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We show that both cross and bar states with high extinction ratios larger than 30 dB can be achieved in ultra short vertical
directional couplers with two sections. Various combinations of the refractive indices in the two sections are studied using the
improved coupled mode theory and the beam propagation method. Design guidelines to achieve high extinction ratios with
large tolerances are presented.
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1. Introduction
Compact directional couplers are critical components in
photonic integrated circuits used in optical communication
systems. Major requirements are low loss, scalability, low
polarization dependence, and high extinction ratio.
Conventional directional couplers with laterally arranged
waveguides cannot achieve very short coupling lengths because of technological limitations to produce uniformly very
narrow gap layers.1) However, vertical directional couplers
provide a short coupling length which can be less than
100 µm.2) The difficulty of separating the two vertically coupled waveguides into two distinct inputs and outputs limits the
applications of these devices. Recently, a novel fused vertical
coupler (FVC) with a very short coupling length of 62 µm
was demonstrated.3) Since the technique of wafer fusion can
be used to combine waveguides fabricated on two different
substrates into three dimensional structures, the problem of
waveguide separation can be solved. To use FVC in large
switching fabrics, it should have high extinction ratios for
both cross and bar states. Ultra short directional couplers
have an inherent limitation in their extinction ratio due to
nonorthogonality of individual waveguide modes.4)
It is reported that vertical directional couplers with
10–200 µm coupling length and with high extinction ratios
larger than 30 dB for the cross state can be achieved in
one-section vertical directional couplers.5) However, the extinction ratios larger than 30 dB for the bar state cannot be
achieved in these structures. In order to use vertical directional couplers as optical switching elements, high extinction
ratios for both bar and cross states are needed. In this paper,
we show that one can achieve this using vertical directional
couplers with two sections.
This paper is organized as follows. In §2, improved coupled mode theory (ICMT) and transfer matrix method are
briefly described for the vertical directional couplers with
two sections. In §3, ICMT and 2D finite beam propagation
method (BPM) are used to analyze two-section vertical directional couplers. We will see how one can achieve high extinction ratios in the cross state at the end of section 1 using slight
asymmetry in core waveguide indices and how one can get
high extinction ratios in the bar state at the end of section 2
with a symmetric second section. The design guidelines and
tolerances to achieve high extinction ratios larger than 30 dB
are presented. Finally, an example of a fused vertical coupler

switch that achieves high extinction ratios for both bar and
cross states at the end of the device is presented. The conclusions will be given in §4.
2. Improved Coupled Mode Theory and Transfer
Matrix Method in Vertical Directional Couplers with
Multisection
The improved coupled mode equations in the ith segment
of a two-section vertical directional coupler shown in Fig. 1
are given by6)
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Fig. 1. (a) Fused vertical couplers with separated input and output waveguides. (b) Schematic diagram of one-dimensional index profile in the
straight interaction regions of fused vertical couplers with two sections.
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E (it,a) and H (it,a) and E (it,b) and H (it,b) are the transverse electric
and magnetic fields of waveguides A and B in the ith section,
respectively. And a (i ) (z) and b(i ) (z) are the mode amplitudes
of waveguides A and B in the ith section, respectively.
The mode amplitudes at the end of section 2 of waveguides
A and B, a (2) (L) and b(2) (L), can be expressed by the transfer
matrix and are related to the mode amplitudes of waveguides
A and B at the input of section 1, a (1) (0) and b(1) (0), as follows:
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where the transfer matrix in the ith section is given by

(i )
kab
1(i )
(i ) (i )
(i ) (i )
(i ) (i )
−i (i ) sin ψ l
 cos ψ l + i ψ (i ) sin ψ l

ψ
.
=
(i
)
(i )


kba
1
(i ) (i )
(i ) (i )
(i ) (i )
−i (i ) sin ψ l
cos ψ l − i (i ) sin ψ l
ψ
ψ


T (i )

