interaction length between the two waveguides

Žincreases. For a groove depth of 0.6 mm and the structure at
.hand , the interaction between the two waveguides can be

considered to be negligible. It is to be noticed that the power
loss in the presence of a groove is also negligible. Figure 4
shows the normalized intensities of the left and right wave-

Ž .guide fields at the output of the structure z s 6500 mm as a
function of the groove depth D for several groove widthsg
W . It is to be noticed again that the power loss due to theg
introduction of the etched groove is almost negligible. In
addition, it is to be concluded that the way to increase the
interaction length between the two waveguides is by increas-
ing the width or depth of the etched groove or by increasing
both parameters.

3.2. An Asymmetric Etched Groo¨e. In this section, the study
of introducing an asymmetric etched groove between the two
waveguides of the directional coupler structure is shown. It is
to be remembered that the distance between the two arms is

Ž .kept constant 1.4 mm . Figure 5 shows the normalized inten-
sities of the left and right waveguides as a function of
propagation distance for several asymmetrical parameters
using W s 0.2 and D s 0.3 mm. The zero groove-depthg g
case and the symmetric case have been included in the figure
for comparison. It is to be noticed that the results of Fig-

Ž . Ž .ure 5 a and b are, respectively, for shifting the groove
to the left and to the right by 0.2 mm compared with the

Ž .symmetrical case. Also, the results appearing in Figure 5 c
Ž .and d are, respectively, for shifting the groove to the left

and to the right by 0.4 mm compared with the symmetrical
case. The figure shows the close agreement between the

results of shifting the groove to the right or left by the same
distance. It is believed that the coupling lengths for both
cases are equal to each other because the differences be-
tween the effective indexes of the even and odd super modes
of the two cases are equal. Figure 6 shows the normalized
intensities of the left and right waveguide fields at the output

Ž .of the structure z s 6500 mm as a function of the groove
depth D for the same asymmetrical parameters of Figure 5.g
Generally, and compared with the symmetrical case, the
asymmetrical structure produces a quicker isolation in the
interaction between the two waveguides using fewer groove
depths. Again, the isolation of the two waveguides in the
asymmetrical case is accompanied by low power losses, which
are always negligible.

4. CONCLUSION

The characterization of isolating three-dimensional channel
waveguides using an etched groove in the space between the
two waveguides has been presented. The three-dimensional
explicit finite-difference BPM was used successfully in the
analysis. For optimization purposes, the variation of the pa-
rameters of the etched groove, the width, depth, and position
of introducing the groove, have been studied carefully in the
work. It is concluded that the technique of separating the
interaction between two optical waveguides using the etched
groove is generally very effective in terms of abruptness of
action and low power loss. The optical interaction between
the two channels is found to be very sensitive to the variation
of both the width and depth of the groove. Also, the asym-
metric etched grooves are more effective in the isolation of
interaction than the symmetric groove.
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Figure 5 Same as in Figure 3, with the addition of the asymmetric results, and with W s 0.2, D s 0.3, and X q W q X s 1.4g g s2 g s3
Ž .mm. Dashed curves are for D s 0, solid curves are for symmetric groove X s 0.6, W s 0.2, X s 0.6 and bold solid curves are forg s2 g s3

Ž . Ž . Ž . Ž .asymmetric groove with a left-shifted X s 0.4, b right-shifted X s 0.8 mm, c left-shifted X s 0.2, d right-shifted X s 1.0s2 s2 s2 s2
mm
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Figure 6 Same as in Figure 4, with the addition of the asymmetric results, and with W s 0.2, and X q W q X s 1.4 mm. Dashedg s2 g s3
Ž . Ž .curves are for symmetric groove X s 0.6, W s 0.2, X s 0.6 , and solid curves are for asymmetric groove with a left-shifteds2 g s3

Ž . Ž . Ž .X s 0.4, b right-shifted X s 0.8 mm, c left-shifted X s 0.2, d right-shifted X s 1.0 mms2 s2 s2 s2
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ABSTRACT: An equï alent circuit model for a
( )metal]semiconductor]metal MSM photodetector based on microwä e

port characteristics is presented for a SPICE simulator. The experiential
formulas of dc characteristics and intrinsic capacitance]¨oltage charac-
teristics are gï en. The model parameters are obtained from dc and C]V
measurement data by using cur̈ e fitting. Results are compared with
experimentally obtained data, and excellent agreement is obtained consis-
tently on MSM PDs of different sizes. Q 2000 John Wiley & Sons, Inc.
Microwave Opt Technol Lett 26: 390]394, 2000.

Key words: photodetector; de¨ice modeling; CAD

INTRODUCTION

Ž .Metal]semiconductor]metal photodetector MSM PDs have
attracted a great deal of attention for optoelectronic inte-
grated circuits because of their high operating speed, ultra-low
intrinsic capacitance, and compatibility with high-perfor-
mance field-effect-transistor technology. These features are
essential for building high-speed, high-sensitivity, wide-band-
width OEIC receivers, which include monolithically inte-

Ž .grated MSM PD and MESFET HEMT preamplifiers.
The modeling of an MSM PD is very useful for optoelec-

tronic integrated circuit computer-aided design. Several ap-
proaches have been investigated for MSM PD modeling by

w xnumerically solving the device physical equation 1, 2 . This
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