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ABSTRACT

The goal of this research was to buildN#N all-optical WDM switch, which
is indispensable for the next-generation of all-optgadket-switched networks. We
started from the basic concepts of telecommunicat&work architectures, optical
networks, WDM network elements and basic componentspiital networks. We
focused on the principles and applications of opticalpérs, Mach-Zehnder
Interferometers (MZI), arrayed waveguide gratings (AW@pd some switch
architectures and techniques that have helped in the degigm @btical switch.

Based on the AWG principle, we derived a general desida for
constructing arN-interleaved AWG N-IAWG), and proposed axN WDM switch
consisting of twoN-IAWGs and a phase shifter array. We then simplified th
structure by using only ong-IAWG with total reflection implemented at the end of
each phase shifter. The simplified structure signifigargtiuced the device size and
relaxed the design tolerance. This suggests that it ceultséd as the fundamental
building block to construct non-blockigxN all-optical WDM switches with Spanke
architecture.

The feasibility of the proposed optical switch depeodshe refractive index
tuning in the phase shifter array, which can be realireauigh the carrier-induced

index tuning of semiconductors. We proposed to use IlI-nig@eiconductors due to



their unique characteristics, and presented a theoretiodly of carrier-induced
refractive index change in GaN in the infrared wavelengihion. Calculations
verified that the magnitude of carrier-induced refracingex change is high enough
for the application to the proposed optical switch.

We then prepared various devices in GaN/AlGaN mater@lcharacterized
their optical properties in the 1550 nm wavelength regiopeementally. We
measured the refractive indices and the impact ofcéwcentrations. We also
measured the birefringence of the GaN waveguides, wregteth understand the
polarization effect in the devices and would help desigmarpaition independent
optical waveguides. Among the devices we prepared, theseawaight-wavelength
AWG, which was the first AWG in GaN/AlGaN materidlhe performance of the
AWG agreed well with our design expectations and may deundation for the

application in optical switches.
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1. Introduction

Internet traffic has been doubling every four to six months, and this trend
appears set to continue for a while [1]. This explosive growing of Internet traffic
requires the development of new technologies to fully utilize the wide bandwidth of
optical fibers (more than 50 THz [2]) and to manage the huge volume of data
information more efficiently. Although fiber-optic telecommunications has been
going through an enormous development since optical fibers have been applied in this
area, finding new optical materials, developing new fundamental optical devices and
designing new optical subsystems are ill critical issues in constructing all-optical
telecommunications networks.

Unlike other communication technologies, optical technology offers a new
dimension, the color of light, to perform such network functions as multiplexing,
routing, and switching. Wavelength division multiplexing (WDM) techniques
effectively use the wavelength as an additional degree of freedom by concurrently
operating distinct portions of the 1.3- to 1.6-um wavelength spectrum accessible
within the fiber network [3]. In WDM systems, WDM optica
multiplexers/demultiplexers, wavelength routers and optical amplifiers are the
fundamental devices.

So far, silica-based arrayed waveguide gratings (AWG) have been widely
used as WDM optical multiplexers and demultiplexers. However, due to its passive

nature, the lack of tunability limited its applications in dynamic wavelength routings.



The combination with mechanical optical switches partly solved this problem [4][5].
But it was ill limited at the circuit switch level instead of the demanded packet
switch level, because of the slow response of the mechanical optical switch. InP is a
semiconductor material and the planar photonics integrated circuit (PIC) based on it
can be made tunable by carrier injection [6][7]. However, because of its high
refractive index and relatively small waveguide size, InP based PIC has its own
disadvantages such as, high scattering loss, high temperature sensitivity and high
coupling loss with optical fibers [8]. It thus became quite natural to find some other
semiconductor materials with lower refractive indices and lower temperature
sensitivity than InP to make the WDM devices.

[11-nitride wide band gap semiconductors (GaN, AlGaN and InGaN) have
recently attracted intense attention [9][10] because of their unique characteristics.
Their wide bandgap and the hardness of the material make it possible to operate at
very high temperature and power levels and in harsher environments. The wide
bandgap also makes the materials highly transparent to the wavelength in the near
infrared region, which makes them excellent candidates for passive optical waveguide
devices for long wavelength optical communication. On one hand, the refractive
indices of Il1-nitride semiconductor materials (i.e. n = 2.34 for GaN) are lower than
those of InP (n = 3.5) [11], which makes I l1-nitrides better than InP to fit with optical
fibers. Additionally, the refractive index of Ill-nitrides can be varied and controlled
for example by alloying GaN with different percentages of InN and AIN. This is

essential for the design of integrated optical circuits. Furthermore, carrier injection in



heterostructures of InGaN/GaN and GaN/AlIGaN can provide high-speed modulation
of refractive indices in waveguides, which can be utilized to make wavelength
selective optical routers based on fast switchable optical phased-arrayed (PHASAR)
devices.

The research will focus on the optical properties of Il1-nitride materials, the
design of the optical devices based on the materials and their applications in WDM
fiber-optic networks. The god isto realize all-optical packet switches.

Thisthesis isdivided into six chapters. After this introductory chapter, chapter
two presents a literature review. Chapter three outlines a complete theory about how
todesignal x Nand N x N all optical switch. Chapter four shows physical properties
and calculated parameters of GaN semiconductor materials. In chapter five, we show
the results of the characterizations of the fabricated Il1-Nitride devices and our
experimental measurements of the samples. Some important discoveries are aso
summarized in this chapter. Chapter six shows the conclusion and the future work

needed in this area.



2. Optical Networ king and Switching

2.1. Introduction

In this chapter, we will review some basic conceptsetdcommunication
system architectures, optical networks, WDM system eftésnand basic components
in optical networks. Then our discussion will be focused the concepts and
structures of optical switches which are used in WDMtetogy. We will start by
reviewing the Micro-Electro-Mechanical System (MEMSHieh is currently a very
popular technology in terms of its applications in thddmg of optical switches.
Then we will review optical switches for WDM appligats, in which we will
discuss why WDM switches are different from convemdiooptical circuit switches
and how to build WDM optical switches from simple ont&ted guided-wave optical
devices. At the end, we will propose several unique desifngaveguide based

WDM switches.

2.2. Telecommunications Networ k Architecture

Optical fiber provides an excellent medium to transiegehamounts of data
per second (nearly 50 Tb/s). It has low cost per biteexly low bit error rates, low
signal attenuation (0.25 dB/km around 1550nm), low signal rtisio low power
requirement, low material use, small space requirenagmwt higher level of security.

So far, fiber optic networks have been widely applieegiecommunications.
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Figure 2.1 An overview of a public fiber network architecture (aftdj.[1

Figure 2.1 shows an overview of a typical public fiber mekwarchitecture
[1]. The network consists of a long-haul network andeiropolitan network. The
long-haul network has a number of nodes with a pair ofdibetween each other. It
connects between cities and different regions thatusteally separated by long
distances. In this example, the connection betweensrfod¢he long-haul network is
in mesh format. However, ring topologies are alscerofdeployed to provide
alternative paths of traffic in case some of th&difail. The metropolitan network
consists of a metropolitan interoffice network anuetropolitan access network. The
interoffice network can have a link topology similarthat of the long-haul network.

It connects groups of central offices within a city egion. The access network,



which typically covers a range of a few kilometergeads from a central office out
to individual businesses and homes.

In a network as shown in Fig.2.1, there is always recem about how to
connect two different nodes to have information tratteoh between them while the
guality-of-service is guaranteed. Based on how traffimustiplexed and switched
inside the network, there are two fundamental types adetying switch
infrastructures: circuit-switch and packet-switch. Acait-switched network provides
the capability of switching circuit connections to itstoansers, in which a guaranteed
amount of bandwidth is allocated to each connectione@ne connection is setup,
the dedicated bandwidth for the customer is always adeil The sum of the
bandwidth of all the circuits, or connections, on a linkst be less than the link
bandwidth.

The problem with circuit switching is that it is notieiént in handling bursty
data traffic. A bursty stream requires a lot of bandwidbim the network when all
users are active and very little bandwidth when themeoidlemand. It is usually
characterized by an average bandwidth and a peak bandwidtih) edrirespond to
the long-term average and the short-term burst ragspectively. In a circuit-
switched network, one has to reserve sufficient badidhwo deal with the temporary
peak rate, while this bandwidth may be unused for mostedtitne.

To deal with the problem of transporting bursty data trafficiently, packet
switching was introduced in which the data stream is broleimto small packets of

data and transmitted independently. Packet switching useschamidee called



statistical multiplexing when multiplexing multiple burstgta streams together on a
link. Different types of time division multiplexing asdiown in figure 2.2.

Since each data stream is bursty, it is probably unlikely all the streams are
active at any given time. Therefore the bandwidth reguan the link can be made
significantly smaller than that required when all streamere active simultaneously.
This is the advantage of a packet-switched scheme. Howthexe are certainly
disadvantages associated with packet-switched netwopecialy when a large
number of streams are active simultaneously and thereegoandwidth exceeds the
available bandwidth on the link. However, this only regsiimore effort to be made

from the carriers to provide some guarantees on the yjoéBervice they offer.
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Figure 2.2 Different types of time division of multiplexing: (axéd, (b) statistical.
(after [1])



2.3. Optical Networks
In additional to providing enormous capacities, an optiatwork also

provides a common infrastructure over which a variety ofiees can be delivered.
With optical fibers widely deployed and the evolutiortelecommunication networks,
optical networks have been evolved from the first geien, where optics was
essentially used for transmission and simply to provideacty, to the second
generation, where some of the routing, switching, aredliggence is moving from the
electronics domain into the optical layer. Before describe the second-generation
optical networks, let's look at the multiplexing techniquéized in current optical

networks.

2.3.1 Multiplexing Techniques

Multiplexing makes it possible to transmit data at higla¢es and thus much
more economical. It is more convenient for many reagto transmit high speed data
over a single fiber than to transmit lower data rates multiple fibers. There are
fundamentally two ways of traffic multiplexing as shownfigure 2.3, which are
time division multiplexing (TDM) and wavelength division liplexing (WDM). By
utilizing higher-speed electronics, TDM increases thedi# by interleaving lower-
speed data streams to obtain the higher-speed stream tafriemission bit rate. To
achieve even higher bit rates with TDM technology, neteais are working on
methods to perform the multiplexing and demultiplexing allagdly. This approach
is known as optical time division multiplexing (OTDM)n@he other hand, WDM is

essentially the same as frequency division multiplexiigM) in wireless systems. It



transmits data simultaneously at multiple carrier el@ngths over a fiber. Under first
order approximation, there is no crosstalk between theselengths as long as they
do not overlap with each other in the frequency domain. Wg lbeen widely
deployed in long-haul networks, and now is being deployeshatro and regional

access networks. [12].

B b/s
Nl
NB b/s
2l LT L TUUULUL
: |
N

TDM or OTDM mux
@

WDM mux
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Figure 2.3 Different multiplexing techniques for increasing the traissian
capacity on an optical fiber. (a) Electronic or ogdticae division multiplexing
and (b) wavelength division multiplexing. (after [1])



WDM and TDM both provide ways to increase the transomssapacity and
are complementary to each other. Therefore networks/tagda a combination of

TDM and WDM.

2.3.2 Second-Generation Optical Networks

The architecture of a second-generation optical netwgmskown in figure 2.4.
This is a wavelength-routing network. The signals apesmitted from the source to
the destination through light paths provided by the networle [ight paths are
optical connections from a source node to a destinaioie over a wavelength on
each intermediate link. The wavelength being routed @n light path can be
converted from one to another. The same wavelength earsédd among different
light paths in a wavelength routing network as long adighe paths do not share any
common link. This means the wavelength can be reused gpatidifferent parts of
the network.

Fundamental building blocks of this second-generationcaptetwork
include optical line terminals (OLTSs), optical add/dropltiplexers (OADMs), and
optical cross-connects (OXCs), as shown in figure 2MOLT multiplexes multiple
wavelengths into a single fiber and demultiplexes a setavelengths on a single
fiber into separate fibers. An OADM takes in signalsmafitiple wavelengths and
selectively drops some of these wavelengths or adde stmer wavelengths locally
while letting others pass through. An OXC essentiallygoers a similar function in
routing that switches wavelengths from one input powdrtother but at much larger

sizes with the number of ports ranging from a few terthousands. Compared with
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electronic switching, lightpath switching has an advantagdeiivering data in a
transparent fashion, which enables the network to aterivith customers with a
wide variety of demands. It is obvious that second-gewoeraiptical networks are

capable of providing more functions than just point-to-ptansmission.

SONET IP
terminal router

SONET
terminal A

Figure 2.4 A WDM wavelength-routing network, showing optical lierhinals
(OLTs), optical add/drop multiplexers (OADMS), and opt@@ssconnects
(OXCs). The network provides lightpaths to its usersciwviare typically IP
routers or SONET terminals. (after [1])

Optical networks based on the above architecture hase teployed and

signaling protocols between IP routers and optical ndétsvbave been standardized
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[13]. OLTs have been widely deployed for point-to-poipplacations. They can be
shared by all the optical network units (ONUSs) to redueertlhhimber of expensive
DWDM transceivers [14]. OADMs that support different datéesawith same
bandwidth efficiency are developed [15] and are now usedng-thaul and metro
networks [1][16][17][18]. OXCs were deployed primarily in ¢phaul networks

because of their high capacity requirement.

2.4. WDM Networ k Elements
As we mentioned above, OLT, OADM and OXC are thregortant elements
in optical networks. The users of the network are cciegeto these elements. Now

let’s have a brief overview of these three importdetents.

Non ITUA Transponder ITU /]1

L
IP router | O/E/O | 4 \
Non ITU oEo ] ITU A, Mux 1772 73 y

SONET | dem /
ITU /]3> Aosc
SONET |4 Transmitter Aosq
Receiver

Optical line terminal

Figure 2.5 Block diagram of an optical line terminal. (after [1])
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Figure 2.5 shows a block diagram of an OLT [1]. An OLT sediat either
end of a point-to-point link to multiplex and demultiplesavelengths. From the
figure, we can see that the signal coming out of a parder is multiplexed with
other signals of different wavelengths onto a fiber.the opposite direction, the
demultiplexer extracts the individual wavelengths anddsethem either to the
transponder or to the client directly. A transponder adédnat signal from a client into
a signal suitable for use inside the optical netwhikewise, in the reverse direction,
it adapts the signal from the optical network intsigmal suitable for the client. From
the figure, we can see that the OLT also terminatespdical supervisory channel
(OSC), which is carried on a separate waveledgis, which is different from the
wavelengths carrying the actual traffic. From the dedsonpabove, we can see that
the basic components in an OLT structure are the plester and the demultiplexer,
which can be made by arrayed waveguide gratings (AWG) ctlielehin-film filters

and fiber Bragg gratings.

Node A Node B Node C

OADM

Optical passthrough

—h A

1
Add/Drop

"
BUNE

Figure 2.6 lllustrating the role of optical add/drop multiplexersitér [1])
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Figure 2.6 illustrates the role of an OADM. In this e, a wavelength-
routing network is used. Nodes A and C are each deplojgadaw OLT and node B
is deployed with an OADM. The OADM drops one of the faavelengths to a local
terminal and passes through three other remaining wavelenbiis is a cost-
effective solution for wavelength add/drop realizatioasiB components in node B

are, again, a multiplexer and a demultiplexer.

Demux Ay Optical switch Mux
—
AlIAZY Tty AN AlIAZy ty AN >
A
—
Al
—
RIT RIT Tunable transponders
TR T|IR
v 4 v A

Figure 2.7 A fully tunable OADM. (after [1])

Figure 2.7 shows an ideal reconfigurable OADM architecturee T
architecture is flexible and fully tunable regarding tharstels being added or being
dropped while still maintaining a low fixed loss. The basienponents used in this
structure are again a multiplexer and a demultiplexat, itb addition, an optical

switch is required for dynamic wavelength routing.
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OADMs are useful network elements to handle simgevark topologies.
For more complex mesh topologies with large traficd a large number of
wavelengths, OXCs are required. OXCs also help realizenfigurable optical
networks in which lightpaths can be set up or terminategaded without having to
distribute them beforehand. Figure 2.8 shows an OXC appiidde network. It
terminates some fiber links, each usually carrying a laugeber of wavelengths and
also passes other wavelengths through to other nodes. @X&lde true mesh
networks to be deployed. There are different versio@Xts. But ideally, it should
be able to provide lightpaths in a large network in an auednaianner; it should be
an intelligent network element that can detect failureshe network and rapidly
reroute lightpaths around the failure; it should be k# teansparent so that it can

switch signals with arbitrary bit rates and frame falsnatc.

