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Abstract: A polymer directional coupler (DC) electro-optic switch with push-pull electrodes and rib waveguides is de-

signed based on the conformal transforming method, image method, coupled mode theory, and electro-optic modulation

theory. Its structure and principle are described,the design and optimization are performed,and the characteristics are an-

alyzed,including the coupling length,switching voltage,output power,insertion loss,and crosstalk. To realize normal switc-

hing function,the fabrication tolerance, wavelength shift, and coupling loss between a single mode fiber (SMF) and the

waveguide are discussed. Simulation results show that the coupling length is 3082um; the push-pull switching voltage is

2.14V;and the insertion loss and crosstalk are less than 1. 14 and — 30dB,respectively. The proposed analytical technique

on waveguides and electrodes is proven to be accurate and computationally efficient when compared with the beam propa-

gation method (BPM) and the experimental results.
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1 Introduction

With the development of the optical communica-
tion technology, information transmission capacity is
increasing gradually. In order to meet the need for
high speed and large capacity, it has become an una-
voidable trend to replace electrical devices and ex-
change with optical devices and exchange. Optical
switches and their arrays have become key compo-
nents in optical cross-connects (OXC), optical add-
drop multiplexers (OADM) , and optical line protec-
tion (OLP), because of their applications in optical
signal processing, optical computers, and optical in-
struments, equipment, and sensors. Therefore, they
have become a hot research issue home and abroad.
and great progress has been made recently"' ™. Opti-
cal switches should be designed and fabricated with
excellent features including low switching voltage,
short switching time, fast switching speed, high ex-
tinction ratio, low insertion loss, and low crosstalk,
which has become an urgent task nowadays. Polymer
clectro-optic materials possess high electro-optic coef-
ficients, low transmission loss, fast response speed,
easy control of refractive index,and simple technolo-
gy in processing. Therefore, they are widely used to
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fabricate optical switches and modulators” . Re-
cently,a novel hybrid polymer material with a high
electro-optic coefficient has been used to fabricate
modulators with good performances™'*) and it is also
used in this paper.

In this paper,relying on the conformal transfor-
ming method"',image method"'*',coupled mode the-
ory, and electro-optic modulation theory, a polymer
directional coupler electro-optic switch with rib
waveguides and push-pull electrodes is proposed. Its
structure and principle are described, and the tech-
nique and relative formulas are presented. The param-
eters are optimized, including the core width, core
thickness,rib height, buffer layer thickness, and cou-
pling gap. Characteristics are analyzed, involving the
transmission spectrum, operation voltage. insertion
loss, crosstalk, fabrication tolerance, and wavelength
shift. The coupling loss between an SMF and the
waveguide is also calculated by the finite-difference

beam propagation method (FD-BPM).

2 Model and theory

2.1 Model of the switch

Figure 1 shows the structural schematic picture of
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Fig.1
electro-optic switch with push-pull electrodes

the polymer directional coupler electro-optic switch,
which rib
waveguides. The coupling region is shown in Fig. 1
(a), where d

consists of two identical parallel
is the coupling gap between the
waveguides and L is the length of the coupling re-
gion. The structure of the rib waveguide is given as:
air/upper eclectrode/upper buffer layer/core/lower
buffer layer/lower electrode/substrate, as shown in
Fig. 1(b) ,where only the core is electro-optic materi-
al.In order to pole the electro-optic polymer core ma-
terial and operate the device, a push-pull electrode
structure is adopted.which consists of a pair of upper
electrodes and a pair of lower electrodes. During pol-
ing, the applied poling voltages on the top two elec-
trodes should be U,, s while those on the lower elec-
trodes should be 0;during operation,the applied oper-
ation voltage U is shown in Fig. 1(b).

We denote W and G as the electrode width and
gap,respectively, and let a be the core width, b, be
the core thickness, z be the rib height, n, be the core
refractive index,and «; be its bulk loss coefficient. We
let b, be the thickness of the upper/lower buffer lay-
ers, n, be the refractive index of the upper/lower
buffer layers and the cladding beside the rib,and a, be
their bulk loss coefficient. We let b; be the thickness
of the upper/lower electrodes, ns be its refractive in-
dex,and x; be its bulk extinction coefficient. We let
n, be the refractive index of the cladding above the

upper electrode,and a, be its bulk loss coefficient.

