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Abstract. A waveguide based structure on silicon on insulator platform is proposed for vertical integration in
photonic integrated circuits. The structure consists of two multimode interference couplers connected by a single
mode (SM) section which can act as a bridge over any other underlying device. Two more SM sections acts as
input and output of the ﬁrst and second multimode couplers respectively. Potential application of this structure
is in multilayered photonic links. It is shown that the efﬁciency of the structure can be improved by making some
design modiﬁcations. The entire simulation is done using effective-index based matrix method. The feature size
chosen are comparable to waveguides fabricated previously so as to fabricate the proposed structure easily.

1 Introduction
With the increased demand for cheap, high speed and
compact devices for ﬁber optic telecommunication network, the interest of vertical integration of photonic
integrated circuits have increased tremendously. Several
different materials and their combinations are being used
to build vertical photonic integrated circuits, out of this
silicon on insulator (SOI) has come up as the most popular
platform [1–6]. The fabrication of vertical integrated
circuit on SOI platform using silicon (Si), silicon nitride
(Si3N4), hydrogenated amorphous silicon (a-Si:H), aluminum nitride (AlN), titanium oxide, etc. waveguides have
been reported in [5–7]. In comparison to the traditional low
index contrast materials, SOI offers a much better
platform for monolithically stacked multilayer photonic
devices due of its compatibility to CMOS technology and
for its high index contrast that makes it suitable for high
density integration [7–11]. By virtue of vertical integration
using stack of multiple layers, reliable dense photonic
circuits can be achieved. The couplers that constitute a 3D
photonic integrated circuit transfer optical signals between different intermediate layers. The physical crossing
between guides can be avoided by these 3D architectures
along with reduced chip dimension. Vertical multimode
interference (MMI) coupler on SOI platform, multilayer
stacked photonic interconnect, silicon based vertically
integrated bus waveguide have been reported [5,6,12,13].
A vertical link using MMI and DC has been proposed by
Parini et al. [14].
To achieve compact optical signal routing in optical
communication systems, a vertically integrated circuit in
the form of a 3D bridge structure is proposed in this work.
* e-mail: srirajib@yahoo.com

Here, optical signal crossover using a MMI coupler based
structure have been proposed which can act as a bridge
over any type of obstacle (waveguide or otherwise). The
entire structure is three dimensional whose input and
output are in-plane with other devices on the substrate and
are therefore easier to use compared to out-of-plane
structures. To analyze the proposed structure, the 1D
effective index of each section of the entire structure is ﬁrst
determined and then the propagation constant of the
different sections are obtained using matrix based semianalytical technique which is quite fast and computationally simple in nature [15,16].

2 Design and analysis
The schematic of the proposed 3D structure formed on top
of suitable substrate that can be used to transfer light over
an obstacle is shown in Figure 1. A multimode (MM)
waveguide connected with two single mode (SM) waveguides at its two diagonally opposite edges on the same
vertical plane is shown in Figure 1a while its reverse
structure is shown in Figure 1b. The 3D structures which
are formed based on these structures are shown in Figure 1c
and d. The input and output of the structure are SM
waveguides and are located on the same horizontal plane
whereas the intermediate SM waveguide section for 3D
bridge structure lies in a different horizontal plane.
However all SM and MM sections are on the same vertical
plane. As shown, light is coupled to the structure from left
and comes out from the right after crossing over an
obstacle. The 3D view of the bridge structure given in
Figure 1c as seen from front is given in Figure 2a. It is used
to cross an obstacle which is indicated by the shaded region.
Along the horizontal plane (i.e. x axis), the dimension of the
entire structure is such that it supports only a single-mode
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Fig. 1. Integrated optical waveguide based bridge circuit for optical signal transmission showing, (a) input SM section, the ﬁrst MMI
coupler and the SM bridge section, (b) SM bridge section, the second MMI coupler and the SM output section, (c) the entire structure,
(d) the entire structure vertically downward shifted bridge portion.