OLT

OXC

P SONNET ATM
SDH

Figure 2.8 An OXC is applied in the network. (after [1])
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There is always a switch core in an OXC. The dvinig can be done either
electrically or optically. It is certainly preferred have it done all-optically since all-
optical switches are more scalable in capacity, dat& trahsparent and it is not
necessary to groom traffic. Figure 2.9 shows an optiga w@velength plane OXC,
consisting of a plane of optical switches. The sigoalwing in from different fibers
are first demultiplexed and then sent to the optical che# according to their
wavelengths. Each optical switch switches signals witpexific wavelength. After
the signals are switched, they are multiplexed back tegdty multiplexers. The

configuration in figure 2.9 also shows the add/drop termioalsome channels.

(o——— )
| —] Optical [
A AA switch
1712713714 N .
L[> /1]_ \
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% Optical N
switch
- il /12 ?
27 —» Optical —
N LY switch N\
A, i
R Optical [~ |
Bl switch —
OLT /14 ] OLT
OXC
wY Y
Local add Local drop

Figure 2.9 An optical core wavelength plane OXC. (after [1])
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2.5. Basic Components
In the above section, we see that multiplexing, depteking and optical
switching are indispensable functions in all-optical nekwoNow we will present

some basic components that are used to realize adl thactions.

25.1 Couplers
A directional coupler is used to combine or split sigimaksn optical network.
Figure 2.10 shows a*222 coupler consisting of two input ports and two output ports.

The power from one input poR, or P3, can be split into two output pos, andPs.

Throughput
P Input power power P

<+ | —>
(coupling length)

Coupled
power

Figure 2.10 A directional coupler.

A guantitative analysis of this coupling phenomenontmafiound in [19]. A
general form can be obtained for the relationship betwle electric fields at the

output side,E and E,, and the electric fields at the input sidésand E, [1].
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[El(f)j:e_,ﬂ (_cqskl) j singd )j[Eo(f)j 2.1)
E,(f) isinl) cost )| Ey(f)

wherel is the coupling length as shown in figure 2.80s the propagation constant
in each of the two waveguides of the directional couplés,coupling coefficient and
is a function of the width of waveguides, the refnaetindices of the waveguide core
and the substrate, and the proximity of the two waveguides

A directional coupler is often used with only one aeiivput, say input O as in
figure 2.10, although it has two input ports and two output porthis case, we can

get the power transfer function of the coupler from égng2.1) by settindes = 0

(Tm( f)j _(cos (1) (2.2)
Too(f) ) (sin’ (1) '

Here, T, (f) represents the power transfer function from inptd outputj and is

defined by‘I’ij(f)z‘Ej(f)‘Z/|E( f)|2. From equation (2.2), we can see that the
directional coupler is a3-dB coupler when the coupling lengtH satisfies
kl =(2k +1)r/ 4, wherek is a nonnegative integer.

Below are some of the basic specifications of dio@al couplers [3].

Splitting ratioor coupling ratia

Splitting ratio= ( 5 PZP j x 1009 (2.3)

1 2
The two basic loss terms in a coupler are exaessdnd insertion loss. The
excess loss defined as the ratio of the input power to tibtal output power. Thus,

in decibels, the excess loss for & 2 coupler is
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Excesdosszlolog( Ro j (2.4)
P+PR

Theinsertion losgefers to the loss for a particular port-to-porthpd&ior example, for

the path from input to outputj, we have, in decibels,

Insertion loss= 10I0{§J (2.5)
i
Another performance parameterci®sstalk which measures the degree of isolation
between the input power at one input port and gtea power scattered or reflected
back into the other input port.

A coupler may have many applications in an optiegivork. It can be either
wavelength selective or wavelength independent. Wwawrelength independent
couplers, one of the common uses is to split olppoaver. They can also be used to
tap off a small portion of the power from a syst@&n monitoring purposes. For
wavelength dependent couplers, they are widely usedombine signals with
different wavelengths into a single output port@iseparate the two signals coming
in on a common fiber to different output portsfiflihg the functions of multiplexing
and demultiplexing. One thing should be mentionée&mthe coupler is used as a 3-
dB coupler. Although the electric fields at the twatput ports have the same

magnitude, they have a relative phase shiftv@f This characteristic plays a crucial

role in the design of devices like Mach-Zehndeelfgrometer.

19



2.5.2 Mach-Zehnder Interferometer

Combining two 3-dB couplers together forms a Mach-Zehnderféntaneter
(MZ1) as shown in figure 2.11. The device can be made eiydiber or by planar
waveguides, the latter is more rigid compared to fibed therefore more stable.

Throughout this dissertation, we will only discuss wpaude-based MZIs.

Pin o N 3-dB Phase 3-dB Pout 1
>, :Splitterl shifter ICombin(:er 1

Figure 2.11 A basic %2 Mach-Zehnder Interferometer.

The transfer function of the MZI shown in figure 2.11 ¢e obtained based
on the general relationship of a coupler as shown in equéil). Since we are only
interested in the relative phase relationships fortitéwesfer function, we can ignore
the common phase shié” at the right hand side of equation (2.1). For a 3-dB

coupler, the propagation matrix is

_ [ coskl) j sini )—i 1]
Mcoupler‘(jsin(/d) COS((' )j_\/E[J J (26)

20



As for the central region in figure 2.11, we can see ti@atphase difference

caused by the two waveguides in that region can be exgrasse

Ago:ZT’mlL—@(HAL) 2.7)

The phase difference can arise either from a diffepath length AL) or from a
difference of refractive indicesiy(# ny). Whenn; = np = ne, we have
Ap=-kAL (2.8)

wherek = 2rm,, /A, so the propagation matrix for the phase shifter is

M, = exp(jkAL /2) .0 (2.9)
¢ 0 expl jkAL /2)

The relationship between the electric fields at thgutuside, E_ , ,andE and the

! =out,1 out,2 ?

electric fields at the input sides of the M&, ;and E, , is

Eout,l _ Ein,O
=C.M (2.10)
Eout,z Ein,3

where C is a phase constant, which H&=1, and M is the overall propagation

matrix of the MZI, which is expressed as

(2.11)

(sin(kAL/2) coskAL /2)
M = Mcoupler.MAtp.M coupler: J(

coskAL /2) - sinkAL /2
From equations (2.10) and (2.11), we can get the output pawéne case of single

input (at O input port) as

Pout,l = Eout,lEout,lz S|n2 (kA L/ 2) Pln (212)
Pout,z = Eout,ZEout,Zz CO§ (m L/2) I:)in, (213)
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So the transfer function of MZI for single power inptipart 0 and two output ports

at port 1 and port 2 can be expressed as

To,(A)) _( sin® m AL IA) (2.14)
T,(A)) | cog gm,ALIA) '

wherenet is the effective refractive index in the waveguyidies the wavelength of the
input signal,AL is the difference between the lengths of the twasain MZI as
shown in figure 2.11. This transfer function of atjon (2.14) can be depicted in
figure 2.12. We see that wavelengthoutput from port 1 and, output from port 2.
Different wavelength sighals go to different outpatrts. From equation (2.14), we
can see that switch functionality of the MZI canrbalized if we can control or adjust

AL.

State 1

\_ State 2
> A

Figure 2.12 Transfer functions of the basie2 Mach-Zehnder Interferometer

It should be noted that figure 2.12 is basechpr n,, which means the two

arms in the central region of the MZI have the saffective refractive index and the
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phase difference between the two arms is expresssguiation (2.8). When; is not
equal tony, the result would be different. From equation (2.7), axeh

Ago:—Z;TLAn—Z];nZAL (2.15)

where An = n, — n. The propagation matrix of the central region hagytieeral form

as

M, = exp(jkAL /2) .0 (2.16)
¢ 0 expl jkAL /2)

Based on equation (2.16), we get the general propagatiorx wiitie whole MZI as

-sin(A@/ 2 2

M = I\/Icou Ier.MA .M cou Ier: J Sln( go/ ) C‘.)S(M” / (217)
. v P cos@A@/2) sinQ\p /2)

So the transfer function of MZI for single power in@itport 0 and two outputs at

ports 1 and 2 can be expressed as

To(A)) _(sin’ Qp/2)
[Toz(/])j B [cosz Q! 2)} (2.18)

From equation (2.15), we can see that we can change AittwrAL or both to have
different phase differenc& g between the two arms in the central region oM.
From equation (2.18), we see that the output at each cudpvill be different for

each wavelength. This is the basis for our design @illaoptical switch based on the

interleaved arrayed waveguide gratings, which will be dssdign Chapter 3.

2.5.3 Arrayed Waveguide Grating

An arrayed-waveguide-grating (AWG) is typically used in M/Doptical

systems as a frequency domain multiplexer, demultiplexen wavelength router.
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The wavelength selectivity of an AWG is based on rgam interference. Unlike a
conventional transmission or reflection grating, an @W¢ composed of integrated
waveguides deposited on a planar substrate, which imoaoiy referred to as planar
lightwave circuit (PLC). As shown in Figure 2.13, thesibadesign of an AWG
consists of input and output waveguides, two star coupleds aan array of
waveguides between the two star couplers. The arregnigposed in such a way that
any two adjacent waveguides have the same optical pd¢nedi€e, which satisfies
the constructive interference condition for the ca&lntvavelengthly of the signal.
The interference condition for the output signabadepends on the design of the star
couplers. For the star coupler, as schematically shoviigure 2.14, the input and the
output waveguides are positioned at the opposite sideRdvdand sphere with a
radius ofL#/2, whereL; is the focus length of the sphere. In an AWG operation
optical signal is first distributed into all the arealywaveguides through the input star
coupler. After passing through the arrayed waveguides, gimalsis diffracted into
the output star coupler where each wavelength compofi¢he signal is added up
constructively at the appropriate output waveguide. The eplcasidition of this
constructive interference is determined by the follovaggation [20]:

n, [AL +ndsing, = mA (2.19)
where 6, =jAx/Ls is the diffraction angle in the output star coupldk is the
separation between adjacent output waveguiflaadicates the particular output
waveguide numberlL is the length difference between two adjacent waveguitle

the waveguide array)s andn; are the effective refractive indices in the stanper
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and waveguides respectively,is the diffraction order of the grating and an integer,

andA/ is the wavelength.

Waveguide array; .«

Star coupler

Input 2

Figure 2.13 lllustration of an Arrayed Waveguide Grating structure.

Waveguide array

Figure 2.14 Configuration of the star coupler.
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Obviously, from equation (2.19), the constructive interfeeewavelength at
the central output waveguidig is

AL
Jo= 2

(2.20)

On the other hand, also from equation (2.19), we canyegeilthe angular

dispersion with respect to wavelengthin the vicinity of& = 0, as

__ T (2.21)
dA n,d n,
wherenyg is the group index that is defined as
dn
n =n —-A—: 2.22
[¢] c dA ( )

Based on equation (2.21), the wavelength separation bettweeadjacent output

waveguides can be found as:

_ Ax[dé’oj_l _Axngd n, _ Ax Ad n (2.23)
L, '

L Lda
Since AWG is based on multi-beam interference, thetsgdaesolution of the
output signal is primarily determined by the number of #nemyed waveguides

between the two star couplers. A larger number of wasleguprovides better

spectral resolution.

2.6. Optical Switches
From figure 2.7 and figure 2.9, we can see that OADMs an€Oxre

essentially optical switches in a general sense. &ptetworks rely heavily on the
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functionalities of all kinds of optical switches. [@fent applications in an optical
network require different switch times and numbers atctwports. The switching
applications in an optical network include provisioning, @ctibn switching, packet
switching and external modulation [1]. The required switches range from
milliseconds to picoseconds. The number of switch puogyg vary from two ports to
several hundreds to thousands of ports.

In addition to the switching time and number of portsrehare other
important parameters to be considered for optical sestchihose parameters include
extinction ratio, insertion loss, crosstalk, and paktion-dependent loss (PDL). The
extinction ratio is the ratio of the output powethe “on” state to the output power in
the “off” state. The insertion loss is the power lbstause of the presence of the
switch. The crosstalk is the ratio of the power atdhtput port from the desired input
to the power at the same output port from all the atiparts. PDL is due to the loss
in some components depending on the polarization stéte afput signal.

For large optical switches, the considerations shouldidecthe number of
switch elements required, loss uniformity, the numbewaveguide crossovers and
blocking characteristics, etc. Large switches congishudtiple switch elements and
the number of the elements is an important factar dietermines the cost and the
complexity of the switch. It is also desired to achiemdorm loss for different input
port and output port combinations in an optical switch.if@grated optical switches
using planar lightwave circuits, the connections betwammponents must be made

in a single layer by means of waveguides and this wilseacrossovers between

27



waveguides in some architectures, which causes powsraond crosstalk. Less
waveguide crossovers ensure better performance fapacal switch. As for the
definition of blocking or nonblocking of a switch, the & is said to be
nonblocking if any unused input port can be connected to ansednoutput port.

Otherwise, the switch is blocking.

2.6.1 Large Optical Switch Architectures

2.6.1.1 Crosshar

Inputs

Outputs

Figure 2.15 A 4 x 4 crossbar switch realized using 18 2 switches. (after [1])
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There are several large optical switch architecturepgsed so far. The basic
one is called Crossbar. The crossbar architecturastemd a group of % 2 switches
and is, in general, nonblocking. Anx n crossbar requires? 2 x 2 switches. The
shortest path length is 1 and the longest path lengtin-s12in this architecture. This
large path length difference is one of the main drawdackhis architecture since the
loss distribution will not be uniform. Figure 2.15 showsl & 4 crossbar switch,
which uses 16 % 2 switches. The settings of thex2 switches for the connection
from input port 1 to output port 3 is shown in the figuks.we can see, the switch

can be fabricated without any crossovers between walegui

1 — 1
30t 32 x 64 32x32 32x64( 1 32
33 — 33
1| 32x64 32 x 64 32x64( = 0
, 64—t iy 2
= o
é_ . . . g
993— — 993
1| 32x64 32x32 32x32|
1024— = 1024

Figure 2.16 A strict-sense nonblocking three-stage 1824024 Clos

architecture switch. (after [1])



2.6.1.2 Clos

The second optical switch architecture introduced healied Clos, which
provides a strict-sense nonblocking switch and is widelyl usepractice to build
large port count switches. Figure 2.16 shows a three-stagepd®2€los switch. The
architecture has loss uniformity between different imgutput combinations and the

number of required switch elements is significantly reducompared to the crossbar

architecture.
14 1xn nx1l1 |1
2 - L
P 1xn nx1 2 g
> o
2 5
= (@)
n — 1xn nx1l N

Figure 2.17 A strict-sense nonblocking Spanke architecturen switch. (after [1])
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2.6.1.3 Spanke

Figure 2.17 shows another switch architecture which iecdépanke. The
Spanke architecture is very popular for building large $w#c It can be seen from
the figure that am x n switch consists of 1 x n switches at the input side and x
1 switches at the output side. This is also a stenss nonblocking architecture.
Instead of counting the number ok22 switches, a % n switch or am x 1 switch
can be made from a single switch unit, which reducesdkesignificantly. Also it is
obvious that all connections only pass through two switleiments, which provides
much lower insertion loss than the multistage desidfsreover, the optical path
length between any two-switch combinations can be madetlgxhe same so that
the loss uniformity can be realized.

Besides the architectures mentioned above, there dner ogwitch
architectures such as BeneS and Spanke- BeneS. Thedecamcbs both have their

unique advantages and disadvantages. More details can befrfmmrd].