Structural diagram (a) and cross-section (b) with operation voltage U of a

polymer directional coupler

2.2 Electrode analysis

The electric field in each waveguide along the y-
direction produced by the push-pull electrode struc-
ture can be divided into three parts: one is uniform
caused by the up-down electrodes,denoted by E,, (x,
v).and the other two are non-uniform caused by the
two upper coplanar electrodes and the two lower co-
planar electrodes, denoted by E,, (x,y) and Ej, (x,
yv), respectively. According to the electric-magnetic
field theory,we can obtain E;,(x,y) as:

ni:U
2ntb, + ni b,
The two upper coplanar electrodes shown in Fig. 1(b)

E (x,y) = (D

can be mapped into a parallel electrode structure
along the y-direction. When the electrodes are direct-
ly on the core,which means that no buffer layer exists
between the core and the electrodes, b, = 0, then the
electric field along the y-direction can be expressed
as'';

_ U dw
Ezo.y(x,y) = ZK/IHI 7(?12 (2)
Where—dW: : g ‘ ,,gfg,k:
dz (g8~ K’z (g~ 2% 2

G
G+2WwW’
gral. When a buffer layer exists between the core and
the electrode, b, 7#0,we can get the electric field in
the waveguides by the image method''*’ as:

Let K'= F(x/2,k) be the first ellipse inte-

E.,(x.y) = (1= 1) D) r'Ey,(x.y +2vbh,) (3)

v=0
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where r = 2 5 1s the reflection coefficient, and

Ey.,(x,y) can be calculated from Eq. (2). Similarly,
the electric field in the y-direction caused by the two
under coplanar electrodes E;, (x,y) can be expressed
as
E; (x,y) = E,,(x, = b, —2b, — ¥) €Y)
Then,the total electric field along the y-direction in
each waveguide can be written as
E,(x,y) = E,,(x,y) + E,,(x,y) +
E, (x,— b, —2b, = y) €))
In order to describe the electro-optic modulation
efficiency,we introduce the overlap integral in the y-
direction as

ﬂlEy(x,y) |E"Cx.y) |2dxdy
=G Y

ﬂ |E"(x,y)|*dxdy

where E"(x,y) is the mode optical ficld distribution,
and the integral is over the electro-optic interaction
coupling region. From Eqgs. (1),(2),(4),and (5),we-
can get the expression E, (x,y)/U,then the overlap
integral I', can be obtained from Eq. (6).

r, (6)

2.3 Switching function

Under the operation voltage U ,based on electro-
optic modulation theory,the change of the refractive
index of one waveguide core caused by the applied
voltage can be determined by

3
An, = %733 g
We let 5,3, be the mode propagation constants of the
two waveguides and let 26 =3, — 3 . Based on coupled

r, (7

mode theory, the propagation powers in waveguide 1
and 2 are,respectively,

PO 2 2 : 2 : /2
Plo(Z) = W{(a“"‘KZ)COSZI:(é\“ +KZ)1“Z:|+
Ssin’[ (8% + KV z ]} (8a)
— PU 2 1n2 2 2N\1/2
Py (z) = P KZK sin”[(8" + K*)'*z] (8b)

where K is the coupling coefficient.
When no voltage is applied on the electrode,i.e.
U = 0, the mode propagation constants of the two
waveguides will be identical, which means g = 3. =g,
then 6=0. To enable the input power of waveguide 1
entirely output from waveguide 2,i.¢e. P, (L) =0,
Py, (L) = P,,according to Eqgs. (8a) and (8b), the
coupling region length L should be
L=0Cm+DL,, m=0,1,2,- (9
where L, = n/2K , which is the coupling length. So L
can be taken as L = L,.
For the case of U0, #f,,and 670, when the
coupling region length L is taken to be L,,to enable
the input power of waveguide 1 still entirely output

from waveguide 1,i.¢e. P1o (L) = Py, Py (Ly) =0,

from Egs. (8a) and (8b),we get § =v3K =/3x/2L,.
In this case, the switching function is realized in the
device,and the relative operation voltage is called the
switching voltage,denoted by Us,.

When the mode loss is considered, the mode
propagation constant 3 will be changed to 8 — ja,
where « is the mode loss coefficient, and the output
powers of the two waveguides should be rewritten as

P,(z) = P, (z2)exp(— 2az)

P,(z) = Py (z)exp(— 2az) (10)
where Py, (z) and P, (z) are given by Eqgs. (8a) and
(8b).

