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Abstract : A silicon-based photonic switch is proposed and simulated based on the multimode interference (MM1)
principle and the free-carrier plasma dispersion effect in silicor-germanium. The proposed switch, designed for
1 5% m window operation,is useful for DWDM optical networks. The switch consists of two input single-mode
ridge waveguide ports,a MM section,and three output single-mode ridge waveguide ports. In the MM1 section,
two index-modulation regions are placed to divert input optical signals from the two input ports to each of the
three output ports. Switching characteristics are demonstrated theoretically by a beam propagation method for
1 5% m operation. The simulated results show that the insertion loss of the switch is less than 1 43dB,and the

crosstalk is between - 18 and - 32 8dB.
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1 Introduction

The rapid growth of optical networks has gen-
erated great interest in optical waveguide compo-
nents. Optical switches are important components
due to their rolein switching and routing signalsin
the optical domain. During the past few years ,a var
riety of switches based on the thermal-effect'™* e
lectro-optical effect'™ plasma disperson efect |
and mechanical principle’®® have been developed.
However ,the reported switches have two input and
two output ports and are fabricated for single
wavelength applications. As the required number of
input-output ports and the density of channels are
increasng in DWDM networks,it is crucial to de
velop optical components,particularly switches,to
address such issues. Therefore ,one objective of this
work is to propose an improved multi-wavelength
photonic switch with a scalable number of ports
beyond 2 x 2. Another objective is to design a
multi-port photonic switch that can be produced by
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existing low cost technology and can be monolithi-
cally integrated with conventional S-based optoe-
lectronic devices and circuits.

2 Simulation and discussion

Figure 1 shows a schematic structure of the
proposed 2 x 3 switch. Figure 1 (a) shows a top
view ,and Figure 1(b) shows a cross section of the
index-modulation region. Figure 1 (a) illustrates
that the switch conssts of three sections:an input
section ,a central section,and an output section.
The input section consists of input waveguides A
and B ,while the output section conssts of output
waveguides 1,2 ,and 3. All the input and output
waveguides are snglemode waveguides. The cen-
tral section condsts of a multimode interference
(MM1) waveguide with electronically controlled
index-modulation regions and . Each index-
modulation region is designed as a p-n junction ,as
shown in Fig. 1(b) . When aforward bias voltage is
applied to any of the p-n junctions,the refractive
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index in the index-modulation regions and
decreases due to the plasma disperson effect ,lead-
ing to avariation in the propagation constant of the
optical waveguide!”®'. Therefore,the input optical
sgnals are switched to any one of the three output
ports.
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Fig.1 Schematic structure of the proposed 2 x 3
photonic switch (a) Top view of the photonic
switch; (b) Cross section of the index-modulation
regions

Three basic parameters are consdered in the
design of the proposed 2 x 3 switch. They are (1)
thickness of the ridge waveguide, (2) width of the
single mode waveguides (A ,B,1,2,and 3) ,and (3)
width and length of the MMI section. With refer-
ence to our previous experimenta work' ,we used
a2 @ mp-S Geridge waveguide with a Ge content
of 4% on p-S substrate. The ridge height is chosen
to be 1. U m for all waveguides. To facilitate the
butt coupling of optical signals between the ridge
waveguides and sngle mode fibers, all the input
and output sngle mode waveguides are set to @ m
inwidth.

The MM section shown in Fig. 1(a) is de
sgned to support a large number of modes. Ac-
cording to self-imaging theory!™®™ 'when an input
light is coupled into the multimode section from
the input sngle-mode waveguides A or B ,interfer-
ing optical fields will be produced in sngle or mul-
tiple images at periodic intervalsalong the direction
of propagation of the multimode waveguide. The

separation between the peaks of two imagesis half
of the effective width of the MM section ,We. Tak-
ing into account the Goos Hahnchen shift ,We can
be expressed as

We = W +)#l x (—:f)z’(n? - )Y
where Ww is the width of the MMI waveguide,
0 =0for the TE mode ando =1 for the TM mode,
Ao is afree space wavelength ,and n and n. are the
effective refractive indices of the ridge waveguide
layer and the cladding layer ,respectively. Defining
the beat length of the two lowest-order modes,the
image of the input light field will be obtained at

L=px3Lr, p=0,1,2, (2
where the beat length of the two lowest-order
modes L ,is
Jid 4n W2

Bo-B: 3 3
wherefo andP: are the propagation constantsof the
fundamental mode and first-order lateral mode ,re-
spectively.