2.6.2 Optical Switch Technologies

There are many different technologies to realiz&cabswitches, such as Bulk
Mechanical Switches, Micro-Electro-Mechanical SystefWMEMS) Switches,
Thermo-Optic Silica Switches, Bubble-Based Waveguide ched, Liquid Crystal
Switches, Electro-Optic Switches, and Semiconductatic@lpAmplifier Switches,
etc [1]. Here we will particularly introduce the MEM$ee this type of switch is
very popular and still developing. Also, MEMS are wideked in current optical

communication systems. Then we will briefly introdube Thermo-Optic Switch
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since it will easily lead us to the switch mechanism athitecture proposed in this

dissertation.

2.6.2.1 Micro-Electro-Mechanical System (MEMS) Switches

Micro-Electro-Mechanical Systems (MEMS) is the insg@gm of mechanical
elements, sensors, actuators, and electronics on m@orsilicon substrate through
micro-fabrication technology [21]. In the contextaytical switches, MEMS usually
refers to miniature movable mirrors fabricated in siic with dimensions ranging
from a few hundred micrometers to a few millimetef3. [By using standard
semiconductor manufacturing processes, arrays of micr@nsican be made on a
single silicon wafer. These mirrors can be defledtedace different directions by

using techniques such as electromagnetic, electrostapezmelectric methods.

Flexure

Figure 2.18 An analog beam steering mirror. (after [1])
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There are many different mirror structures that carused. The simplest
mirror structure is a 2D mirror, which can deflect bedswéwo positions. However
3D mirrors are more flexible, but fabrication is memmplicated. Figure 2.18 shows
a 3D mirror structure. By rotating the mirror on two disti axes (flexures), the
mirror can be turned to face any desired direction. Thasacteristic can be used to

realize 1x n switch function.

Mirror array
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Figure 2.19 An n x n switch built using two arrays of analog beam steering BEM
mirrors. (after [1])

Figure 2.19 shows a largex n switch by using two arrays of analog beam

steering mirrors. One can see that this structure smorels to the Spanke
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architecture as was mentioned above. Each array msrors and each mirror is
associated with one port. At the input side, a sighabupled to the associated mirror,
which can be deflected to face any of the mirrors indbiput array. To make a
connection from poritto portj, one can deflect both mirroand mirrorj so that they
point to each other. The signal is coupled to mirfosm the input port at input side
and coupled to output pojtfrom mirrorj at the output side. If one wants to switch
from the output porf to output pork, one can simply deflect mirrorsandk so that
they face each other. In this process, the beam freromwill scan over some other
mirrors in the output array. But this will not cause &ddal crosstalk since there is
no connection established before the two mirrors goietach other.

MEMS switches are very popular right now. This 3D MEM&alog beam
steering mirror technology provides many advantagesgcal switch construction.
The switch can have compact size, low loss, good losformity, negligible
dispersion, no interference between different beamstremely low power
consumption and has the best potential for building lacgde optical switches.
However, mechanical optical switches have intrinsic problesoash as limited
lifetime, large size (compared to WDM optical techngognd most importantly
relatively slow switching speed. They have switch timmesiiad 10 ms. This switch
time may be enough for optical circuit switch but farroptical packet switch, which
requires switching time at nanosecond level, and this ptploan never be done by

any mechanical means.
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Figure 2.20 Mach-Zehnder Interferometer As Thermo-Optical Switch

2.6.2.2 Thermo-Optic Switches

Another approach to making an optical switch is to usentbeptic
technology. The simplest thermo-optic switch iseesglly an integrated optical
Mach-Zehnder Interferometer (MZI). The MZI is composddoptical waveguides
whose refractive index is a function of the tempemtinstead of changing the length
of one arm, the refractive index of the optical wgwide of one arm is changed by
varying the temperature of the waveguide. This change @ctefe index has been
discussed in section 2.5.3. In this way, the relative plidference between the two
arms can be adjusted so that the input signal can behediftom one output port to
the other. Figure 2.20 shows this thermo-optic switch, hvagually is made by silica
or polymer waveguides. The shortcoming of the therma @ptitch, however, is its

relatively poor crosstalk. Also, the speed of thermalnmins relatively slow in the
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millisecond level, which is obviously not fast enough fmgtical packet switch

applications.

2.7. WDM Optical Switches

So far, we have introduced optical network architectures, \WidEvork
elements, basic optical components and some opticadrsstiructures. Now we are
going to discuss the design of optical switches based DN \Wptical technologies.
In this section, we would rather discuss this topic imae general way, including

the designs of wavelength routers, filters, ADMs anaptical switches.

2.7.1 Design of Passive Waveguide Devices

2.7.1.1 Design of Passve AWG Wavelength Routers

Wavelength routers based on planar lightwave cirowdie first reported by
Dragon [22][23]. The concept can also be used to design desitzh as add-drop
multiplexers and wavelength switches [8]. Figure 2.21 f&iss the functionality of
anN x N wavelength router. The router Hdsnput andN output ports. EacN input
port carriesN different frequencies (or wavelengths). THdrequencies carried by
input port 1 are distributed among output ports Ml ino such a way that output port 1
carries frequenciN and portN frequency 1. Thé\ frequencies carried in port 2 are
distributed in the same way except that they wereiaalbl rotated by 1 port
compared with the ones distributed from input port 1, as showhe figure. In this

way each output port receiviidifferent frequencies, one from each input port.
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Figure 2.21 Schematic diagram illustrating the operation of a Wemgth router:
(a) Interconnectivity schemey(denotes the signal at input partvith frequency
i); and (b) Frequency response. (FSR= Free Spectral Rgkitgr) Ref. [8])

The wavelength router is obtained by designing the input lendutput side
of AWG symmetrically, i.e., witiN input andN output ports. For the condition of
cyclical rotation of the input frequencies along the oupmuts, it is essential that the

frequency response is periodical as shown in figure 22dtich implies that the
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FSR should be equal tN times the channel spacing. This can be obtained by
choosing [8]

AL=—°© (2.24)

n,NAf,

where AL is the length difference between adjacent arrayedeguades,n, is the

group index of the waveguide modejs the number of frequency channels &g
is the channel spacing.

The advantage of this device is that it routes wavdtesmgals fast and in
fixed paths. Also the device is compact and passive. HaglvhAntage is the lack of
the switching capability and it can handle only a limitednbar of wavelength

channels.

2.7.1.2 Passive Wavelength-Selective Switches and Add-Drop Multiplexers

(ADM)

AWG can be applied to design add-drop multiplexers Wexe introduced
earlier in this chapter. Figure 2.22(a) shows a configuratidhis application, which
was proposed in [24]. This design is basically a singleGAM/x N multiplexer but
with loop-back optical paths connecting each output pilt g corresponding input
port. One input port and its corresponding output port a&rved as common input
and output ports for the transmission line. After tlgmals withN equally spaced
wavelengths are applied into the common input port, theyirgt demultiplexed into
the N output ports and thelN-1 output signals are looped back to the opposite input

ports and automatically multiplexed again into the comnaatput port. This
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functionality is guaranteed due to its symmetric desigAW N x N router withN

input ports andN output ports. Wavelength add/drop is accomplished withxa22

switch on each loop back path.
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<] | XIXIXIXI
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— <
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Figure 2.22 Three different ADM configurations: (a) loop-back, (bidfo
back, and (c) cascaded demux/mux. (After Ref. [6])

An inevitable disadvantage of the loop-back configuratgothé crosstalk of
the input signals coupled directly into the main outpott. This problem can be

solved by a fold-back configuration that is shown in figu22@) [25], where the
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crosstalk cannot directly reach the output port singean the same side as the input
port.

A third approach of ADM with AWG is shown in figure 2.22(@jhere two
separate AWG multiplexers are used. The requirementsisotonfiguration are to
put the two AWG multiplexers close enough and to maketbatehey have identical
transfer functions for the interested wavelength rai@mmpare this configuration
with the two other configurations shown above, we dest those other two
configurations do not have this AWG transfer function maécuirement since there

is only one AWG multiplexer used in both cases.

2.7.2 Design of Carrier Controlled Simple Waveguide Devices

In planar lightwave circuits, the optical waveguidesn be made with
semiconductor materials. The refractive indices of wWaeguides can be tuned
through carrier injection. In this way, electricallyntmlled optical phase shift can be

introduced and the tuning speed can be faster.

2.7.2.1 Proposed Carrier Controlled Mach-Zehnder Interferometer Optical

Switch

Here we use figure 2.20 again. It shows a Mach-Zehnderferaeeter
structure that is used as a simple optical switch or agéh router. Instead of
changing the phase delay between two optical arms by #hemathod as we
discussed above, we can make the Mach-Zehnder intedegomith semiconductor

materials and change the refractive index of one othes through carrier injection.
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The detailed mechanism of carrier-induced index changéwitliscussed in Chapter

4. Here we only introduce several optical circuit configaret that utilize this effect.

2.7.2.2 Ladder-Type Carrier Controlled Tunable Wavelength Filter

A novel InGaAsP-InP based tunable filter with a laddget structure was
proposed by Matsueet al [26]. The device consists of multiple multi-mode
interference (MMI) couplers, a waveguide array (cragsmveguides), and input and
output waveguides. The electrodes with the same lengtlpa on the input and
output waveguides as shown in figure 2.23. Each crossingguale is connected to
the input and output waveguides through MMI couplers. THedifrom the output
waveguide and from the crossing waveguide interfere irctmpler that combines

them.

Ly

MMI coupler

Figure 2.23 Schematic diagram of a tunable filter with a ladder-tstpecture.
(Ref. [26])

41



The crossing waveguides are designed such that the laffgtbrite between
two adjacent waveguidesAS LetL; =L, and all the couplers have the same length.
Then all the couplers in the output waveguide havestHme transmission peak
wavelength. The peak wavelength of the filter is

N AS
m

A, = (2.25)

wherenes is the effective refractive index of the waveguidel en is the diffraction
order. The diffraction order strongly affects the 3-olEhdwidth of the filter in the
way that the 3-dB bandwidth becomes narrower wheniiicreased.

When the refractive index in the input waveguide is redlulcg carrier
injection, the optical path difference (OPD) betwéka output waveguide and the
crossing waveguides decreases. According to equation (2t5)nakes the peak
wavelength shorter. Similarly, reducing the refractivéex in the output waveguide
increases the OPD, which makes the peak wavelength lohigerpeak wavelength

change is given by

— Aneff I'1or2

AA, -

(2.26)

wherelAnet is the change of refractive index caused by carriectioe. So the actual
tunable wavelength range isA2p)= 2(Aner)Lio/m. Equation (2.26) indicates that
increasing.i, L, or Anet increases the wavelength shift while increasing ofatitfon

order decreases the shift. As it was pointed out abmatea large diffraction order

means a sharp peak in transfer function, there isde w# between a narrow 3-dB

42



bandwidth and a wide tunable wavelength range. Also, tlera limitation in
increasing-; andL, when the size of a practical device is considered.

The InGaAsP-InP material tunable filter with a ladtigre structure proposed
by Matsuo has 15 crossing waveguides and a diffraction ofder=020. The free
spectral range (FSR) is 74.4 nm and the total tunable raf@enm. The switching
time for two particular wavelengths that corresponding tectimg currents 0 and 20
mA is less than 10 ns.

The crucial points for the design of this kind of filleclude the proper power
distribution of MMI (or waveguide-made) couplers and tmimum number of
crossing waveguides in the whole device. These are wvapprtant since the

interference conditions have to be satisfied.

2.7.2.3 Proposed Carrier Controlled Semiconductor AWG Tunable Filter

Widely tunable optical filters are needed in local anetworks or tunable
light source applications [26]. As we have mentioned befeaeh semiconductor
material can have its refractive index changed withieramjection. By using this
property of semiconductor material, we can also desigriecacontrolled AWG

filters.

A. Single-Wavelength Filter

Here we consider an AWG with one input and one outputegw@de, as
shown in figure 2.24(a), wheré, A1, A2, ..., Ay are the input wavelengths among

which Ag is the central wavelength. To be convenient, bothraewaveguides in the
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input side and output side of the previous design are ch@sémeanput port and
output port. Based on the previous analysis in sectio8,2t% quite obvious that the
output wavelength would be the central wavelengjtldesigned for this device. All

the other wavelengths are filtered out.

Electrodes M N

Planar
Star
Couple

Input Output Input Output

(@) (b)

Figure 2.24 (a) AWG Functioning As a Filter. (b) Electrode ConedIAWG Filter.

B. Same Length Electrode Controlled AWG Tunable Filter

The output wavelength for the filter in figure 2.24(ajixed (Ag). To realize
an adjustable wavelength filter, we can add electrodéiset@rrayed waveguides in
the design as shown in figure 2.24(b). We first consither case when all the
electrodes have the same length and let this lengith As we know, the effective

refractive index of arrayed waveguides will be changed afetrical voltages are
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applied to the electrodes. Let the change of theatfemindex of waveguidepamong
N arrayed waveguides log;, and also control the current injection in such a thay
Adngj = dng - dng.1y) = constant (2.27)
forallj,j =1, 2, ...,N, whereAdn is the difference between the changes of effective
refractive indices of two adjacent arrayed waveguides. d&hote this constant as
Adne
Adne = Adn; (2.28)
Thus based on equation (2.19), we can get the new equa#fd@fthat satisfies the
phase match condition with current injection for thesign
n,[AL+Adn. Z=mA ' (2.29)
where A’ is the wavelength that passes the filter. Compare equ#f.29) with
equation (2.20), we can get
Adn, Z=n_[ALQA-A,)/ A, =-n [AL {1- A"/ A,) (2.30)
where A, is the designed central wavelength. We see thatighalsvith wavelength

A" will pass the filter after electrical voltages angpled to the electrodes and
equation (2.30) is satisfied, while all the signals witheotwavelengths will be

blocked.

C. Different Length Electrode Controlled AWG Tunabldédil

We can also design electrodes with different lengthihis is shown in figure

2.25, where the lengths of electrodes are designed as

1220=2—-23= ... =21 —Z =z (2.31)
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We can design bothz > 0 (figure 2.25(a)) andz < 0 (figure 2.25 (b)). Since we
know that the carrier-induced change of refractive indexegative, which will be

shown in Chapter 4, the first design shown in figure 2P%a¢tually increases the
OPD between two adjacent arrayed waveguides while ttendedesign shown in

figure 2.25(b) decreases the OPD.

(@) (b)

Figure 2.25 Electrode Controlled AWG Filter, with different lengtbf electrodes.

In both cases, the optical path length (OPL) of aiqdar (-th) waveguide in
the waveguide array is
OPL, =n.L, +4n; [z, (2.32)
wheren is the effective refractive index in the arrayed agwidesl is the length of

j-th waveguide Angj is the change of the refractive index after carnmgection is
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applied. For simplicity, we can l&ing = An; = constant. Under this condition, we can
get the new equation of AWG that satisfies the phasehm@ondition with carrier
injection for this design as

n, AL -An [Az=mA ' (2.33)

whereAz is defined in equation (2.31). Compare equation (2.33) with (2:20have

—An, Bz=migA-4) =B ) (2.34)
0
whereAA = A’ - Aq. Thus
ar = =B (2 (2.35)
n. AL

C

Equation (2.35) gives the wavelength range of therf As an example, for GaN
material that we will discuss in Chapter 5, we haye 2.312,An. = -0.18 at4p =
1550 nm and carrier density= 6 x 10" cmi®. For our designed AWG, we had
equal to 64.7m. If we takeAz = 75um, thenAA is about 140 nm.

From equation (2.35), we see that the largefAzsthe larger willAA be.
Compare the two designs in figure 2.25, it is shokat figure 2.25(b) gives a better
design for wide range adjustable filter since ie&sier to realize a largkz in this

design.