3 Simulation results and discussion

We select the operation wavelength in free space
Ao = 1550nm. The refractive index of the core n, =
1. 643.its bulk loss coefficient o; = 2. 0dB/cm,and its
electro-optic coefficient ys; = 138pm/ V1% ; the re-
fractive index of the buffer layer and cladding beside
the core n, = 1. 461, and its bulk loss coefficient a;, =
0. 25dB/cm"™ ;the electrode is made of aurum,its re-
fractive index n; = 0. 19,and its bulk extinction coef-
ficient x; = 6. 1", The layer upon the electrodes is
air, its refractive index n, = 1. 0,and its bulk loss coef-
ficient a4 = 0. Here, we take the electrode width W
and electrode gap G as the core width a and the
waveguide gap d ., respectively. We select Ej mode
propagating in the device. According to the theory
and formulas presented in this paper,calculation pro-
grams based on MATLAB are compiled, and simula-
tion results are given as follows.

3.1 Thickness of electrode and buffer layer

Figure 2 shows the effects of the buffer thickness
b, and electrode thickness b; on the mode effective
refractive index n.; and mode loss coefficient «.
First, we take the electrode thickness b; = 100pum,
which can be regarded as infinite. We find that, when
b,= 1.5ym, n. and o become constants, respective-
ly,and the mode propagation and mode loss will form
a steady state. Then the propagation constants of the
parts of the waveguide with/without the electrode
will be identical, and the coupling loss will be de-
creased as small as possible. On the other hand,to in-
crease the electric field in the core, b, cannot be too
large. So we select b, =1. 5pm.

However, b; cannot be infinite in fabrication, so
the minimum electrode thickness should be decided.
Figure 2 (b) shows that, when b; increases large
enough, ny and « become constants, respectively,and
the mode propagation and mode loss will also form a
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Fig.2 Effects of the buffer layer thickness b, (a) and elec-

trode thickness b; (b) on the mode effective refractive index
n.; and mode loss coefficient «, where U =0,a = 4. 0pm, by, =
1.5pm, h =0.5um,(a) b; =100um,and (b) b, =1.5um

steady state. When b; =>0. 1pum, the electrodes can be
regarded as sufficiently large. which agrees with the
assumption of b; =100um in Fig. 2(a) . Considering all
the influences of b, and b; on ny and «,we select b,
=1.5ym and b; = 0.1pm. In this case,the mode am-
plitude loss coefficient is « = 1. 85dB/cm. which will
be taken into account in the following simulation.

3.2 Core width, coupling gap and rib height

Figure 3 shows the effects of the core width a.
coupling gap d, and rib height & on the coupling
length L, and switching voltage U,. This figure shows
that when a.,d.or h increases, L, increases while U,
decreases. Summarizing all the effects caused by a.d .,
and h,we select a =4.0pm, b; =1.5pum, h =0.5um,
and d = 3. Opm;in this case,the coupling length L, is
about 3082pum, and the switching voltage U, is about
2.14V.These parameters also assure the single mode
waveguide.

3.3 Simulation of switching characteristics
Figure 4 plots the curves of output powers P; and

P, versus the coupling region length L. Figure 4 (a)
shows that, under the operation voltage of U = 0,

0.5
h/pm

Fig. 3 Effects of the core width a (a),coupling gap d (b),and
rib height & (c) on the coupling length L, and switching voltage
U,,where b; =1.5um, b, = 1. 5um, by =0.10um, W=1a,G =
d,(a) h=0.5um,d =3.0pm,(b) a =4.0pm,h =0.5m,and
(¢) a=4. O‘um,d =3. O;Lm

when the coupling region length L is taken to be odd
times of L,, P, becomes the minimum, while P, be-
comes the maximum. Figure 4 (b) shows that, under
the operation voltage of U, = 2. 14V, when the cou-
pling region length L is taken to be the integer times
of the coupling length L, , P, becomes the maximum.,
while P, becomes the minimum.

Figure 5 presents the curves of output powers P,
and P, versus the applied voltage U,where we take L
=L,,3L,.From the results,we find that U, decreases
as L, increases with the odd times. The switching
voltage is 2. 14V when L = L, ,while it is 1. 09V when
L =3L,.Therefore,in the design of such a device,the
switching voltage can be decreased greatly by increas-
ing the coupling region length within the permitted
integration.
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Fig.4 Curves of the output powers P, and P, versus the cou-
pling region length L, where a = 4.0um, b; = 1.5um, h =
0.5pym,d =3.0pm,(a) U=0 and (b) U= U,