in that plane. Whereas in the vertical plane (i.e. y-axis), the
dimensions are such that it can support a SM at the input
and output ends as well as in the bridge portion which is
above the obstacle. Two sets of MM sections in this plane
(i.e. along y-axis) connect these SM portions. Thus the
structure is entirely single moded in the horizontal plane
but in the vertical plane it has three SM sections connected
by two MM sections. So in the vertical plane, there are ﬁve

sections with four junction points as indicated in the ﬁgure.
By implementing self imaging principle of MMI [17], the
optical signal routing and channelization can be done very
easily with this proposed structure. ncore, nclad and nmaterial
are the refractive indices of the waveguide core, cladding
and the obstacle respectively, while hM and hS are the
widths of the MM and SM waveguides respectively in the
vertical direction. The light incident from a SM section in

30501-p2

S. Majumder and R. Chakraborty: Eur. Phys. J. Appl. Phys. 81, 30501 (2018)

3

Fig. 2. (a) View of the proposed bridge structure over an obstacle, (b) cross-sectional view of the structure.

the left side gets coupled to the MM section at junction 1.
The length (LMM) of the MM section is chosen in such a way
that due to self-imaging as a result of MMI, a mirror image
of the input occurs at the next junction, i.e. junction 2. The
mirror image that is formed at this junction enters the SM
section from here and will be guided to the second MM
section at junction 3. Again the length of the second MM
section is tailored, obeying the same self-imaging theory
like ﬁrst MM section so that the mirror image of the input is
formed at junction 4. At this junction, the input light
ﬁnally gets coupled to the output SM section. Thus, a
speciﬁc type of bridge structure is proposed here for
implementing light crossover over an obstruction. It is
based on the idea that a replica of SM input is produced at
the junction 2 after passing through a SM and MM section
so that this image of the input light can easily move
through the SM bridge section to the other side of the
obstruction.

Calculation of the propagation constant of the modes
supported by the MM section is very essential to ﬁnd the
length of the MM portion required to form mirror image for
efﬁcient optical crossover. While, several numerical
techniques exist for accurate MMI coupler analysis, the
semi-analytical matrix approach is used here to ﬁnd the
propagation constant of the MM section and to know the
modal proﬁle of the entire structure along its propagation
direction. Unlike numerical technique, the used method is
very fast and simple and has been efﬁciently used by the
authors and/or their group for analysis of different
structures [16,18,19]. The same technique has been used
here for analysis of the proposed bridge structure. In the
matrix approach, the cross-section of the entire MM section
(or any SM section) is divided into equal number of
multilayered sections.
The computation of electric ﬁeld for different layers
involves multiplication of 2  2 matrices only and hence is
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sufﬁciently fast in spite of the fact that the matrices are
complex. Using the concept of prism coupling, the
propagation constant (b) can now be obtained from the
value of the excitation efﬁciency of the guiding layer, which
have been discussed in details in [15,18]. Once the value of b
is known, the lateral electric ﬁeld proﬁle at any propagation
distance (z) of the waveguide structure can be obtained by
substituting the values of reﬂected and transmitted electric
ﬁeld components of each layer.
As mentioned above, a close-up view of the entire 3D
structure over an obstruction (hatched portion) is shown in
Figure 2a. The light is propagating along z-axis through the
structure which is SM in the transverse horizontal plane
(i.e. x-axis), while in the vertical plane (i.e. y-axis) there are
ﬁve sections which are either SM or MM. Thus the entire
structure has 2D variation of refractive index, i.e. they are
extended both along vertical (y) and horizontal (x-axis)
direction. In order to apply the above mentioned matrix
method, the 2D variation of refractive index n(x,y) at any y
is to be replaced by 1D effective refractive index neff(y)
along the vertical direction. This is done by using the
dispersion equation given in [20,21].This technique is used
not only to ﬁnd the effective refractive index of the vertical
MM section but also to ﬁnd the effective refractive index
along the vertical direction for the SM section. Thus the
entire bridge structure consisting of number of SM and MM
sections will now have effective 1D refractive index proﬁle
in the vertical (i.e. along y-axis) direction. The 1D proﬁle of
the entire structure in the vertical plane (y-axis) along the
propagation direction (z-axis) is shown in Figure 2b.