2.7.3 Design of Carrier Controlled AWG All-Optical Switch

Making devices with functionality of all optical #ahing is the final goal of

this research. Currently we only focus on the deslgased on AWG structures.
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Line i Line 1 Linel Line2

Waveguide grating
with interleave chirp

Figure 2.26 Schematic diagram of the interleave cross conndwt.ifiset in the
lower left corner illustrates the Brillouin zones ttar coupler 2. (Ref. [27])

2.7.3.1 Carrier Controlled Wavelength All-Optical Switch

A device consisting of two interleave-chirped AWG routeosinected by
waveguides with phase shifters was proposed by Doerr [&(re=2.26 shows an
example with two lines inputs and two lines outputs for duisfiguration. In the
example, the interleave chirp consists of adding aniadditpath length ofi/4 on
every other grating arm, wher& (=AJ/n) is the wavelength of interest in the

waveguide. In general, an AWG router forms a radigpiattern on the output surface
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of the output star coupler by the signals from arrayedeguides. The radiation
pattern has angular Brillouin zoné2 of orderi and width 3 The width of the
Brillouin zone is equal to the angular period of the atdn pattern formed by the
point sources put at the star coupler interface repmlathe arrayed waveguides.
When every other grating arm has an additional patgthea/4, two images are
formed in each Brillouin zon&2. The inset in figure 2.26 shows a four-channel
application, where two images with each having four chararel formed in Brillouin
zone(. So the FSR is reduced by a factor 2. New Brillouin zdBeare defined as
shown in the figure.

The images are collected by the nominal equal-length walegwith phase
shifters. As shown in the figure, onl,, @, and @, are connected since they
contain almost all the power. The two input lines oa dther side of input star
coupler 1 are separated pyand so are the two output lines on output star coupler 4.
A channel entering one of the input ports can be swdtahi® either one of the two
output ports by controlling the relative phases in kted connecting waveguides for
this channel. For example, channel 1 is controlled by pkhsgters 3, 7 and 11
(counted from bottom to top). The switching is actuallyebasn a generalized Mach-
Zehnder interferometer, consisting of the waveguidekdartwo AWG arrays and the
connecting waveguides.

The switching is actually a swap of the same channel initput lines. If a
channel from input line 1 is switched into output line 2, ttlensame channel from

input line 2 has to be switched into output line 1. Howeifeme does not keep the
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same channels (wavelengths) in different input lineg, can realize the full scale
switching. For example, if we put channel A;)(and 2 4,) in input line 1 and
channel 3 43) and 4 4,) in input line 2, we can switch any channel to either dutpu
lines by controlling the relative phase shifters for gfannel.

So far, this device has been demonstrated for 2 krieknes, 6 channed 200
GHz spacing in InP [28]. We will focus on GaN/AlGaN m&kapplications for 2
lines x 2 lines switching of the signals with same wavelengtien] we will do
explorations inN x N (N>2) applications for the switching of the signals with
different wavelengths in each line. In a similar wagyices withN (N>2) input ports
and N output ports can be designed by employing an interlelvp m each AWG
router to produc@&l images in eact2 with enough waveguides to collect all of them.
If the channels or wavelengths in any input line are diffietiean the channels in any
other lines, one can switch any channel in any line tooéimsr lines by adjusting the
phase shifters properly. By doing this, an all-optical uength switch is realized.

A 1 x N Wavelength Switch can be realized with the same odeths
mentioned above. A switch with 1 input and 8 outputs wilinvestigated. The input
part consists of only one input port insteadNoihput ports. TheN channels withN
different wavelengths all are inputted through the comnmput port. By adjusting
the corresponding phase shifters, any wavelength chamrmélecswitched to any one

of theN output ports. The details of this design will be désad in Chapter 3.
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Figure 2.27 Carrier Controlled Loop-Back Add-Drop Switch. (a) Schema
Diagram, (b) Corresponding Black Box.

2.7.3.2 Carrier Controlled Wavelength Add-Drop Switch

Based on the previous review, we propose a carrier dieatioop-back add-

drop switch as shown in figure 2.27. The device is based om¢as of passive
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wavelength-selective switches and add-drop multiplexesection 2.7.1 and carrier
controlled semiconductor AWG filter in section 2.7.2. Fgw.27(a) shows this
design. In the figure, all the outputs except for thennaaitput and the one next to
main output are connected with their corresponding inputsh Wie control of

electrodes applied to the arrayed waveguides, one camh@especific selected
wavelength signal at the wavelength-selective outputevali the other signals from
main input will be all transferred into the main outpeaicduse of the symmetric

design of the AWG device.

A, Ao, AN Az, Aa oty AN
—»— —l_: —— -mmcee- —|_>; —— /]N
/11 /]2 /]2 /1N-l /1N-l

Figure 2.28 1 x N Wavelength Switch Network.

2.8. Design of All-Optical Switch Networ ks

After investigating the single pieces of the deviceseiction 2.7.3, it is worth
doing further research in the designing of switch netwolks. example, we can
design a 1x N switch network as in figure 2.28, where the switch bleckhe one
shown in figure 2.27(b). One can compare the functignalfitthis design with the

one in section 2.7.3.1.
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Since we would have 2 2 switch for same wavelength channels ang N
switches for different wavelength channels, it wouldreasonable to do further

investigations to realize any wavelengtlx N switching.

2.9. Conclusion

In this chapter, we started from the introduction otdemmunications
network architecture. Then we gave a brief introductibthe second generation of
optical networks, discussed the network elements and dbelications. To realize
the functionalities of those elements, especially @€C, we reviewed the basic
components and their applications in an optical netwbinken we briefly introduced
some large optical switch architectures and technologizsed on that, we
particularly reviewed the principles of AWG and its apgtiions. After that, we

proposed some possible architectures that can be realitedWG principles.
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3. Design of WDM Cross Connect Based on I nterleaved AWG

(IAWG) and a Phase Shifter Array

3.1. Introduction

In the previous chapter, we have discussed that waytbledivision
multiplexing (WDM) technique has been widely applied in fiber-optic networks,
it effectively utilizes wide wavelength windows of tHder and provides an
additional degree of freedom in optical networking [3]. WUDM systems, it is
critical to develop optical devices that can opticatlyte wavelength channels from
any input port to any output port and thus to fully realize-blockingN x N optical
switch functionality.

In chapter 2, we have briefly introduced arrayed waveggrdéngs (AWG),
which have been used as WDM optical multiplexers (NMWxXd demultiplexers
(DEMUX). In practical applications, refractive indexning of arrayed waveguides
between the two star couplers in an AWG has beendintexd to adjust and optimize
the transfer function of the device and it can alsodes to perform WDM switching
with proper device structure design [6][7][29]. In silica-lthd®WGs, this index
tuning can be accomplished by locally heating each indiVidaaeguide branch.
However this thermal coefficient-based tuning is usually slow for an optical
packet switch. To overcome the speed limit of thetomaihg, AWG devices are also
made by semiconductor materials, such as GaAs andrriRese devices, refractive

indices of branch waveguides can be changed by carriatiame In general, the
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speed of carrier-induced index change can be in the ofdeibenanosecond, which
is many orders of magnitude faster than thermal tuning aedefthe it can
potentially be used to support an all-optical packet swiit¢he future.

In chapter 2, we have reviewed several different desigddevice structures,
which have been proposed to realize AWG-based optidedisg [6][7][27], where a
unique waveguide-interleaved-AWG (IAWG) structure was used2 A 2 non-
blocking wavelength switch was demonstrated by using this agprrad it can be
expanded to realize the switch sizeNbk N. However, thidN x N switch illustrated
in [6] is not truly “any-to-any”, instead it is in a cydicfashion [27], therefore, a
truly any-to-any non-blocking optical switch cannot beeclily realized using the
structure proposed in [27]. In addition, a general designatiinterleaved AWGS is
not available so far, although it is necessary indésigning of different IAWGs.
Also, from a switch architecture point of view, a yrahy-to-anyN x N non-blocking
switch can be constructed by a group ok N switches [30][1] using the Spanke
architecture as introduced in chapter 2. So it is also sageto fully investigate the
design of 1x N switch for a single wavelength using IAWG-based pldigdatwave
circuit (PLC) and its applications to construct trulyydo-anyN x N wavelength
switch.

In this chapter, we will utilize the Spanke architectuverealize a fully
functional non-blockingN x N WDM switch. From chapter 2, we have known that
the Spanke architecture is based on the combination ¢I & N) optical switches.

We will show how to realize this & N optical switch by using IAWGs. We will
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present a detailed description of a self-consistent designof 1 x N all optical
switches. We will present the numerical results ltestitate the device characteristics
such as transfer functions and the extinction rafidhe switch. Then a detailed
design example of a £ 4 non-blocking WDM switch will be given and the phase
assignment at each phase shifter will be provided foowaniouting states. We will
also propose and investigate a simplified structurelok & WDM all-optical switch
based on a single IAWG with total a reflection at #rm of each phase shifter.
Design considerations and device characteristics acass$ied. It is also important to
note that the proposedxIN switch structure is a planar lightwave circuit (PLh

no waveguide crossing, therefore it can be monolitlyicaltegrated to create

sophisticated optical devices with more functionalities.

3.2. An Approach of an N x N All Optical Switch

It is well known that any-to-anM x N non-blocking wavelength switches are
indispensable for optical networks. However, the desiga toue any-to-anyN x N
optical switch using PLC technology is not an easy baeslause of its complexity and
it has not been demonstrated so far. One modular apptoaolve this problem is to
combine a group of X N optical switches. This has been shown in the Spanke
architecture in chapter 2. To illustrate this architectuneenclearly, figure 3.1 shows
a 4 x 4 non-blocking wavelength switch, which consists of eigk 4 wavelength

switches with four of them at the input side and foutheim at the output side. For
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each 1x 4 optical switch at the input side, it switches thauinsignal of any of the
four wavelengthsi;, A2, A3 and A4 into any one of its four output ports. Similarly,
each output x 4 optical switch combines the four received wavelengidmnoels
together and feeds them into the output fiber. Sincecapswitch functionality is
determined by the four inputxX4 switches, the four output switches are performing a
redundant operation and can simply be replaced by foud bptical star couplers.
However, with this simplified option, there will bel@log(N) dB intrinsic combining

loss for the optical signal because the power comlsnaot wavelength selective.

M A, A, /14> 1 1 M, b, A, /14>
hAAA |, o | Al
M A, A, /14> 3 3 M A, A, /14>
hbkd |, g | bl

Figure 3.1 The scheme of*#4 all-optical switch.
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Since 1x N wavelength switches are fundamental building blockeetdize
this any-to-anyN x N non-blocking wavelength switch, the focus will be oe th
development of a general design rule for &M wavelength switch in the following

sections.

3.3. The Scheme of the 1 x N All-Optical Switch

The scheme of a ¥ N all-optical switch is presented in figure 3.2. This
optical switch consists of two IAWGs and is very $amto the one Doerr suggested
[27], as we have reviewed in subsection 2.7.3.1. Insteadvafchewo or more input
ports at the input side as suggested by Doerr, figure 3.2 hasmminput port while
still having N output ports. In this figure, star coupler 1 and 2 form itipait N-
interleaved AWG NI-IAWG). Star coupler 3 and 4 form the outpbitlAWG.
Between the twdN-IAWGSs areN subsets of phase shifters. Each subsetNhaisase
shifters. The inpulN-IAWG is designed in such a way that the input signahwit
wavelength/; is directed into all; phase shifters, wheig is the index of phase
shifters,i = 1, 2, ...,N is the index of ports in each Brillouin zone (BZXgn= 1,

2, ..., Nis the index of BZs as shown in figure 3.2. Moreovee, NHIAWG is
designed such that there is the same amount of sigmetrpof wavelength/;
entering each; phase shifter. In this way, the routing of the inputnalgof

wavelengthi; can be totally controlled by dJj phase shifters so thatxIN switching
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functionality can be realized. The switching functidyalill be further explained in

the next section.

A, Ao, o AN A A AN

# of ports in each BZ

Waveguide grating
with interleave chirp

Figure 3.2 Schematic diagram ofA N all-optical switch.

3.4. Design of the N-IAWG

3.4.1. Functionality of N-IAWG

In section 3.3, we mentioned tH#IAWG is designed in such a way that the
input signal with wavelength is directed into all the output waveguides that connect
with | phase shifters. To be convenient, we alsolus® denote these corresponding
output waveguides. Moreover, for optimum operation, dheunt of signal power

entering each such waveguide should be the same.
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Waveguide grating
with interleave chirp

Star coupler

N 21 N 21N 21

Figure 3.3 Schematic diagram N-IAWG.

The above condition was mentioned for M@AWG that has only one input
port as in figure 3.2. It can be extended to a geMetAWG that hasN input ports as
shown in figure 3.3. When the separation between the pgts at star coupler 4 are
arranged properly, the-IAWG can direct the signal of wavelengihinto the same
l; output waveguides at star coupler 3, no matter which inptitapstar coupler 4 is
chosen. Moreover, the amount of the power entering @dch of these output
waveguides at star coupler 3 is the same.

Based on the above description, we can see that ignal &t wavelengti;,
no matter which input port at star coupler 4 it enters, dbgut power always
distributes evenly among the samjeoutput waveguides of star coupler 3, but the

phase distribution depends on the chosen input port. Becduseiprocity, if we
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input a signal of wavelength; into all thosel; waveguides at star coupler 3, each
with equal power, we can direct the signal into any ohthe output ports at star
coupler 4 by adjusting the phase of each input properly. &xgiins the switching
functionality of figure 3.2. More details about this swittgy functionality will be

given later.

3.4.2. From AWG to IAWG

Similar to an AWG, an IAWG has an input star coupler amcdatput star
coupler. However, the path length difference betwegacadt grating waveguides
for an IAWG deviates from that of an AWG to create avelength-dependent
focusing effect. To illustrate how to obtain the pathgth differences in IAWG, we
can start with the central phase matching equation oheeabtional AWG as shown
in figure 2.13 [20][31]:

n.dsin(@) + n, LAL + n.dsin(g,) = mi (3.1)
Where m is the grating orderpn. is the effective refractive index of the arrayed
waveguide ns is the effective index of the slab in the outpuatr stoupler AL is the
path length difference between two adjacent waveguidethe array,d is the
separation of adjacent waveguides at the star cougplsrthe angle oi-th input port
to the direction of the central input po&, is the diffraction angle in the output star
coupler andA is the output wavelength. Compared with equation (2.20) have

included the term related to the input side into equation {& Deneral purpose.

61



From equation (3.1), the angular widkl# of the Brillouin zone (BZ), which

was defined in section 2.7.3., can be found as [32]:

NG =" (3.2)

The angular separation betweefd@2 and 442 is commonly referred to as the
central Brillouzin zone. Only the output in the cenBal is generally of concern for
an AWG since most of the signal energy is concentiiatéds area.