(4)

where
γb(i ) − γa(i )
,
2
q
(i ) (i )
= 1(i )2 + kab
kba ,

1(i ) =
ψ (i )

and l (i ) is the length of each section.
The output power at the end of each section for waveguides A and B, Pa(i ) and Pb(i ) , are given by
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3. Results and Discussions
Figure 1(a) shows the FVC with separated input and output waveguides. Since the two waveguides are brought together with an air gap except the interaction region, this could
minimize unwanted couplings for the separation of the output
of the FVC. Since two-dimensional index profile of FVCs
such as ridge waveguides can be reduced to one dimension
using the effective index method, the schematic diagram of a
one-dimensional index profile in the straight coupling region
of vertical directional couplers with two sections is shown in
Fig. 1(b). The parameter values used in our calculations are
as follows. The refractive indices of three cladding layers are
n ca = n cb = n ci = 3.17, the thicknesses of both waveguides A and B are da = db = 0.5 µm, the thickness of inner
cladding layer is t = 0.6 µm, and the wavelength is 1.55 µm,
respectively. The results for TE mode are presented because
the results of TM mode are similar to those of TE mode. The
transfer matrix method and ICMT are used to analyze these
structures and the results are compared with those of 2D finite
difference BPM. Assuming that the power is incident into
the waveguide A, without the loss of generality, the extinction ratio of cross and bar states of the section i is defined as
Pb(i ) /Pa(i ) and Pa(i ) /Pb(i ) , respectively, where Pa(i ) and Pb(i ) are
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the guided mode powers at the end of each section of waveguides A and B, respectively.
Figure 2 shows the extinction ratio of bar and cross states
for TE mode at the coupling length and twice of coupling

Fig. 2. The extinction ratio of bar and cross states for TE mode at the coupling length and twice of coupling length, respectively, as a function of the
refractive index of waveguide A in one-section fused vertical couplers.
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length, respectively, as a function of the refractive index of
waveguide A in one-section fused vertical couplers. The refractive index of waveguide B, n b , is 3.37. The coupling
length is 51 µm when the refractive index of waveguide A is
3.367 giving the maximum extinction ratio. One can see that
the extinction ratios larger than 30 dB for both cross and bar
states cannot be achieved using symmetric one-section vertical couplers. Also, high extinction ratios only for the cross
state can be achieved in asymmetric one-section vertical couplers.
Figure 3 shows the extinction ratio of bar state (2) for
TE mode at the end of section 2 as a function of the refractive index of waveguide A in that section, n a (2). Section 2
is 52 µm long and n b (1) = n b (2) = 3.37. The refractive
index of waveguide A in section 1, n a (1), is chosen to be
3.367 to have a 66 dB extinction ratio for cross state (⊗) at
the end of section 1 (l1 = 51 µm). The tolerance of the refractive index of waveguide A which gives a extinction ratio
larger than 30 dB for the cross state at the end of section 1,
1n a (1)|>30 dB , is 0.0012.5) The solid line and circle represent
the results of ICMT and BPM, respectively. The results calculated by ICMT agree very well to those by BPM. Similar
to the case of the cross state at the end of section 1, the tolerance of the refractive index of waveguide A in section 2 which
gives the extinction ratio larger than 30 dB for the bar state at
the end of section 2, 1n a (2)|>30 dB , is 0.0012. The extinction
ratio for the cross state can be maximized by the interference
between the even and odd supermodes if there is slight asymmetry in two waveguides of vertical directional couplers with
one section.5) In this case the refractive index of waveguide B
is slightly larger than that of waveguide A in which the power
is launched. However, as can be seen in Fig. 3, the maximum
extinction ratio of bar state is obtained when the refractive
indices of both waveguides in section 2 are the same.
Table I shows the refractive index of waveguide A in section 2 with the maximum extinction ratio of bar state at the

Fig. 3. The extinction ratio of the bar state (2) for TE mode at the end of
section 2 of 103 µm as a function of the refractive index of waveguide A
in section 2, n a (2), when n b (1) = n b (2) = 3.37. The refractive index
of waveguide A in section 1, n a (1), is chosen to be 3.367 to have the
extinction ratio of cross state (⊗) of 66 dB at the end of section 1.
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Table I. The refractive index of waveguide A in section 2 with the maximum extinction ratio of bar state at the end of section 2 for various values
of that in section 1 with the extinction ratio larger than 30 dB of cross state
at the end of section 1.
Section 1

Section 2

n a (1)

Extinction ratio of ⊗

n a (2)