3 Device simulation: results and discussion
The modal characteristics of proposed bridge structure
have been investigated using the matrix based semianalytical technique described in the previous section. The
structure as shown in Figure 1c is SM in the horizontal
plane having width w = 0.48 mm. In the vertical plane, the
structure consists of two MM sections each having height
hM = 1.5 mm that are connected by SM waveguides that
have vertical height, hS = 0.22 mm on SOI platform. The
dimensions are taken as such it follows the standard SOI
platform. As the structure has a 2-D variation of refractive
index n(x,y), it is ﬁrst converted into effective 1-D
refractive index neff(y) as in Figure 2b.The analysis of
the proposed structure is carried out for both TE and TM
modes where the core refractive index of the guiding layer is
3.48 with operating wavelength (l0) of 1.55 mm. The bridge
structure will be used for crossing of signal over another
structure which is causing obstruction to in-plane
propagation of the signal. This obstruction layer can be
another waveguide or any another device having its own
material refractive index. Using the technique used in
[18,19] the author have found out the 1D effective refractive
index, neff(y), in the vertical direction.
The propagation constant of the MM section is
determined using matrix approach and it has been found
that the MM section of the proposed structure support
several modes at l0 = 1.55 mm. An iterative technique [19]
is used to derive the exact value of propagation constant. It

has already been shown [16] that for MM waveguides, the
amplitudes of only the ﬁrst few modes are signiﬁcant. Here
also, from the electric ﬁeld proﬁle of several modes it is
evident that the ﬁeld strength for ﬁrst three modes
dominates over the remaining modes. It has been reported
in [5] that the mirror image in the fabricated MMI
structures occurs at 236 mm and 224 mm for TE and TM
modes respectively while the results of the same structure
obtained from calculation using the present method yield
values as 235.2 mm and 225.7 mm for TE and TM modes
respectively. Similarly, the mirror imaging distance
calculated using FDTD for the structure in [14] is
6.15 mm for TE mode whereas it is 6.3 mm using present
method. These comparisons justify the authenticity of the
method of calculation used in this work. From Figure 2a it
is seen that the proposed structure have four junctions
where light is coupled either from SM to MM or from MM
to SM waveguide. Thus it is necessary to know the amount
of light that can be coupled from one section to other at
each junction. Mathematically that can be done by
evaluation of the overlap integral which is deﬁned as
G¼

∫∞
∞ E j ðxÞE i ðxÞdx
2
∫∞
∞ jE i ðxÞj dx

;

ð1Þ

where Ej(x) is the incident electric ﬁeld proﬁle from the SM
guide (or, ﬁeld proﬁle of any mode of MM section) and Ei(x)
is the electric ﬁeld of any of the mode that the MM section
(or, ﬁeld proﬁle of the SM guide) can support, depending
upon whether the coupling is from SM to MM or vice versa.
If the overlap integral from the SM to the Nth mode of MM
is represented by GN and if its complex ﬁeld amplitude is
represented by EN, then the total intensity will be
X
proportional to j
GN EN j2 .
N