An N-IAWG varies the path length difference between thecatjt grating
waveguides so that each original BZ in an AWG istdpto N equally spaced new
BZs [27]. Based on equation (3.2), we can find that the angejparation between

two adjacent BZs in aN-IAWG s,
ng =2 ot (3.3)
nd N

The subscriptl in equation (3.3) indicates interleave. Ideallg th BZs of anN-
IAWG split from the central BZ of an AWG should lgathe same amount of output
power according to the condition for optimum operatof N-IAWG as we
mentioned above. Each should have output powsdriflthe output power in the
central BZ of the AWG is normalized. Because moktthe output power is
concentrated in this area [27], thddenew BZs play important roles in the devices

consisting oN-IAWGs.
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3.4.3. AWG Multiple-Beam Interference Condition

Although the general concept was discussed in the alentiers the design
of anN-IAWG is not an easy task. Now we start presenting @rmgémule to design
an N-IAWG. To simplify the explanation, we illustrate tlesign rule through the
process of constructing a 4-IAWG as shown in figure 3.4 revfigure 3.4(b) shows
that the central BZ of an AWG is split into four n&¥s for the 4-IAWG. We start
with a conventional AWG, which hdd waveguides in the arrayed grating. We then
divide theseM waveguides into four subsets with theh subset composed of
waveguidesp, p+4, p+8, p+12, ..... , Wherep = 1, 2, 3, 4. In this arrangement,
removing any three of the four subsets, the remaining sisbsll an AWG but with

path length difference M. between adjacent waveguides and with waveguide
separation d at the input and output star couplers. With a single \eagth (o)
signal entering this remaining subset, the central phrdeh condition of this new
AWG can be obtained from equation (3.1)

n,(4d)sin(@) + n, {4AL) + n (4d) sin(g,) = m'A, (3.4)
wherem’ is the grading order of this new AWG. Therefore thguder separation
between two adjacent BZs at the output of the stapleo of this reduced AWG is,

—_ AO
n, (4d)

(3.5)

Comparing equation (3.5) with equations (3.2) @@)( we can see that the BZ of a
subset AWG has the same angular width as a 4-IAWKR¢ch is 1/4 that of the

original AWG. For each of the four subset AWGg thdiation patterns are the same
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in all the four new BZs denoted &3, Qo, Q; andQ, as shown in Figure 3.4(b).
Since these 4 subsets combine only to form the origi#4G, when all the 4 subsets
exist, there is only one maximum for the output fieldtgyat in the entire angular
region ofQ., Qo Q1 and Q,, which is the central BZ of the original AWG. This
maximum output value happensCq. This leads to the conclusion: when the input is
at wavelengthl,, the signals from the four subsets of the arrayedegaides add

constructively inQgand destructively 8.1, Q1 andQs,.

e a’(\(\g
Interleaved waveguide grating \l\la\leg\;\iwa\juyuié\u‘UL
>
>0\>
Zoom in
} ®§
——> w@“w Q2 4\
: 0
> o Jonnpaiey X
—» an Qo Ao
Ao
(@) Ao
(b)

Figure 3.4 Diagram of output port distribution for &kinterleaved AWG. (a) AN-
interleaved AWG, wherdl = 4; (b) Close-up of the output star coupler, where
(i=-1,0, 1, 2) denotes the new Brillouzin zones of thi8WG. These new BZs
were split from the central BZ of a conventional AWB&ore it was interleaved.
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3.4.4. Vector Illustration of the AWG Multiple-Beam Interference Condition

Table 3.1 Initial Vector Information for Constructing a 4-IAWG

BZ Vector Addition
Qo
‘"> p»
Ao Ao Aso Ao
Q -
Ao
— O —
Asi Aux
Au
Q,
<—<L>—>
A Ao Az Aso
Q-]_ g
As-1
— O —
As -1 A1
Az -1




To systematically investigate the pattern of optiealdf distribution at the
output of the second star coupler of a conventional A@/&ctor representation can

be used. Let’'s take subsetof the arrayed waveguides and denote its optical field
output in BZQq as a vectoﬁﬁq, wherep=1, 2, 3, 4 and| = -1, 0, 1, 2 in our above

example. We have

4 —
LA (3.6)
- 4TA, q=0

More specifically, the above vector additions dhesirated in table 3.1, where the
relative phase angles between the vectors aredmoesi and the vector/zkl,q are

treated as the references.

From table 3.1, we can see that although eaclesobsridge waveguides by
itself would project the same amount of output poimesach of these new BZ8,,
the combination of the four subsets creates onéyraaximum which is located in BZ

Qo as the result of the vector addition of four fiedmponents in each BZ. If the

optical field magnitude created by each subse@bis‘,&pyq‘, the maximum output
optical power inQowill be 16A¢.

3.4.5. Additional Lengthsto Arrayed Waveguidesfor Constructing 4-1AWG

In subsection 3.4.2, we mentioned that we couldy e path length
difference between the adjacent gratings to okdaihN-IAWG. For a conventional

AWG, this path length difference is [31]
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AL =

o

Table 3.2 Vector Information of a Constructed 4-IAWG

(3.7)

BZ Vector Addition
Qo
A—»—»
Aco Ao Aeo Auo
Q — -
A?,l = All
‘ Aut
+A2;L
Q,
>
Ao A2 As2 Aoz
Q4 -
Az
Az
— O —
As-1 A1
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wherem is the order of the arrayy is the center operating wavelength of the device
andn.is the effective index of the arrayed waveguide. Nowwileshow how to find

the additional waveguide lengths in addition to Atein equation (3.7) to construct

anN-IAWG. We still use the 4-IAWG as an example. By toig all the TAz,q vectors
in table 3.1 by 180 degrees, the results of the vector adsition out to be as in table
3.2. From table 3.2, it is shown that thisphase change makes the output power
equally split among the four BZs and the output powereh &Z betA’, which is
1/4 of the maximum power shown in table 3.1.

To rotate all the vectorg\z,q in table 3.1 by 180 degree means to change the

phase of the output vector from subset 2 waveguiders. Gis can be realized by
adding additional lengtlo/2 to all the waveguides of subset 2, whage= Ad/n.
Furthermore, it can be easily seen that a 4-IAWG barrealized by adding an
additional lengthod/2 to all the waveguides in any one of the four subset$e whi
keeping the waveguides in three other remaining subsetangexh

The procedure can be further simplified. In the abowegss, all four BZs
were considered in finding the additional waveguide len@imee the initial value of
the sum of all the vectors in each of the BZg Q1 andQ; is zero, the magnitudes of

the vector summations in these three BZs will alwag/she same as long as each of
vectorsﬁ\z,q turns a same amount of angle in each of these Bis.fact tells us that

only one of these three BZs needs to be consideredhargetith BZ Qq in the

designing of a 4-IAWG. This will be further explained fate
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3.4.6. General Design Rule of N-IAWG

Based on the above example, a general rule in designihglAWG can be
deduced. Firstly, one can divide tiv arrayed waveguides in the AWG intd
subsets. In each subseM|AL is the path length difference between adjacent
waveguides andld is the arrayed waveguide separation at the input armiostar
couplers. Secondly, one can find the initial vector infation as in table 3.1. As

mentioned above, it is only needed to consider one mdres®8y Q;, besides the

central BZQo, where the maximum initial output powd*A? exists. Then initially,

the sum of the vectors in B2pandQ are

— N — —

Vo, = ZAp,O =N Ao (3.8a)
p=1

— N —

Vo, =) Api=0 (3.8b)
p=1

So one can get the similar graphs as shown in tGableThirdly, one rotates any pair
of vectorsApo and Ap: by the same anglé, wherep = 2, ... N. We then rotate as

many pairs as necessary until the following coodiis met
_ N _, N _, - —
Vo, =Y Apo=> Ap1=Vg, =+/N DA (3.9)
p=1 p=1

At this point, one can record all the angular vaJu, and the additional length
needed for the waveguides in Sulyjzeain be calculated as

513
Blogy =22 Do, (3.10)
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whered, is in radians. Since 8 J, < 21, ALaqq IS always less thatg.. FindingALagq

values is essential in the design oMNaPAWG.

3.4.7. Output Port Arrangement

From the above descriptiofgis always used as the central BZ. This means
the output ports on the second star coupler have taéegad in accordance with the
locations of BZs as illustrated in figure 3.4(a). Figurgl$.4s a detailed description
of the output star coupler, where M is an odd number, the distribution of
waveguides is symmetrical about the center of thpubugtar coupler, while i is an

even number there is one extra output port on omeisidomparison to the other side.

Table 3.3 Multiple sets of additional waveguide lengthk][in the design of aiN-

IAWG
N Calculated Additional Arrayed Waveguide Lengtig [
1/4,0
3 1/3,0,0
2/3,0,0
4 1/2,0,0,0

1/4,1/2, 1/4, 0
3/4,1/2, 3/4, 0

5 0, 2/5, 1/5, 2/5, 0

0, 3/5, 4/5, 3/5, 0

0, 1/5, 3/5, 1/5, 0

0, 4/5, 2/5, 4/5, 0

6 1/12, 1/3, 3/4, 1/3, 1/12, 0
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11/12, 0, 1/4, 2/3, 1/4, 0
3/4, 2/3, 3/4, 0, 5/12, 0
1/4, 1/3, 1/4, 0, 7/12, 0
1/12, 0, 3/4, 1/3, 3/4, 0

11/12, 2/3, 1/4, 2/3, 11/12, 0

7 0, 1/7, 3/7,6/7, 3/7, 1/7, 0

0, 2/7, 6/7,5/7, 6/7,2/7, 0

0, 3/7, 2/7, 417, 2/7, 3/7, 0

, 417,517, 37,57, 417, 0

, 517,117, 2/7, 1/7,5/7, 0

, 6/7, 417, 1/7, 417, 6/7, 0

, 3/4,1/2, 0, 1/2, 3/4,0,0

1/8, 1/4, 5/8, 0, 5/8, 1/4, 1/8, 0
0,0, 1/4,1/2,0, 1/2, 1/4,0

1/8, 0, 3/8, 1/2, 1/8, 1/2, 3/8, 0
0,1/4,0,0, 1/2,1/4, 1/2,0

1/8, 1/4, 1/8, 0, 5/8, 1/4, 5/8, 0

7/8, 3/4, 3/8, 0, 3/8, 3/4, 718, 0

0
0
0
0

3.4.8. Comparison with Previous Results

The general rule discussed above can be used to talthka additional
lengthsAL,qq Needed in arrayed waveguides of an AWG to transfertat am N-
IAWG for anyN value. Generally, multiple sets of additional lengtas be obtained
with the general design rule for a particukirTable 3.3 shows the examples of the

additional lengths that were calculated by using this gendeaforN = 2, 3, 4, 5, 6,
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7, 8. All these values have been verified as good fostoacting their respectivis-
IAWGS.

Also shown in table 3.4 is another special set of amdlilengths given by
Doerr in [27] where there is not a systematic desige provided. Comparing
Doerr’s result with our simulation results presentedable 3.3, it can be found that
Doerr’s result is clearly only one of the solutionatthan be obtained by using the
general design rule. For example, Doerr’s resulB6f,(1/3, 3/4, 0, 1/12, 0) foM = 6,

is the same as our simulation result of (1/12, 0, 384,34, 0) forN = 6.

Table 3.4 Comparisons between the distributions of additiovealeguide lengthsif]

in the design of IAWG

Additional Waveguide Lengthsl{] From [4]
1/4, 0
1/3,0,0
1/2,0,0,0
1/5, 3/5, 1/5, 0, 0
3/4, 1/3, 3/4, 0, 1/12, 0
1/7, 3/7, 6/7, 3/7,1/7,0, 0
1/4,1/2, 0, 1/2, 1/4,0, 0,0

00| N o o | W N 2

This further confirms that the general rule gives usag o find the additional
length distribution in arrayed waveguides needed fortoectsng anN-IAWG. The

fact that there are multiple sets of additional lenditributions for eaciN value
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benefits the design of ad-IAWG in that the optimum set of additional lengths ca

be chosen.

3.4.9. Verification of Equal Vector Magnitudesin BZs of N-IAWG

In subsection 3.4.5, it was mentioned that the magnitudetheofvector
summations in BZ8).4, Q; andQ;are the same as long as each of vec?wosturns
a same amount of angle. This is obvious in the struabfird-IAWG that was
discussed above. In this subsection, this consequeneguaf vector magnitudes in
BZs will be verified for 5-IAWG in a relatively gendnaay so that its method can be
applied to an\N-IAWG for any values oN.

As in the case of 4-IAWG, to construct a 5-IAWG, wen alvide theM
arrayed waveguides of a conventional AWG into five stshgath thep-th subset
composed of waveguidgs p+5, p+10, p+15, p+20, wherep = 1, 2, 3, 4, 5. In this
arrangement, removing any four from the five subsets,eimaining subset is still an
AWG but with path length differenceAb between adjacent waveguides in the array
and with waveguide separatiod &t the input and output star couplers.

Similarly, let a single wavelengthl{) signal enter this remaining subset, the
central phase match condition of this new AWG would be

n, (6d)sin(@) + n, [(6AL) + n (5d) sin(6,) = m'A, (3.11)
And the angular separation between two adjacent B&Zeaiutput of the star coupler

of this reduced AWG is,
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Figure 3.5 (a) Diagram of output port distribution for ariarleaved AWG. (b)
Close-up of the output star coupler, whékdi = -2, -1, 0, 1, 2) denotes the new BZs
of this 5-IAWG. These new BZs were split from tlentral BZ of a conventional
AWG before it was interleaved.

We can see that the BZ of a subset AWG has the sam@ar width as a 5-
IAWG, which is 1/5 that of the original AWG. Sirail to the case of 4-I1AWG, for
each of the five subset AWGs, the radiation pastame the same in all the five new
BZs denoted af.,, Q., Qo, Q1 andQ, as in Figure 3.5b. Since these five subsets

combine only to form the original AWG, when all thiee subsets exist, there is only
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one maximum for the output field pattern in the comigrangular region d®.,, Q.4,
Qo, Q1 andQy, which is the central BZ of the original AWG. Thisarimum output
value happens i,. This leads to the conclusion, the signals from e Subsets of
the arrayed waveguides add constructivel@gand destructively if2_,, Q.1, Q; and
Q..

Similarly, we can have a vector representation, whghshown in the

following equation

5 —
Z_;Ap,q = ) (3.13)
- 5A,, q=0

wherep =1, 2, 3,4, 5 and = -2, -1, 0, 1, 2 in this case. These vector amustare
illustrated in table 3.5, where the relative phasgles between the vectors are
considered and the vectoﬂﬁ,q are treated as the references.

From table 3.5, if the optical field magnitude atexl by each subset is
Ab:‘,&pyq‘, the maximum output optical power @, will be 25A7. The optical
powers in other BZs are all equal to zeros jush élse case of 4-IAWG.

Our result in subsection 3.4.8 shows that if wepgkéhe arrayed waveguide
lengths in the first and fifth subsets, add addaiolengths of (20.)/5 to all the

waveguides in the second and fourth subsets andd@ditional lengths ofy/5 to all

the waveguides in the third subset, the outputcappowers in the five BZs will be
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the same, which is equal 84, which is 1/5 of the maximum power shown in table

3.5. Thus a conventional AWG is turned into a 5-IAWG.

Table 3.5 Initial Vector Information of Constructing a 5-IAWG

BZ Vector Addition

o e
0 Ao Ao Aso Asp Asp

Asi

Q1

Q,

Q4

Qo
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As we know, adding additional lengths As/5 to the waveguides of the third
subset is equivalent to turning all the vectgr:@ by a radians, and adding additional
lengths of (200)/5 to the waveguides in the second and fourth subsets ismé&ntito

turning all the vectors?\zq and 76\4,q by 2a radians, wherer = 2rv5.

Az
As
R o
1
Asr
As1
(@
Aaz
Az

(b)

Figure 3.6 (a) The changes of the signal vectors inBAvhen an AWG
changes to a 5-1AWG; (b) The changes of the signabve in BZQ, when an
AWG changes to a 5-1AWG.
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Now let’s verify that the optical powers are the sam&Zs Q; andQ, after

the vectors are turned the above angles. Figure 3.6sstiewchanges of the signal

vectors in BZs ofQ;and Q,. Figure 3.6a shows that vectois;, ,_613,1 and ,_614,1 are

changed toAs:, As and As. From equation (3.13) we know that

Aws+ Azs + Agt + Asz + Asy =0 (3.14)
So we have

A + Az + A+ Ass + Ast = (XX, + XX, ) + XX, + (XX + XX, (3.15)
Where

Az = Azs = (X% + X;X,) (3.16a)

Az = Aaz = XX, (3.16h)

Auz = Agz = (XX + XX, (3.16¢)
Let

X, %, =Vo, (3.17)
We have

XX, =V 0!, XX =V oel%, X%, =Voe*, (3.18)

Combine equations (3.18) and (3.15),

A+ Az + Azt + Az + Asy = (Vo +Voe!?) +Voe!? + (Voe!l® +Ve'®)

_ _ _ _ (3.19)
=Vo(@L+2e'7 +e'* +e'%)

Similarly, from figure 3.6b, we can get
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Az + Azz + Azz + Asz + Asz = (XX, + X, X ) + XX + (X, X5 + XX,
=(Voe! +Voe!®)+Voe'® + (Vo +Voe!?) (3.20)

=Vo(l+2e/ +e/% +el¥)
So from (3.19) and (3.20), we can see that
A + Ass + Agp + Ags + Asy = Ago + Ao + Ay + Ass + Aso (3.21)
This verifies that the optical powers are the samBZs Q; andQ, after the vectors
are turned their relative angles. If we look aufig 3.6 clearly, we can see that the

result in equation (3.21) can be obtained direfctyn the figure.