3.4 Fabrication tolerance and wavelength shift

The device will have excellent switching features
when the coupling region length L is exactly equal to
L,.However,the fabrication error of the coupling re-
gion length exists inevitably, which will affect the
performance of the device. Moreover, during the op-
eration of the device,it is difficult to keep the practi-
cal operation wavelength A exactly equal to the de-
signed operation wavelength A, ,which will also affect
the performance of the device. Figure 6 shows the
effects of the wavelength shift AA and the error of the
coupling region length AL on the output powers P,
and P,,where we take the operation voltage U = 0
and U, =2.14V.Figure 6(a) shows that,in the range
—12nm<<CAA<{12nm (the relative range of the wave-

P, and P,/dB

Fig.5 Curves of the output powers P, and P, versus the ap-
plied voltage U,where a =4.0pm, b; =1.5pm, h =0.5pm,d =
3. O;Lm,and L=1L,,3L,

Fig.6 Effects of the error of the wavelength shift AA (a) and
the coupling region length AL (b) on the output powers P; and
P, ,where a =4.0pm, by =1.5pm, h = 0.5um, d = 3. Opm, and
U=0,U,

length is 1538nm <CA<{1562nm) , the insertion loss and
crosstalk are less than 1. 14 and — 30dB,respectively.
Figure 6(b) shows that in the range — 70pm<CAL <<
70pm (the relative range of the coupling region
length is 3012pm<C L <{3152um) , the insertion loss and
crosstalk are less than 1. 17 and — 30dB, respectively.

3.5 Coupling loss with SMF

The coupling between the optical fiber and the
waveguide is a key step of device packaging and di-
rectly affects the insertion loss of the device. The cou-
pling loss between the SMF and the waveguide is
caused by the following factors: the reflection of the
coupling interface, the dislocation, gap, angle, and
mode mismatch between the fiber and the waveguide,
of which the main factor is the mode mismatch. To
analyze the coupling loss of the designed switch with
a standard SMF whose core radius is about 4pm, we
calculate the coupling loss using FD-BPM. By consid-
ering the difference of the mode field diameter be-
tween the SMF and the switch only,the coupling loss
of one waveguide with SMF is about 0.8 ~ 1. 0dB.
Considering possible coupling losses produced by the
other factors, the total loss is less than 2dB, which is
close to the result of our experiment.

3.6 Check of this design technique

In order to check the accuracy of the proposed
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Table 1 Comparative study of results from our design tech- range of the operation wavelength from 1538 to
nique with those from BPM 1562nm,the insertion loss and crosstalk are less than

DC switch Switching voltage Coupling length 1. 14 and - 30dB, respectively; Within the range of
(this paper) /v /*‘n‘] the coupling region length from 3012 to 3152um.
Our :;:/lmque 23)1 22% those are less than 1.17 and — 30dB, respectively.
Relative error +4.9% —4.8% These results show that the device designed in this pa-

Table 2
nique with those from experiment

Comparative study of results from our design tech-

DC modulator & Switching voltage Coupling length

switch /V /cm

Our technique 3.59 1.76

Experimental results-'%] 3.60 1.80
Relative error -0.3% -2.2%

(Relative values of parameters:rib core width: 4. Opm, core thickness:
2. 0pm,rib height:0. 3pm, upper/under cladding thickness: 3. Opm;, elec-
trode thickness:0. 2um, coupling gap:6. Opm, refractive index of the EO
polymer and the cladding:1. 62@1. 31pm,1. 54@1. 31pm)

technique, a comparison is performed between the
simulated results of this technique and those of the
BPM for the designed switch, which are listed in Ta-
ble 1. We conclude that they are in good agreement.
Furthermore, this technique can also be used for the
1X2 Y-fed directional coupler modulator. A compari-
son is also carried out between our simulated results
and the experimental results reported in Ref. [15],
which are listed in Table 2. This confirms that this
technique possesses high accuracy. The preceding
comparisons indicate that this technique can be ap-
plied to the engineering design of these kinds of swit-
ches and modulators.

4 Conclusion

A polymer directional electro-optic
switch with push-pull electrodes and rib waveguides is
simulated and optimized using the conformal trans-
forming method, image method, coupled mode theo-

coupler

ry, and electro-optic modulation theory. Under the
operation wavelength of 1550nm, the optimized values
of the parameters are: the core width is 4. Opm, core
thickness is 1. 5um,rib height is 0. 5um,the upper/un-
der buffer layer thickness is 1. 5pm, the coupling gap
is 3. Opm, and the upper/lower electrode thickness is
0. 1pm. In this case, the push-pull switching voltage is
2.14V ,and the coupling length is 3082um. Within the

per possesses favorable switching functions.
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