When the width of the input and output
waveguidesis set to @l min this desgn,the width
of the MM I ischosen to be 3Qu m with a ¢ m gpac-
ing between output port waveguides. By Egs. (1
3) ,the minimum length of the MM section is cal-
culated to be 9500 m with Lr =3166. 614 m atAo =
1 5% mand n =3 502.

To achieve the switching function by carrier
injection ,two index-modulation regions and
are desgned as shownin Fig.1(a) . For thistype of
symmetrical switching structure,region  must be
placed at a coupling length one-half (1/2) from the
left sde of the MM section. The width of the first
region is designed to be 1% m,which is the half
width of the MM section. Smilarly ,the second re-
gion is placed at the coupling length of three
fourths (3/4) from the right side of the MM sec
tion with a width of 1% m. For a wavelength of
1 5% m,the refractive index of 9 is3 5 while that
of S Gewith a Gecontent of x=4%is nsee = ns +
0. 18x = 3 507. To introduce aTt phase difference
by carrier injection ,the refractive index should be
decreased by 0 QO 7 %. In this design ,we choose a
0.3% 0 4% decrease in refractive index. A
length of about 30Qu m is obtained for the two in-
dex-modulation regions according to (AT/A) x A n
x |) =TT,

To calculate the forward bias voltage (Va) to
be applied to the p-n junctions of regions and

Ln =
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,the change of refractive index forA =1 53 m
can be expressed as?
An=-[88x10% xA N. +
8 5x10" x (A Nn)%?] (4)
whereA Ne andA Nn are the concentration changes
of electrons and holes, respectively. For an index
changeof 0. 3% 0 4% ,the calculated carrier con-
centration change isA N =A Ne (= A Nn) = (1
1 4) x 10 cm ®. The change of refractive index
A N can also be specified by
AN = Niexp(qVal/2KT) (5)
where N; is the intringc carrier concentration of
9 ,qis the electron charge,and Va is the forward
bias voltage applied to the two p-n junctions. By
Eq. (5) ,Va is calculated to be 0. 95 1 OV under
Ni =1 5x10°cm ® and kT = 0. 026eV at room
temperature. Furthermore ,a current density of 26
36kA/cm’ is estimated for this device!™ by

_ 2.0DN; qVa
I =" exp(2kT) (6)

where H is the thickness of the S Ge waveguide
layer and D = 13cm’/ sis the diff uson coefficient of
the carriers.

The fundamental characteristics of the 2 x 3
switch are smulated theoretically usng the beam
propagation method (BPM). All input lights are
assumed to have the same wavelength, i. e.
1 5% m, and to retain their original phase,ampli-
tude ,and polarization.

When 1 5% m light is coupled into input
waveguide A without applying aforward bias volt-
age to both p-n junctions and ,the refractive
index of theindex-modulation regions and re

mai ns unchanged. In this case ,theinput optical Sg-
nal will be output mainly from output port 3 as
shownin Fig. 2(a) snce the length of the MMI
sectionis L =3Lr. The normalized output power in
output port 3 is Ps = 96 %,while the normalized
output powers in output ports 1 and 2 are P =
0. 05%and P, =0. 1% ,respectively. The calculated
insertion loss is - 10lg ( Powou/ Pn) = QO 17dB
while the calculated crosstalks are 10lg( P./ Ps) =
- 32 8dB and 10Ig( P:/ Ps) = - 29. 8dB for ports 1
and 2, respectively. When a proper forward bias
voltageis applied to the p-njunction of region ,a
0. 3 % decrease of refractive index will be achieved
inthe region. As a result ,the output light will be
mainly switched to output port 1 as shownin Fig. 2
(b) . The normalized output power in output port 1
is Pr =94 5% while the normalized output power
inoutput ports2 and 3 are P. =0 12% and Ps =
0. 1% ,respectively. The calculated insertion lossis
0. 24dB ,while the calculated crosstalks are - 29
and - 29. 8dB for ports 2 and 3 ,respectively. Smi-
larly ,when a proper forward bias voltage is applied
to both p-n junctions of regions and  smulta
neoudy ,the output light will be switched to output
port 2 ,as shownin Fig.2(c). The normalized out-
put power in output port 2 is 75 % while the nor-
malized output powers in output ports 1 and 3 are
1.2% and 1 %,respectively. The calculated inser-
tion lossis 1 12dB ,while the calculated crosstal ks
are - 18 and - 18 8dB for ports 1 and 3,respec-
tively.