The light incident from the SM waveguide to one end of
the MM section produces MMI along its path. Thus the
signal in the MM section repeats itself obeying self-imaging
principle by Talbot. At junction 2, this mirrored signal
from the 1st MM is coupled into the SM guide, namely
bridge section, which is used for routing the optical signal.
Again with the aid of overlapping integral, the signal
strength can be calculated in the SM section also. The same
process is repeated for 2nd MM section also. Thus the
output signal from the SM guide can be obtained by
evaluating overlapping factors at each junction (from
junction 1 to junction 4) and the modal electric ﬁeld of
the SM and MM section separately. The contour plot of the
entire bridge structure at different propagation distance is
shown in Figure 3. From the contour plot, it is evident that
the input signal can easily cross-over any obstruction in its
path. Thus using the principle of MMI, it is now possible to
route light through different layers.
However when light gets coupled into the SM portion
into the bridge section, the overlap of light from MM
section to SM section at junction 2 must be maximized for
efﬁcient crossover. But overlap of the light output of MM
section with the modal proﬁle of the SM section in the
proposed structure is not much as there is much difference
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Fig. 3. Contour plot of light distribution.

Fig. 4. (a) Modiﬁed bridge structure where the SM portion in the bridge section is vertically shifted downwards, (b) ﬁeld proﬁle at
junction 2 for the MMI coupler portion and for the SM portion placed at different vertical positions from the edge, (c) corresponding
coupling coefﬁcient, (d) the contour plot of light distribution of the modiﬁed 2D effective bridge structure.
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Fig. 5. Power efﬁciency of the SM portion of the structures
mentioned in Figures 2 and 4 with variation of refractive index of
underlying material for both TE and TM modes.

between the peak positions of the two proﬁles. The
maximization is possible if the SM bridge section is shifted
vertically downward direction. The modiﬁed structure is
shown in Figure 4a. In Figure 4b the normalized MM
electric ﬁeld proﬁle and the normalized SM electric ﬁeld
proﬁle is shown on a same graph. Here keeping the Ycoordinate of MM section constant the authors have tried
to ﬁnd out the amount of light that can be coupled from
MM section into the SM bridge section by changing the
vertical position of SM section. In Figure 4c, the electrical
ﬁeld proﬁle of the 1st MM section along the vertical plane
at junction 2 is plotted along with the proﬁle of the SM
section at that junction for different vertical position of the
SM section. This vertical shift of SM section from the top
edge is represented as h1 in Figure 4a. It is seen from
Figure 4c that for h1 = 0.27 mm, there is maximum match of
the proﬁles of SM and MM at junction 2, indicating
maximum coupling of light from MM to SM section. This is
also evident from the corresponding contour plot given in
Figure 4d where it can be seen that the intensity proﬁle has
become more uniformly distributed than in the previous
case (Fig. 3). Increase of coupling is always desirable as that
will reduce the chance of introduction of cross talk into the
underlying structures that it wants to crossover.
In the analysis done so far, it has been assumed that the
material of the obstacle is same as the substrate (SiO2), so
its refractive index nmaterial is considered as 1.44. However,
the power coupling will vary if its refractive index is varied.
The power efﬁciencies (Pout/Pin) of the SM portion of the
structures mentioned above are calculated for different
values of refractive index of the underlying layer for both
TE and TM modes and plotted in Figure 5. From the graph
it is observed that the power output is higher for TE mode
with respect to TM mode. Moreover it is also seen that the
power efﬁciency is better for the structure of Figure 4a
where the SM bridge section is shifted downwards in
comparison to Figure 2a. This study further justiﬁes the
results obtained in Figure 4. Moreover it is seen that that

Fig. 6. Calculated values of crosstalk between single mode
bridge section and the underlying waveguide with buffer layer
thicknesses for three different buffer layer materials.