Extinction ratio of 2

3.3663
3.3667
3.3669
3.3671
3.3675

30 dB
40 dB
66 dB
40 dB
30 dB

3.3694
3.3698
3.3699
3.3702
3.3705

79 dB
86 dB
93 dB
79 dB
96 dB

end of section 2 for various values of that in section 1 with
the extinction ratio larger than 30 dB of cross state at the end
of section 1. We can see that the difference between the former and the latter, n a (2)|max,dB − n a (1)|>30 dB , is about 0.003
irrespective of the value of the refractive index of waveguide
A in section 1. Since the amplitudes of optical field at the
end of section 1 are inputs to section 2, the extinction ratio of
bar state at the end of section 2 is influenced not only by the
difference between the refractive indices of two waveguides
in section 1 but also by the difference between the refractive
index of waveguide A in section 1 and that of waveguide A or
B in section 2.
Figure 4 shows the extinction ratio of the bar state (2) for
TE mode at the end of section 2 of 103 µm as a function of
the refractive index of waveguide B in section 2, n b (2), when
n a (2) = 3.37, and the same parameters in section 1 of Fig. 3.
We can see that Fig. 3 is almost a mirror image of Fig. 2 with
respect to the refractive index of waveguide of 3.37. In Figs. 3
and 4, we can see that the maximum extinction ratio of bar
state occurs when the refractive indices of both waveguides
in section 2 are equal to that of waveguide B in section 1 in
which the power is not launched. Also, the extinction ratio
of bar state decreases as the difference of refractive index be-

Fig. 4. The extinction ratio of the bar state (2) for TE mode at the end of
section 2 of 103 µm as a function of the refractive index of waveguide B in
section 2, n b (2), when n a (2) = 3.37, and the same parameters in section
1 of Fig. 3.
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tween both waveguides in section 2, n b (2) − n a (2), increases.
In order to confirm the validity of the above results, we
present the results of another case as follows. Figure 5 shows
the extinction ratio of the cross state (⊗) for TE mode at the
end of section 1 of 52 µm as a function of the refractive index of waveguide B in section 1 in which the power is not
launched when the refractive index of waveguide A in section
1 is set to 3.37. The coupling length of 52 µm in this case is
longer than that of section 1 (Fig. 2 of ref. 5) of Fig. 3. We
can see that the maximum extinction ratio of cross state occurs at n b (1) = 3.373. Similar to the case of Fig. 2 of ref. 5,
the asymmetry defined by n b (1) − n a (1) required to achieve

Fig. 5. The extinction ratio of the cross state (⊗) for TE mode at the end
of section 1 of 52 µm as a function of the refractive index of waveguide B
in section 1 in which power is not launched when the refractive index of
waveguide A in section 1 is set to 3.37.