Furthermore, by using the same vector method,amgyet

5 -, g —

Z(Apyq ~Apq) =5 [I]ALO‘ for q= 12,345 (3.22)
p=1

This verifies that optical powers are all the samBZs of the 5-IAWG. By using this
same method, we can verify that the optical powaegssplit evenly among the BZs of

anN-IAWG. This guarantees that the functionality ofNshAWG is feasible.

3.4.10. Verification of N-lAWG with Numerical Simulation

In the above sub-sections, the general designhasebeen given out, and
multiple sets of additional lengths are calculad@d compared with a special set of
additional lengths presented by Doerr. In thisseghon, numerical simulations will
be applied to verify that the additional lengthplagal to the arrayed waveguides do
change an AWG to an IAWG. Again the 4-IAWG as shawifigure 3.4 is taken as
an example. In the simulation, the 4-IAWG is des@rfor four channels with

channel wavelengths 1549.2 nm, 1549.6 nm, 1550.0anoch 1550.4 nm. The
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wavelength, used to design the 4-IAWG was 1550.0 nm, and a signal widtaon
spectrum between 1549.2-1550.8 nm as the input. Since the amplistragution of
a star coupler is a Gaussian distribution [33], the intielsstribution at the output
side of the first star coupler in 4-IAWG, which is p@sit 2 in figure 3.4, is also a
Gaussian, which can be expressed as

I(m)=1,(c,M,m) (3.23a)

wherely is a discrete Gaussian distribution, which is expikase

3
M
N2 (3.23b)

1
l.(o,M,m)=——exg —
0( ) o /_2”_ 20_2

In the applicationm =1, 2,---, M, is the index of the waveguides in the arfdyis

the total number of the waveguides in the armays the standard variance of the
distribution. In the design example of 4-I1AWG, the daling values are chosekt =
64, o= o = 0.36%(W/2), whereW = 63D is the width of the output range of the star
coupler withDg as the output waveguide separation.

Matlab programs had been composed, and simulations hadrbee The
simulation results are shown in figure 3.7. Figure 3. tavsithe output powers of the
four output ports for wavelengtty = 1550 nm. It is quite clear that these four outputs
have exactly the same powers at the same wavelenwgthpeak value atlp = 1550
nm. Figure 3.7b, 3.7c and 3.7d show the output powers of ditinee channels from

12 other output ports as shown in figure 3.4a. Each chaalaés to four output
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ports. It can be seen that all these simulationlie$iave verified the design of 4-

IAWG.

-10+-

30+

dB

(@)

40k
50k

-60

\ > \\ J
\\//\ 7/1 \/
AR N
0 (4 L [

\//
-7 ! ! A
1549.2 1549.4 1549.6 1549.8 1550 1550.2 1550.4 1550.6 1550.8

wavelength(nm)

Figure 3.7 Verification of 4-IAWG. The output powers at its rteld four output

ports are exactly the same for each channel. (ay&ehiannel with wavelength

Ao = 1550 nm, (b) Channel of wavelength 1549.2 nm, (c) Channehafleragth
1549.6 nm, (d) Channel of wavelength 1550.4 nm.
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3.4.11. Transfer function of an N-IAWG

Since the design of & IAWG has been verified, it is time to find its transfe
function. With the intensity Gaussian distributionthé star coupler as shown in
equation (3.23), the output amplitude at one of the outpts pf anN-IAWG can be

expressed as,

Axnc (1LA) =C(l) qgl: A(m)B(m) exp[jk [ﬁ[L0 +(m-1) AL + ADDL(m—l)] [N,

_ (3.24)
+[P(x 0,(m-1) +Q((m-1),%, ()] N, )}
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wherel is the position index of the output ports at the sdcstar couplerd is the
channel wavelengthy is the length of the shortest waveguide in the waveqndsy,

N. is the refractive index of waveguide whig is the refractive index of the slab
region of the star couplef\L is the path length difference between adjacent arrayed
waveguides of a traditional AWGADDL gives the additional lengths added to the
arrayed waveguides in AWG to obtain IAWE(M) is the amplitude distribution at
the input side of the arrayed waveguidBém) is the modification factor for the
output of the arrayed waveguides transmitting to th@uwyports at the second star
coupler. C(l) is the modification factor to the output at thth output port of the
second star coupler due to Gaussian distribuigx., m) is the path length from the
input port atx; through the first star coupler to theth arrayed waveguid€(m, |) is

the path length from the+th arrayed waveguide through the second star coupler to
thel-th output port. Herenis 0 for the shortest waveguide in the array. Accgrdm

[33], we have

_5 _ (@2m-1xd

P(x,m) =R, TR (3.25)
_5 _ (@2m-1x.d

Q(m,x,) =R, TR (3.26)

where,x; andx; denotes the positions of the input port and oupout on the relative
star couplersd is the arrayed waveguide separatiBg,s the radius of curvature of

the star coupler. The distribution factors in egqua(3.24) are expressed as

A(m) = B(m) =[I,(g,, M, m)]"? (3.27)
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c() =|(ov2m) Oy, 12.M,1] (3.28)
where equation (3.27) is due to the principle a@ipecity. The distributiorC(l) is
normalized and the half width as in equation (3i8&)ue to the Rowland structure of

the star coupler. Equation (3.24) can be written as

Axnc (1,A) =C(l) q@ﬂ“ I (m) exp[jk [ﬁ[LO +(m-1) [AL + ADDL(m—l)] [N, (3.29)
+[P(x (0),(m-1) +Q((m-1,%,(1))] (N, }

Define a function of an IAWG as

By (I11,,4) = C(1,) [T(l,) Di | (m)exg| jk L, + (m-1) (AL + ADDL(m-1)| N,
+[P(,(1,),(M-1) +Q((M-1),%,(1,))] N_)}
(3.30)

Then

Aans (114) = Biawe (O1,4) (3.31)

3.4.12. Extinction Ratio Versusthe Interleaved Number N

In our definition, extinction ratio is the diffavee between the maximum
value (dB) of the central peak and the maximum e/gldB) of the side lobes as
shown in figure 3.7. Extinction ratio versus théenmeaved numbeN for a single
wavelength channel was calculated. The resultasvehin table 3.6. From table 3.6,
we see that the extinction ratio does not changg weich with the changes of the

number of the interleaves. This can be explainednbymulti-beam interferences at
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the output star coupler. It is obvious that the total nurob&vaveguides at the input
side of the output star coupler remains the same althitweghterleaves are different.
It is still the same number of waveguides that join itlterferences at each output
port of the output star coupler. The extinction rahiostremains the same. This is a
very important result. It means we can design as mampers of interleaved AWG

as possible.

Table 3.6 Extinction ratio ER) versus the interleaved numbér

N 1 2 4 5 6 7 8

ER(dB) | 64.0 61.5 57.0 60.5 58.9 55.9 62.4

3.5. Realization of a1 x N All Optical Switch

3.5.1. The Transfer Function of a1 x N All-Optical Switch

Since a 1x N All-Optical Switch consists of twd-IAWGs and the transfer
function of a singleN-IAWG is shown in equation (3.29), we can similarly gat
transfer function of the ¥ N All-Optical Switch. With the result in equation (3.29),
the output signal amplitude at one of output portdafcoupler 2 in figure 3.2 can be

expressed as

Ao (1,4) = Ape (1L4) (3.32)
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After the signal output from tHeth output port of the firdN-IAWG going through its
connected phase shifter, the complex amplitude of gmakbecomes

Asou (1,4) = Ay (1, A) explj LAG(, A )] (3.33)
This is the signal amplitude at the entrance of stapler 3 as designated in figure
3.2. Adl, A) is the phase change caused by Ithle phase shifter to the signal of
wavelengthi. This will be discussed further later.

The output signal from thieth phase shifter contributes an output atritig

output port of star coupler 4, which can be expressed as
Bout (1,1 A) = A (1,4) By (10,4 ) (3.34)
Adding contributions of the signals from all the phalséers, the total output at the

n-th output port of star coupler 4 for the signal of elamgthA can be expressed as

A1 A) = > By (1,0 ) (3.35)

Equations (3.32)-(3.35) give out the transfer fiorcof a 1x N All-Optical Switch.

3.5.2. Switching Functionality Verification and Phase Change Infor mation

The functionality of arN-IAWG has been explained in subsection 3.4.1. To
realize the 1x N switching functionality with the structure of figri 3.2, all we need
to do is to verify that it is possible to switclsignal with one specific wavelengi)
i =1, 2, ...,N, to any one of the output ports from the singleutnport. This is
because signals with different wavelengths arerotetl by different sets of phase

shifters. Switching a signal of specific wavelengiith a specific set of phase shifters
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will not affect the signals of other wavelengths. éwaing to the description in
section 3.4, the realization of the switching functidgas due to the symmetry of the
structure of figure 3.2. For a single wavelength channeleaheed to do is to collect
the phase information at itd related output ports of star coupler 2 and the phase
information we needed at the related input ports of star coupler 3 to direct the
signal to a specific output port at star coupler 4.

Now if we let the wavelength chann&linput into then-th output port at star
coupler 4 in figure 3.2, we should be able to collect its ougjgurtal at theN related
input ports of star coupler 3. We denote the phase &ttinéput port of star coupler
3 asé\(k,A), wherek is equal tai, N+i, 2N+, ..., or (N-DN+i. Then we know if the
same single wavelength channel is input from the onlyraemput port of star
coupler 1, the signal will be switched to thh output port at star coupler 4 as long
as the phase at tHeth input port of star coupler 3 i, (k./), the conjugate of

a(k,A), for all k =i, N+i, 2N+i, ..., (N-)N+i. We can write these in the following

equations
Ao (K, A) =|Age (K, A )| €xp[j 8, (K, A)] (3.36)
Asou (K, ) =[ Ao (K, A, )| xplj 18, (K, A)] (3.37)

As long as equation (3.37) is satisfied, the signal velktvitched to the-th output
port at star coupler 4. From equation (3.36) and (3.37), wgelathe phase change

needed in th&-th phase shifter as

NB(K,A) =6 (k,A) = 6,(k,A) (3.38)

88



where; is the wavelength of the single channel ardknotes the destination output
port of the signal&(k,Ai) in equations (3.36) and (3.38) is the phase information of
channelA; at thek-th output port of star coupler 2. The arrangement ofotltput
ports can be seen in figure 3.8 for the example ofdaslvitch, where only the four
phase shifters related to wavelenggrare shown.

It can be seen that every single phase shifter needsdapendent control
signal to adjust the phase needed. Since thefs’grhase shifters as shown in figure

3.2, there ar&degrees of freedom in ourl structure.

Figure 3.8 Schematic diagram o&# switch for single channel with wavelength
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3.5.3. Simulation Verification ------ An Example

Although the above description of the structure is vegsonable, it is still
important to do simulation verifications to obtain thagpical requirements on the
parameters. This will help us to know if the suggested steicitorks in real
applications. We did a simulation for adlswitch. The switching functionality was
verified. This specific schematic diagram of >4 Iswitch is shown in figure 3.8. In
this scheme, the input port at start coupler 1 is locatdeatenter of the star coupler.
The output ports at star coupler 2 are located at théigpesof -D, 0,D and D as
shown in the figure. The locations of the input ports #Hrel output ports at star
couplers 3 and 4 are also shown in the figure, wiere the coordinateD is the
waveguide separation. To simplify the diagram, we hanly drawn four phase
shifters here. These phase shifters are connected touheutput ports on the star
coupler 2. These four output ports are the only onadhich the signal of wavelength
Ao is directed in the four new central BZs of the 4-IAW@ our real simulation,
however, all 44 = 16 phase shifters were involved so that the crosstalleadus
this design could be evaluated.

Figure 3.9 shows one of our simulation results. the €hannel wavelengths
are 1549.2 nm, 1549.6 nm, 1550.0 nm and 1550.4 nm with a channel spacing of 0.4
nm. Figure 3.9 shows that 1550.0 nm channel was switchedtpatquort 1 (D),
1549.6 nm channel to output 2 (0), 1550.4 nm channel to out@tah@ 1549.2 nm

channel to output 4 . For comparison, we put these graphs together in figure 3.10.
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We can see from figure 3.10 that the crosstalk is aboutiB3% less, which verifies

that the scheme is applicable.
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Figure 3.9 Simulation result of 24 switch for four wavelength channels with
wavelengths 1549.2 nm, 1549.6 nm, 1550.0 nm and 1550.4 nm with a channel
spacing of 0.4 nm. The 1550.0nm channel was switched to output, port
1549.6nm channel to output 2, 1550.4nm channel to output 3 and 1549.2nm
channel to output 4.
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Figure 3.10 Simulation result of 24 switch for four wavelength channels with
wavelengths 1549.2 nm, 1549.6 nm, 1550.0 nm an@.45%n with a channel
spacing of 0.4 nm. The crosstalk between chansetsund —32 dB or less.

The values of phase changes and related refractive aidmges required in
the phase shifters in our simulation are presentedbieses and 6. Here we have
assumed that the equal length waveguides are connected pbatbe shifters. The
relationship between phase changes and the refractieg ehanges is

A e (3.39)
27(LP)
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where LP is the length of the phase shifters. From table 3.8cavesee that the
maximum refractive index change needed in a phase shitteaviength of 2 mm is
6.918x 10” to switch the signal of wavelength 1550 nm. From our previesearch
[29][34], we know that the maximum possible refractive indeange at wavelength

1550 nm is ~% 10*. This result clearly verifies that the switching is izsle.

Table 3.7 Phase changeg@ needed in phase shifters for each output port selection

in 1x4 all-optical switch 4 = 1550 nm)

Output Phase shifter 1Phase shifter 2Phase shifter BPhase shifter 4
Choice (radians) (radians) (radians) (radians)

Port 1 1.659 -3.128 1.510 3.007
Port 2 0.8362 -0.8091 -2.454 2.184
Port 3 -3.128 1.510 3.007 1.362
Port 4 -0.8091 0.6874 2.184 -2.602

Table 3.8 Refractive index changedlrf) needed in phase shifters with lengf = 2

mm for each output port selection ir4lall-optical switch 4 = 1550 nm)

Output Phase shifter 1| Phase shifter2  Phase shifter 3 Phése 4hj
Choice

Port 1 2.046e-004  -3.858e-004 1.863e-004 3.709e-004
Port 2 1.031e-004  -0.998e-004 -3.027e-004 2.694e-004
Port 3 -3.858e-004 1.863e-004 3.709e-004 1.680e-004
Port 4 -0.998e-004 0.848e-004 2.694e-004  -3.209e-004
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Mirror

Figure 3.11 Mirror scheme of X N all-optical switch.

3.5.4. The Scheme of Mirror 1 x N All-Optical Switch

The simulation verifies that the scheme showngnr 3.2 works. It is based
on the symmetry of the structure with tWslAWGS. In a real application, there are
always some mismatches between the NvAWGSs caused in fabrication process.
The mismatches can cause extra signal loss. To avadstiortage, we made
modifications on the scheme in figure 3.2 to simplify sheicture. The new designed
structure is shown in figure 3.11. Instead of using NWMAWGS, we use just one in
this new design by using a mirror as shown in the figline. waveguides at the input
side of star coupler 1 are all used for the output mxtspt for the central one. This
central input waveguide is used as the only input port ferrtéww design. Obviously

there are onlyN-1 output ports. So this new design essentially is>a (N-1) all-
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optical switch. The simplicity of the structure isettradeoff of one less output
channel. But the advantage of this scheme is quite &garsing the samBl-IAWG

for input and output in the scheme shown in figure 3.14, gbssible mismatch
between the input and output IAWGS in the previous schemeccessfully avoided.
We can always have the peak value at the output pofts@sas the phase change
requirements in the phase shifters are satisfied. Fgi@ shows a simulation result
for the mirror structure foN = 4. As we mentioned above, three channels can be

applied to the structure.