when the refractive index of the underlying layer is more,
the power efﬁciency is less. So instead of considering SiO2
(refractive index 1.44) as the underlying layer, any other
lower index material could have been used. But availability
and growth/deposition of such materials may not be as
easy as that of SiO2.
As the underlying material is considered to be SiO2, it
doesn’t signify that the obstacle is also of the same
material. The obstacle can be a normal waveguide
undergoing index based guidance. In that case, the
underlying SiO2 layer is the buffer layer between the SM
section of the bridge structure and the underlying
waveguide. Buffer layers between two waveguides helps
in reducing crosstalk between two waveguides. In Figure 6,
the crosstalk between two SM silicon waveguides for
different buffer layer thicknesses are plotted for three
different materials. It is seen that SiO2 buffer layer
produces lesser crosstalk than buffer layers of Al2O3 (r.
i. = 1.8) and TiO2 (r.i. = 2.4) for any buffer layer thicknesses. This justiﬁes the use of SiO2 underlying layer in the
bridge section. In that case, the bridge is over a normal
waveguide with a SiO2 buffer layer.
In the context of on-chip photonic integration one key
issue is the footprint. Keeping this in mind, an evaluation on
the footprint and the device length requirement for different
vertical gaps of the MMI based bridge structure are done.
While in Table 1 the data of footprint for different vertical
gap is given, in Figure 7 the device length is plotted for
different vertical gaps. The footprint of the device is
calculated by multiplying the mirror imaging length with
the device width. The mirror imaging length should be
matched with the position of SM section that is connected
between two MM sections. In Figure 7 the longitudinal
device length is considered to be the mirror imaging distance.
It is seen that the footprint as well as the device length
increases as the vertical distance between input and output
waveguide increases for both TE and TM polarisations.
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Table 1. Variation of footprint (mm2) for different
vertical gaps between the input and output waveguides
of the proposed MMI based bridge structure.
Vertical height (mm)

Foot print (mm2)
TE
TM

1.5
2
2.5
3

5.10
10.56
17.92
27.17

3.88
8.98
16.10
25.23

Fig 8. Plot of insertion loss of the proposed structure vs.
wavelength.

In this work, design of a vertical MMI based bridge
structure is proposed. With proper fabrication facilities
such a structure can easily be fabricated. There are several
examples of vertical couplers that have been fabricated on
SOI platform [5–7,10]. Vertical MMI structures of silicon
on SOI platform have already been made [5]. The structure
presented in Figure 2 being of similar nature can thus be
easily fabricated. Fabrication of the modiﬁed structure
that is given in Figure 4 will however require another extra
processing step.
Fig 7. Variation of device length for different vertical gaps
between the input and output waveguides of the proposed MMI
based bridge structure.

Although MMI based bridge structure may occupy higher
footprint as the vertical gap increases but these types of
bridge structures can be made with a single material i.e. the
whole structure can be made on silicon without the use of
additional layers of different materials like Si3N4, AlN etc.
Moreover the structure is much simpler than similar vertical
crossing structure proposed in [22]. But most importantly,
MMI based bridge causes much less crosstalk to adjacent
waveguides when several waveguides are placed quite closely
in a multiport network. Simulation is done to compare the
amount of light that enters a waveguide placed on the side of
the MMI structure and a DC for similar vertical height
crossover. It is found that the crosstalk introduced to the
adjacent waveguide kept at a separation of 200 nm from the
DC and MMI device are 42 dB and 21 dB respectively at
the wavelength of 1.55 mm. So for multiport networks, MMI
structures are preferable compared to DC based structure
used by several workers for vertical signal crossover.
In order to study the spectral response of the proposed
structure, the insertion loss of the device is analysed and is
given in Figure 8. From the ﬁgure it is seen the loss is
minimum at operating wavelength of 1.55 mm and is 9.6 dB
in this case. The curve is ﬂat for around 200nm when the
insertion loss between 9.6 dB and 17.5 dB is considered.

4 Conclusion
Thus, in this work, study of propagation characteristics of
SM and MM waveguides are done using matrix approach.
The concept of overlap integral is introduced when
coupling between MM and SM or vice-versa is considered.
The simulated results matches well with results obtained
by other researchers. Based on these analyses, a vertically
integrated bridge structure is designed with SM and MM
waveguides for optical signal crossover.
This bridge can therefore ﬁnd huge application as
optical interconnect.
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