Fig.2 Smulated switching states of the photonic switch when an input light is coupled into input waveguide A
(a) Switched to output 3;(b) Switched to output 1;(c) Switched to output 2

When the 1. 55 m optical signal is coupled in-
to input waveguide B without applying a forward
bias voltage to both p-njunctionsof regions and

,the refractive indices of both the regions remain
unchanged. In this case ,theinput optical sgnal will
be output from output port 1 as shown in Fig. 3

(a) . The normalized output power in output port 1
is96 % while the normalized output power in out-
put ports2 and 3 are 0. 1% and Q. 05 % ,regective-
ly. The calculated insertion loss is 0. 17dB ,while
the calculated crosstalks are - 29.8 and - 32 8dB
for ports 2 and 3, respectively. Second, when a
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proper forward bias voltage is applied to the p-n
junction of region |, the output light will be
switched to output port 3,as shown in Fig.3(b).
The normalized output power in output port 3 is
95. 5% while the normalized output powersin out-
put ports 1 and 2 are 0. 08 % and 0. 12 %, respec-
tively. The calculated insertion lossis 0. 19dB while
the calculated crosstalks are - 30. 8 and - 29dB for
ports 1 and 2,respectively. Third,when a proper

forward bias voltage is applied to both p-n junc
tionsof regions and  smultaneousy ,the out-
put light will be switched to output port 2,as
shown in Fig. 3(c). The normalized output power
inoutput port 2 is 76 % while the normalized out-
put powersin output ports 1 and 3 are 1L 2% and
0. 8% ,respectively. The calculated insertion lossis
1 08dB ,while the calculated crosstalks are - 18
and - 19. 8dB for ports 1 and 3 ,respectively.

Fg.3 Smulated switching states of the photonic switch when an input light is coupled into input waveguide B
(a) Switched to output 1;(b) Switched to output 3;(c) Switched to output 2

When two 1 5% m optical sgnals with the
same original phase ,amplitude ,and polarization are
coupled into input ports A and B without applying
aforward bias voltage to both p-n junctions of re-
gions and ,theinput sgnal coupled from in-
put port A will be switched to output port 3,and
the input light coupled from input port B will be
switched to output port 1. In this case,the switch
isat crossstate and functions as an optical cross
connection as shown in Fig. 4(a) . The normalized
output powersin output ports1,2 ,and 3 are 48 %,
0. 05 % ,and 48 %, respectively. The calculated in-
sertion loss and crosstalk are 0. 18 and - 29. 8dB ,
respectively. Second ,when two 1 5% m light sg-
nals with same original phase,amplitude,and po-
larization are coupled into input ports A and B with
aproperly applied forward bias voltage to the p-n
junction of region  ,the input light coupled from
input port A will be switched to output port 1 and

the input light coupled from input port B will be
switched to output port 3. In this case,the switch
isin the bar-state and a s functions as an optical
cross-connection ,as shown in Fig. 4 (b). The nor-
malized output power inoutput ports1,2 ,and 3 are
48 3%,0 12 % ,and 43 8 % ,respectively. The cal-
culated insertion loss and crosstalk are 0. 35dB and
- 26dB, regpectively. Smilarly, when the two
1 5% m sgnals are coupled into input ports A and
B with a properly applied forward bias voltage to
the p-n junctions of regions and s multane-
oudy ,theinput sgnals coupled frominput ports A
and B are combined and will be output from output
port 2. In this case ,the switch functions as an opti-
cal power combiner as shownin Fig.4(c) . The nor-
malized output power inoutput ports1,2 ,and 3 are
0.9%,70% ,and 1 0 %,respectively. The calculat-
ed insertion loss and crosstak are 1 43 and
- 19dB ,respectively.

Fg.4 Smulated switching states of the photonic switch when input lights are coupled into A and B smultane-

oudy (a) Crossstate; (b) Bar-state;(c) Combinedstate
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3 Conclusion
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