Transmission(dB)
¥)
(6)]

-50
1549.4 1549.6 1549.8 1550 1550.2 1550.4 1550.6

Wawelength (nm)

Figure 3.12 Simulation result of the mirror scheme o% {N-1) all-optical switch
for N=4
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3.6. Conclusion

In this chapter, we first proposed a uniquely fully funciiomon-blockingN x
N WDM all-optical switch. Then we presented a compléteory or method for
designing a X N all optical switch, which is the key element in theigaing of anN
x N WDM all-optical switch. Since the AN all optical switch is an application b
AWG, the general rule for the design of &hIAWG was thus developed and
presented. It was found that multiple solutions could ltaidd by using the general
rule. The comparison between the results obtainedsing uhe general rule and the
results from other papers showed that the generalisupgactical and the results
previously published are special cases under this generaltrallews us to find the
optimum additional lengths added to the arrayed wavegoid@s AWG to construct
anN-IAWG. By applying the general rule, any number of intevéd IAWGS can be
developed. The ¥ N freely switching functionality for a single wavelengthannel
was then discussed. Various simulation results wergepted and the feasibility of
this proposed switch configuration was discussed. It gialportant to note that the
1 x N switch building block is a planar device with no wavegudessings so that it
can be monolithically integrated into more complicatediats. Finally a unique
reflective 1x (N-1) scheme based on BHAWG was presented, which significantly
simplifies the device configuration. A numerical simigat carried out for this
structure verified its feasibility and the advantages lo$ tstructure were also
discussed. The theoretical foundation established ircti@pter for the design of an

any-to-anyNxN optical wavelength switch is generally applicable toyneaterial
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systems and will be useful in the design of future lmcme optical integrated

circuits.
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4. Carrier Induced Refractive Index Changesin GaN/AlGaN

Semiconductors

4.1 Introduction

In chapter 2, we briefly introduced the design of wawguilevices with
carrier-controlled refractive indices, especially tesign of carrier-controlled AWG
all-optical switch. In chapter 3, we presented the mehef 1x N all-optical switch,
which requires carrier-controlled phase shifters, which ba made from IlI-V
semiconductors. Group 1lI-V semiconductors are playingnaneasingly important
role in integrated optics, because they offer the miatlefor integration of sources,
detectors, switches, and modulators onto the same chipG8ijed-wave switching
and modulation can be achieved by electro-optical effetre the refractive index of
the material can be controlled by the electric fiedbas it. Also, free-carrier-induced
optical switching in InGaAsP-InP has been demonstrf3éfi where the optical
switch was realized by using complete internal refdectdue to the free-carrier-
induced refractive index decrease at some designed ar&8]|he carrier-induced
refractive index of the same material system was r@laghly measured, at the order
of 10°, with the change of the current density. In [37], @ptigeneration of free
carriers was applied to control the transmission n@dAsP epilayers upon InP
substrates. Efficient GaAs-AlGaAs depletion-mode ptmagdulators were fabricated
in which both electric field and carrier effects wesignificant [38][39]. Carrier-

induced refractive index changes are also important fer ldssign [40][41]. The
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refractive index change produced by injection of free aarrie InP, GaAs, and
InGaAsP have been theoretically estimated in [35)vhch three basic phenomena
of 1lI-V semiconductor materials were discussed: Iidimd), band-gap shrinkage,
and free-carrier absorption (plasma effect).

In this dissertation, since our attention is focusedhenapplication of IlI-
nitride-based photonic devices, we will first review theeary of these three
important carrier effects in this chapter, and then weutize them to estimate the
carrier-induced refractive index changes in GaN and AlGss\we have mentioned
earlier, AlGaN semiconductors are highly transparenhéninfrared area, and their
refractive indices can be modified by the control bEAncentration. These materials
are good candidates for planar lightwave circuitseyllban be made into a fast
switchable optical PHASAR to realize all-optical swits because their refractive
indices are also dynamically adjustable through camjection [29]. Previous
studies of carrier-induced refractive index change in GaMiceaductors were
mainly focused on the UV and visible wavelength reginear the bandgap; it is
important to extend these studies into the infrared \eagth region for optical
communications. The efficiency of carrier-induced indetxange is a critical

parameter for switchable PHASAR applications.
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4.2 Carrier-Induced Refractive Index Change in Semiconductors

4.2.1 Bandfilling

Bandfilling effect occurs when semiconductors are dopedjected with free
carriers. It is, essentially, the decrease in ttsoidtion of the photons with energies
slightly above the nominal bandgap of the semicondu@ianis phenomenon is also
known as the Burstein-Moss effect [42][43]. In the caka-type semiconductors,
there is a low density of states in the conductiondbso that a small number of
electrons can fill the conduction band to an apprecidyeh. With the lowest energy
states in the conduction band being filled, the electiorthe valence band would
require more energy than that needed to overcome thenabbandgap to be
optically excited into the conduction band, as showrfignre 4.1. Therefore, a
decrease is observed in the absorption coefficientnatgies slightly above the
bandgap. The situation in a p-type semiconductor is simebezept that a smaller
bandfilling effect happens for a given carrier concemmnatue to the much larger
effective mass of the hole [35], which means a highesitjeof states.

When parabolic band structure is assumed, for a dirgcsgaiconductor, as
shown in figure 4.1, the optical absorption near thedgap is given by the square-

root law [35]:

aO(E):%/_E—Eg £ Ey)

a,(E)= 0 EEy) (4.1)
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whereE = wis the photon energ¥, is the band-gap energy, a@dis a constant
involving materials parameters, matrix elements betwesiodic parts of the Bloch
states at the band edges, and fundamental constantsAf48jrect gap for III-V

semiconductors, the valence bands are degenerated, daestastience of both light-
and heavy-hole bands contributing to the absorption psp@s shown in figure 4.1.

In this case, the equation of optical absorption nearbandgap, equation (4.1), is

modified as:

Conduction Band

ha 13

Ean NA == Y z
”””””” Ea

Valence Bands\

Light Holes

Figure 4.1 Energy band structure and bandfilling effect for diregi-ga
semiconductor. Absorption of a photon can occur only betweeupied
valence band states and unoccupied conduction band §ReEg435])
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a,(E)=Sm [E-E, + S0 [E-E, E>Ey)
E E

ay(E)= 0 E<Ey (4.2)
where Cy, and Cy, refer to heavy and light holes, respectively. The \&alokC for

different materials can be estimated by fitting equat{drl) to experimental

absorption data [44].

The constant€,, andCyy, in the above equation can be calculated from the

following equations [35]:

C, = c(—s,f;/hz 3,2j (4.33)
Han T Han
_ e j
C,.=C| e (4.3b)
" {ﬂ;f + e

where tenn and tgn are the reduced effective masses of the electrongams [43],

which can be obtained from

-1
1 1
My =| —+— (4.4a)
o (me nyhj
1 1)
Hapn :{_*'_j (4.4b)
mm,

wherem,, my, andmy, are the effective masses of electrons, heavy hatad light

holes, respectively.

The values ofC, Cy, andCy, are given in table 4.1 [35]. It can be seen that

about two-thirds of the absorption results fromvyeloles and one-third from light

holes in all three materials.
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Table 4.1: Values of Semiconductor Parameters (T = 300 K) [35]:

InP GaAs 19.82G3.18AS0.40P0.60
Ey(eV) 1.34 1.42 1.08
Ccm™*s*?) 4.4% 10" 2.3x 10 3.2x 10"
Crn(cm* 82 2.8x 10" 1.5x 10 2.1x 10"
Cin(cm's?? 1.6x 10 7.8x 10" 1.1x 10%
& 12.4 13.1 13.0
n 3.4 3.6 3.6
me(my) 0.075 0.066 0.064
Mhn(Mo) 0.56 0.45 0.51
Mn(Mo) 0.12 0.084 0.086
Men(Mo) 0.60 0.47 0.53
Leon(IMo) 0.066 0.058 0.057
Lan(Mo) 0.046 0.037 0.037
Ne(cm®) 5.2x 10" 4.3% 10" 4.1% 10"
Ny(cm®) 1.2x 10° 8.3x 10'® 1.1x 10"
Xor(Cmi®) 1.3x 10" 7.4x 10" 7.0x 10'°
K 0.13
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In the case of bandfilling, a state in the conduchand can be occupied by
an electron, and a state in the valence band can bg efgdectrons. If we denote an
energy in the valence band Bs and an energy in the conduction bandegsthe
absorption coefficient of an injected semiconductor is[{&]

a(N,P,E)=a,(E)[f,(E,) - f,(E,)] (4.5)
whereN andP are the concentrations of free electrons and hoéspectively;ao

represents the absorption of pure materials in the abs®nojection; f_(E,) is the
probability of a conduction band state with enefgyeing occupied by an electron;
and f (E,) is the probability of a valence band state with ené&igpeing occupied
by an electron. The values &f, and E, are uniquely defined for a given photon
energy. In the case as shown in figure 4.1, there avevalues for each because of

the degeneracy of the valence band. From [35], we have:

(e _ m, _

Eua =(E,—E) . E, (4.6a)
e M n

ST (E E, ) —me m, (4.6b)

where the subscriptsandl refer to heavy and light holes, respectively.
The probabilitiesf and f, in equation (4.5) are given by the Fermi-Dirac

distribution functions, which were given in [35]:
_ -1
f (Ebh,bl ) - [1+e(Ebh,u EFC)/(kBT)] (4.72)

f,(Epa) =14 eSS0 ] (4.7b)
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wherekg is Boltzmann’s constant, afidis the absolute temperaturg. andE; are

the carrier-dependent quasi-Fermi levels. They can tmated by the Nilsson

approximation [35]:

-@/4)

E =4I| N |+ Nl6ar 005524 1) 64 [N kT (4.8a)
‘ NC NC NC NC
-@a)
E,. =—In| |+ | 64+ 005524 " | 62+ |- kT-E,  (4.8b)
NV NV NV NV

where the zero of energy is defined to be at the condubdod minimumN; is the

effective density of states in the conduction band sheh

3/2
N, = 2( meszT j (4.9a)
27th

andN, is the effective density of states in the valence baondk that

3/2
N, = 2(—”"’“‘(8; j (4.9b)
27th

wheremy, is the density-of-states effective mass for hole& shoat

my, = (M2 +mp2)" (4.10)
We can see that bandfilling influences the opticabgligon of the material.
This change can be expressed as
Aa(N,P,E)=a(N,P,E)-a,(E ) (4.11)
where a(N,P,E) is the absorption coefficient of an injected semicotmludN and P

are the concentrations of free electrons and hoéspectively,E = g and ao
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represents the absorption of pure materials in the absgihimjection. Combining

equations (4.2), (4.5) and (4.11) yields:

Ba(N,P.E)= 2 [E=E, [, (E,) - £.(E,) -1

c (4.12)
%\/E_Eg tv Eal )—fc Ebl )— 1]

The only materials parameters required for equafbh?) are the effective
masses of electrons and holes, the energy gaghandting constanC. The values
of these parameters along with other important igsayparameters for InP, GaAs and
InGaAsP are presented in table 4.1 [35].

Since the relationship between the refractive indeand the absorption

coefficienta is [35]:

_ . 2ch > a(E) :
n(E) =1+ P[. o7 O (4.13)

wherec is the speed of light is the electron charg& = zwis the photon energy,
andP indicates the principle value of the integral. Tange of the refractive index

caused by the injected carrier can thus be exmtess35]:

(4.14)

_2ch j=Aa(N,P,E") .,
An(N, P,E) = P[. o oo dE

Equation (4.14) shows the change of the refraciivéex due to the
bandfilling effect. Since in all cases, bandfillidgcreases the absorption coefficient
at a fixed energy, we thus find that the refractnaex of the material also decreases

due to the bandfilling effect.
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Figure 4.2 The absorption coefficient versus the photon entrgthe GaN layer
grown on sapphirel = 293 K [46][47]

We have applied the above theory of the bandfillingeaffto GaN
semiconductor materials. The major material parametérssaN used in the
calculation were extracted from reference [46]. Thendstshown in table 4.2. In
table 4.2, parameteC is obtained by fitting equation (4.1) to the absorption
coefficient versus the photon energy for the Galrlayown on sapphire as shown
in figure 4.2 [47]. The data that was not present in [46] marcalculated with the
equations given above.

It was noticed that there are two dielectric constgstatic and high
frequency). The data for InP are 12.5 (static) and 9.61 (fghuency). The
reference [35] took the first one (static) in the gktion. Similarly, the static

dielectric constant was taken for our calculatiorr. GaN materials, the static one is
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either 8.9 (Wurtzite) or 9.7 (Zinc Blende). So we have taeéh for Wurtzite

structure. The parameter= 0.13 is based on [35], which needs to be verified in the

future.

Table 4.2: Values of GaN Semiconductor Parameters (T = 300 K):

Ey(eV) 3.39
Ccm™*s*?) 2.8x 10"
Crn(cm* 82 1.79x 10"
Cin(cm's™? 1.01x 10"
& 8.9

n 2.335
me(M) 0.2

Mhn(1Mo) 1.4

Min(Mo) 0.3

Mgn(Mo) 1.49
Henh(Mo) 0.18

Hein(Mo) 0.12
Ne(cm’) 2.2429x 10"
N,(cm™) 4.5659x 10'°
Xar(cm®) 6.6x 10°

K 0.13
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The absorption coefficient versus the photon energyhi® GaN layer grown
on sapphire is different at different temperatures. Figuseshows this relationship at
T =10 K. This data was generously provided by Dr. Wei Shaea,0b the authors of

[47].

GaN Absorption

Alpha

3.1 3.2 3.3 34 3.5 3.6 3.7 3.8 3.9 4
Photon Energy

Figure 4.3 The absorption coefficient versus the photon entrgthe GaN layer
grown on sapphirel = 10 K (Provided by Dr. Wei Shan)

Using equation (4.12), and assuming tNat P, at room temperature we can
obtainAa as plotted in figure 4.4. (It was also assumed thafréleecarrier density is

entirely due to injection.) From the figure, we can $e# the change in absorption
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begins at the bandgap and decreases for energies wgk & gap. Maximum

values forAa range from 79 cthfor 10 /ent to 4.5x 10 ecmi* for 10 /en?.

4.5

| N=P=10%cn?
i \\\\ |
! o\

1.5} \ké\
1 e\

1 2 3 5 6 7

Logio(-Act) (cm™)

Photon Energy (eV)

Figure 4.4 Change in absorption due to electron-hole injection amdetsulting
bandfilling in GaN. Note: the vertical values are in latdanic notation.

With Aa being calculated as above, and under the same cosditi@encan
apply equation (4.14) to numerically calculate (integrdite) change of refractive
index (An) by using Simpson’s rule. From equation (4.14), we canrsgenly when
Aa is within a few tenths of an electron volt &f does it make a significant

contribution toAn, since the decay iha for energies well aboviy is amplified by
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the large denominator in the integral. The resul&roflue to the bandfilling effect in

the GaN materials are shown in figure 4.5.

|:|1 T T T T T T T
0.05 .
3x1077
0
E 1D1B
0.05F 3108 .
a1k N=P=1x10"%cm’ i
_D']E 1 1 1 1 1 1 1
05 1 15 2 25 3 35 4 45

FHOTOM ENERGY (%)

Figure 4.5 Change in refractive index due to the bandfilling effectaN.
N =P =3.0x10", 1.0x10',3.0x10'® 1.0x10" cm®.

The sharp peaks in tli near the bandgap predicted by the theory would not
be seen in experiments, because they are the reduttsee assumption that the
unperturbed absorption follows the square-root law, abrgtiyg to zero akg. In

reality, materials exhibit absorption extending to eiesr@pelow the nominal bandgap.
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This absorption tail, known as the Urbach edge, redudim phonons, impurities,
excitons, and internal electric fields [35][48]. The preseatehis tail does not,
however, have a significant effect on the estimatbénhe An for energies of long
wavelength that are substantially below the bandgap.

To illustrate the change of refractive indéx versus wavelength more
directly, we have used figure 4.6 to show the bandfillinigotfat three different
carrier-injection levelsN = 7x10"cm™ (solid line), 3x10®cm™ (dashed line), and
6x10"°cm™(dotted line). From the figure, we can see that becaasércinduced
index changes are largely asymmetrical around the matsradgap, the value is

reduced significantly as the wavelength increases.