Fig. 6. The extinction ratio of the bar state (2) at the end of section 2 of
105 µm as a function of the refractive index of waveguide B in section 2
when n a (2) = 3.373 and the parameter values of section 1 are equal to
those which give the maximum extinction ratio of cross state in Fig. 5.
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the maximum extinction ratio of cross state is about 0.003 in
section 1 and the tolerance of the refractive index of waveguide B in section 1 which gives the extinction ratio larger than
30 dB for cross state at the end of section 1, 1n b (1)|>30 dB , is
0.0012.
Figure 6 shows the extinction ratio of bar state (2) at the
end of section 2 of 105 µm as a function of the refractive index of waveguide B in section 2 when n a (2) = 3.373 and the
parameter values of section 1 is chosen to give the maximum
extinction ratio of cross state in Fig. 5. Similar to the case
of Fig. 4, the maximum extinction ratio of bar state occurs
when the refractive indices of both waveguides in section 2
are equal to that of waveguide B in section 1 in which the
power is not launched. Also, the extinction ratio of bar states
decreases as the difference of refractive index between both
waveguides in section 2, n b (2) − n a (2), increases and the tolerance of the refractive index of waveguide B in section 2
which gives the extinction ratio larger than 30 dB for bar state
at the end of section 2, 1n b (2)|>30 dB , is 0.0012.
We can summarize the results to achieve both cross and
bar states with high extinction ratios larger than 30 dB at the
end of section 1 and 2, respectively, in two-section ultra short
vertical directional couplers as follows. When the thickness
of inner cladding layer is 0.6 µm, the asymmetry defined by
n b (1) − n a (1) required to achieve the maximum extinction ratio of cross state at the end of section 1 is about 0.003 and the
refractive index of waveguide B is larger than that of waveguide A in which the power is launched. Also, the tolerance
of the refractive index of waveguides in section 1 which gives
the extinction ratio larger than 30 dB for cross state at the end
of section 1 is about ±0.0006 from the value at which the
maximum extinction ratio occurs.
The maximum extinction ratio of bar state at the end of
section 2 occurs when the refractive indices of both waveguides in section 2 are equal to that of waveguide B in section
1 in which the power is not launched. As the difference of
refractive indices of both waveguides in section 2 increases,
the extinction ratio of bar state decreases. The extinction ratio larger than 30 dB for bar state can be obtained when the
refractive index difference of both waveguides in section 2 is
within ±0.0006 from the value at which the maximum extinction ratio occurs.
Thus, the design guidelines to achieve both cross and bar
states with high extinction ratios larger than 30 dB at the end
of section 1 and section 2, respectively, in vertical directional
couplers with two sections are as follows. Proper asymmetry
in refractive index of two waveguides is needed only in section 1 and the refractive indices of both waveguides in section
2 are the same as that of the waveguide in section 1 in which
the power is not launched. And the difference of refractive
indices of both waveguides in section 2 should be small.
In a real device, it is very difficult to use the output of the
cross state at the end of section 1 and that of the bar state at the
end of section 2. Following the design guidelines described
above, we present an example of a two-section vertical coupler switch that has good extinction ratios for both bar and
cross states at the same end of the device. The material parameters, doping profile and contact layers should be chosen
so that the application of a bias at the fused layer will modify
the refractive index of inner cladding layer between the two
waveguide as well as the core index of one of the waveguides.
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The high extinction ratio of the cross state is achieved
by controlling the asymmetry in refractive index of waveguides for n a (1) = n a (2) and n b (1) = n b (2). Also, one can
achieve the high extinction ratio of bar state with the optimum asymmetry in refractive index of waveguides in section
1 for n b (1) = n a (2) = n b (2). That is, switching operation
is achieved by changing the refractive index of inner cladding
layers and high extinction ratios for both cross and bar states
are achieved by the asymmetry of refractive indices of cores.
The example of a vertical directional coupler switch with
high extinction ratios larger than 30 dB for both cross and
bar states at the same end of the device is shown in Fig. 7.
It is assumed that the possible change in refractive index of
III–V compound semiconductors by carrier injection and/or
electro-optic effect is less than 1%. Details of the design will
be reported elsewhere. Figure 7 shows refractive indices of
each layer, device lengths and extinction ratios for (a) cross
state and (b) bar state at the end of the device so that the
change in refractive index of inner cladding layers and that
of waveguide cores for switching operation is 0.025. One can
achieve both cross and bar states with high extinction ratios
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larger than 30 dB at the same end of ultra short vertical directional coupler switches.
4. Conclusions
We have shown that both cross and bar states with high
extinction ratios larger than 30 dB can be achieved in ultra
short vertical directional couplers with two sections. With the
proper asymmetry in the refractive index of two waveguides
in section 1 and the refractive indices of both waveguides in
section 2 equal to that of the waveguide in section 1 in which
the power is not launched, both cross and bar states with high
extinction ratios larger than 30 dB are achieved at the ends of
section 1 and 2, respectively, in ultra short vertical directional
couplers with two sections. As the difference of refractive indices of both waveguides in section 2 increases, the extinction
ratio of the bar state decreases.
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Fig. 7. The refractive indices of each layer, device lengths and extinction
ratios for (a) cross state and (b) bar state when the change in refractive index of inner cladding layers and that of waveguides for switching operation
is 0.025.

1) J. E. Zucker, K. L. Jones, M. G. Young, B. I. Miller and U. Koren: Appl.
Phys. Lett. 55 (1989) 2280.
2) F. Dollinger, M. V. Borcke, G. Bohm, G. Trankle and G. Weimann: Electron. Lett. 32 (1996) 1509.
3) A. Shakouri, B. Liu, B.-G. Kim, P. Abraham, A. W. Jackson, A. C.
Gossard and J. E. Bowers: J. Lightwave Technol. 16 (1998) 2236.
4) K.-L. Chen and S. Wang: Appl. Phys. Lett. 44 (1984) 166.
5) B.-G. Kim, A. Shakouri, B. Liu and J. E. Bowers: Jpn. J. Appl. Phys. 37
(1998) L930.
6) S. L. Chuang: Physics of Optoelectronic Devices (John Wiley & Sons,
New York, 1995) Chap. 8, p. 302.