0.1 ﬂ 1

5 O ™ —p— S— .—. ..—. H l—OQ ﬁ # oo—c ﬁ o_u' L
A
01F W .
'O 2 ! 1 1 1 1 1 1
400 600 800 1000 1200 1400 1600

Wavelength (nn

Figure 4.6 Index change versus signal wavelength due to the bandgiffegt in
GaN. Solid lineN = 7x10*%cm?®, dashed lineN =3x10"%cm?®,
dotted line:N = 6 x10™ cmi®. (Ref. [34])
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In figure 4.7, the refractive index change as a functiooaorier density of
GaN for fixed photon energy of 0.8 eV, corresponding toptteton wavelength of
1550 nm, has been plotted. From figure 4.7, we seefthat linear in carrier
concentration in the range of'£010'® cm®. This can be expressed by

An(1550nn) 0-424x102 y, (4.15)

wherey= N= P.

-0.5}

-1.5F

-25}

An (1C3)

-3.5}

-4.5

Carrier density change (¥cnt)

Figure 4.7 Change of refractive index versus carrier density at td@r GaN.
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4.2.2 Bandgap Shrinkage

On the other hand, bandgap shrinkage is caused by injeeteddrriers, but
not by doped carriers. The increase of free-carriecaamation decreases the energy
of the conduction band and increases the energy ofaleace band. This is because
the electron wave functions overlap. When they ovedagas of interacting electrons
with lower energy level is formed at the bottom of doaduction band, while a gas
of interacting holes with higher level is formed at tbp of the valence band. This
causes the shrinkage of the bandgap, which generates a fteof she absorption

curve. The following model can be adopted for this shrink3ge

1/3
AEg(x):ﬁ(l_ij X2 X
& X

s cr

AE (x) =0 X < Xer (4.16)

where « is a fitting parameterg is the relative static dielectric constant of the
semiconductorx is the concentration of free electrons or holesl xa, is the critical

concentration of free carriers. The valuxgfadopted in [35] is expressed as:

X. (X) =1.6% 16 (%j (4.17)

with X in cmi®. By using equation (4.17), a valyg, 07x10° /cn? was predicted
for n-GaAs. For GaN, the predicted value was[16.6x 16° /cni.

Basically, the bandgap shrinkage occurs when teeted free carriers have a
large concentration in which the correlation effeatmong the free carriers become

significant. The change in absorption due to slagekis predicted to be:
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Aa@mE):EJE—Eg—AEJX)~%¢E—EQ (4.18)

Equation (4.18) predicts thdlx is always positive and largest near the bandgap since
A4E, is negative [from equation (4.16)]. The change in réfradndex caused by the
bandgap shrinkage can be calculated by applying equation (4l#etda in
equation (4.18). The result for GaN with electron-ha@erier concentrations of ¥

10'8, 3x 10%and 6x 10" cm® are given in figure 4.8.

0.09 T T T T T T T

GaN Bandgap Shrikage
0.08k gap g |

0.07f .

0.06 - .

0.051+ .

A

0.04
0.03L N =P=6x10°/cn?

3x10?

0.02} \ i
7x108

0.01t .

-0.01 1 1 1 1 1 1
0.5 1 15 2 2.5 3 3.5 4 4.5

PHOTON ENERGY (eV)

Figure 4.8 Change of refractive index of GaN due to electron-hgksction
and the resulting band-gap shrinkage [calculated from (4iB)4.14)].
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To illustrate the change of refractive indéx versus wavelength more
directly in the bandgap shrinkage of GaN materials, we lised figure 4.9 to show
the effect at three different carrier-injection lesveN =7x10*cm™ (solid line),
3x10“cm3(dashed line) anéx10"cm3(dotted line). From the figure, we can see
that carrier-induced index changes are largely asymmetaicaind the material

bandgap, and the value is reduced significantly as the araytél increases.

0.02

0.01

An

_001 1 1 1 1 1 1
400 600 800 1000 1200 1400 1600

Wavelength (nm)

Figure 4.9 Index change versus signal wavelength due to bandgap shrinkage
effect of GaN. Solid lineN = 7x10%cm?®, dashed lineN =3x10"%cm?,
dotted line:N = 6 x10™ cmi®. (Ref. [34])

4.2.3 Free-Carrier Absorption

Besides the interband absorption due to the effectaraffling and bandgap

shrinkage, a free carrier can absorb a photon and mavhigther energy level within
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a band. This is referred to as free-carrier absorpbiorihe plasma effect. The

corresponding change in refractive index is given by [35][49]

212
an=-| AN, P (4.19)
8m’c’e,n )\ m, m,
where A is the photon wavelength. Unlike the bandfilling and bandsjamkage

calculations, a numerical integration of absorptioradatnot necessary in this case.

Equation (4.19) can be changed into a more convenient[8%jm

_ 6.9X10_22 N m1/2 + r.T.\1/2
an==200 {E " P(—mgjz — (4.20)
hh h

wheren is the refractive index of the materidd;, = Za me, My, and my are the
effective masses of electrons, heavy holes, aid figles, respectively; and andP
are the concentrations of free electrons and hodspectively. It should be noted that
the energy should be expressed in eV WnahdP in cm?® in order to use equation
(4.20).

From either equation (4.19) or (4.20), we can the¢t the sign ofAn from
plasma effect is always negative. This adds tolaedfilling effect for energies
below the bandgap. Because of tedependence, as shown in equation (4.19), the
plasma effect increases as the photon energy desrdselow the bandgap. Figure

4.10 shows the refractive index change of GaN dubke plasma effect.
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Figure 4.10 Index change versus signal wavelength due to the plasew effGaN.
Solid line:N = 7x10%cm?, dashed lineN =3x10"%cm?, dotted lineN = 6 x10™ cm?®.
(Ref. [34])

4.2.4 Combination of Effects

The three carrier effects mentioned above were asbtonge independent. A
simple sum of the effects can be used to estimat¢éothechange in the refractive
index. Figure 4.11 shows an example of the combinationarigds in the refractive
index from bandfilling, band-gap shrinkage, and free-carbspiption for injection
into GaN wherN = P = 3x 10" /cnt.

Based on the results we obtained in previous subsecti@nsan see that for
bandfilling and bandgap shrinkage, carrier-induced index changelsrge around

the material bandgap, and both values are reduced sigtlifiedgth the wavelength
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increase. In the infrared wavelength region in which vee iaterested, free-carrier

absorption is the dominant effect for carrier-inducechative index change.
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Figure 4.11 Predicted changes in refractive index of GaN from thalination
of the three effects (the dashed lifg)} P = 3x 10%/cm?,

In previously published results for InP material [35], darrier concentrations
less than about 1&m? bandfilling dominates, yielding a negati¥e. Bandgap
shrinkage effect is important over the range df4§ < 5x10'" cmi®, approximately

canceling the bandfiling and the plasma terms at wag#lef.3 ym. For higher
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carrier concentrations, bandfilling and plasma effebsninate, yielding a large
negativeAn. Comparing these results with our results, we notibatlthe difference
is because InP has a lower band-gap energy (1.34 eV), wiagks bandfilling a
dominant effect and bandgap shrinkage a big effect at samercconcentrations. In
our examples, GaN material has a larger band-gap ef2:8y eV), which makes
bandfilling and bandgap shrinkage mostly influential in sh@teilength regions. For
wavelengths in the infrared region, the photon enerégr iselow the bandgap energy.
This makes bandfilling and bandgap shrinkage effects less itiluenthis region.

Our results reveal that the dominant effect is thedseger absorption in this region.

0.1 ¢ Combined effect
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Figure 4.12 Overallindex change versus wavelength calculated at threlercarr
density levelsN =7x10"%cm?® (solid line), %10*cm® (dashed line) and %10,
(dotted line).
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Figure 4.12 shows the overall refractive index change vemrsuglength
combining all three effects. In order to investigate tlasitality of switchable optical
PHASAR operating in the infrared using GaN semicondueterstudied the carrier-
induced refractive index change versus injected carriersitgerevaluated at
wavelength 1550nm. The result is shown in figure 4.13, wheaericdensity of X

10" cmi® causes approximately a 2% index change.
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Figure 4.13 Index change versus carrier density calculatewavelengtr1550nn.

For optical PHASAR applications, the index change ofwhgeguide should

be large enough such that the optical length can begetaby half of the signal

121



wavelength. Consider a 1 mm electrode on the waveguidiéh@noptical signal at
1550 nm wavelength. The minimum required index change sheudgroximately
0.0775%. According to Fig.4.13, this can be achieved by a cdemaity change of
1x10"® cm®, which is generally feasible.

In this chapter, we estimated theoretically the setitsitof the carrier-induced
index change in AlGaN semiconductor materials. We extetigedhvestigation into
the infrared wavelength region for application in opticammunications. The
numerical values obtained through this study provide us witimportant guideline
for optical device design. The comparative study ofed#iit contributing effects is

important for future device designs and for optimizatiors variety of applications.

122



5. GaN Material Design and Experiments

5.1 Introduction

The configurations of basic optical devices have beausisgd in Chapter 2
and the configurations of all-optical devices have beerudsed in Chapter 3, where
the details of optical materials used for constructimgdévices were not considered.
In Chapter 4, theoretical calculations and analysis viecased on exploring the
physical characteristics of semiconductor materialghis chapter, we will use the
results shown in Chapter 4 and design functional photaevices with GaN
semiconductor materials, which belong to llI-nitrides matgroup. lll-nitrides have
low attenuation in the near-infrared wavelength region tdutheir wide bandgaps,
while as semiconductors their refractive indiceslmamodulated by carrier injection.
llI-nitrides are also well known for their ability wperate at high temperatures, high
power levels and in harsh environments. These charaitenmake IlI-nitrides the
ideal candidates for tunable optical phased-array (PABSdevices in optical
communications.

We will first summarize optical waveguide theory, ihieh the basic concept
of a single mode waveguide and the condition requirededalizing it will be
presented. We will then discuss the rectangular drgdewaveguide theory in which
two methods, the Marcatil’'s method and the effectimdek method, will be
presented. The mode guidance conditions obtained frora tixes methods will be

compared. The beam propagation method (BPM) will themtbeduced. BPM is a
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powerful numerical simulation tool to deal with modecaoédtions, field distributions
and transmissions in waveguides with axial variatiorteenTa BPM software-----
BeanPROP with which we can design a specific single mode wawkgand other
photonic devices will be introduced. Using this simulatioal,t we have designed
various optical devices including single mode optical waveguideaveguide
couplers and AWGs. The devices were fabricated by ourbcofifor at Kansas State
University. We developed an experimental setup to systealigtcharacterize these
devices and compare the measured results with the ticabnatedictions. Several
important effects such as waveguide loss and birefringeneceasefully studied and
measured. In the last section of this chapter, we hwiéfly discuss the thermal

stability of the refractive indices of GaN materials

5.2 Optical Waveguide Theory

Optical waveguide is the basis for optical devices.t&®uilar dielectric
optical waveguide with layered structure is one of thest popular waveguide
categories, which is utilized to construct complicatedtphic devices in planar
lightwave circuits. It is necessary to briefly revieptical waveguide theory before
we start to introduce device design. In this section, viledigcuss general theory of

optical waveguide, especially the rectangular dieleojical waveguide.
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5.2.1 Symmetric Dielectric Slab Waveguides

The dielectric slab waveguide theory is very impdrtsince it provides the
basis for dielectric waveguide design and also guidelfoesmore complicated
waveguide structure analysis [50]. Figure 5.1 shows a staleguide in which the
wave propagates in thedirection and the width of the waveguideis much larger
than the thicknesd. The field dependence gnis negligible in this case. From the
wave equation

(0> +wue)E=0 (5.1)

we can find the solutions for the fields everywhere.

X
ol
W
Y N z
n 1€
d¢ n Hi&y
n HE
\ y

Figure 5.1 A symmetric dielectric slab waveguide, where x-this cross-
section plane and z is the propagation direction.

We assume that the waveguide in figure 5.1 is symmethe. permittivity

and the permeability areandy, respectively, foix| = d/2, ands; andya for x| < d/2.
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So we have even-mode and odd-mode solutions for thiswteu€tor TE polarization,

whereE = yE,, we can have the following equations by solving equation [50})

kZ+k> =’ e (forjx| < d/2) (5.2)
-a® +k? = w’ue (foix| = d/2) (5.3)
a9 = ﬁ[kx 9) tar(kx gj TE even modes (5.4a)

2 1
a9 = —ﬁ[kx gj co{kX 9) TE odd modes (5.4b)

2 o\ "2 2

where kx and k, are thex- and z components of wave propagation constint
respectivelyk; is the propagation constant of the guided modbere-direction. Due
to the continuity requirement &f across the waveguide/cladding boundaryxat (

+d/2), equations (5.2) and (5.3) yield,

[a %j + (kx %j = W’ (pne, - uf)[%j (5.5)

ke and a, can be found by combining equation (5.5) wittheit(5.4a) or (5.4b) and
using graphical method on thed(2) vs (k«d/2) plane. Figure 5.2 shows this graphical

solution, where the radil®is obtained from equation (5.5)

R=w\ € - ,ug[%j = [ko %j n’ —n? (5.6)

wheren, = /1€ 1(1,€,) is the refractive index inside the guider ./ uel(u,€,) is

the refractive index in the cladding akg= w,/1,&, = w/c is the free-space wave
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number. Afterkyx anda are graphically solved; can be obtained either from equation

(5.2) or from equation (5.3). The electric fields will hake following expressions

g TE,
R:kOE(nlz_nz

N Ne————————
T ¢
|

w
N
\ 4
7~ N\
~
x
N
N—

Figure 5.2 A graphical solution for determining andky for the modes in
symmetric dielectric slab waveguide. (after [50])

P
v
lan|a

C g a(xd/2)
0

E, =e**! C cosk x

=
IA

(For even modes) (5.7a)
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C e atx-d/2) x> Q
° 2
E, =€**{ C, sink x X sg (For odd modes) (5.7b)
y 1 X 2
_C e+LI(X+d/2) X< _9
° 2

whereCy and C; are integration constants and can be determined withdbadary
conditions of the electric fields.

From figure 5.2, we can see that the cutoff conditiocucs atR = m772 for

the TE, mode. So the TEmode has no cutoff frequency. When the following
condition is satisfied

m—<R k— -n? <(m+1)—

(5.8)
There arerp + 1) guided TE modes in the dielectric slab

From equation (5.8), we can see ttigd /2)y/n? —n® < 77/2 is the condition
for single mode operation. Under this conditionthé wavelengti, in free space

and the waveguide dimensidrare given, we can get the refractive index diffiese

required for a single mode operation
2
An < i[ﬁj
8n \ d

(5.9
Here we have also assumed thatis very close ton to get this equation. With

equation (5.9), if, for examplelp= d andn; = 3.6, we can gekn < 0.035 for single-

mode operation in the waveguide
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From figure 5.2, we can also get the low-frequency liamtd the high-
frequency limit ofk,. At the low-frequency limit, [50]

K, = o\ e :? (5.10)

At the high-frequency limit,

k, = e, = (5.11)

o
The propagation constakf starts fromew,/ 1€ at cutoff and increases w,/y,&, as

the frequency goes to infinity. The effective index fa guided mode is defined as
k
n, =—= 5.12
eff ko ( )
For TM polarization, we may obtain the results beg ttuality principle:

replacing the field solution& andH of the TE modes bl and -E, respectivelyu

by € ande by 1.

X
0 &
X= /J I > Z
|
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1L o4og |
I
x=-d '
2 1, &

Figure 5.2 An asymmetric dielectric slab waveguide. (after [50])
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5.2.2 Asymmetric Dielectric Slab Waveguides

If the dielectric constant in the substrages different from that of in the top
medium ori, # L, the structure is asymmetric as is shown in figure 5.3.
In a similar method as in 5.2.1, we can get the dedteld for TE

polarization as

—ax

cosge >
E, = C,€"* cosk,x+¢) -d<x<0 (5.13)
costk, d + p)et? X< —d

whereC; is a constantg and a, are two decay constants in region 0 and 2 in égur

5.3, respectively, and

—a’ +k? =’ ue k= 0) (5.14a)
k> +K> =w’ e, (d<x<0) (5.14b)
—al +k? =w’u,E, k< -d) (5.14c¢)
and
k,d =tan™ = e S LR (m=01,2,.) (TE, mode) (5.15)

1X :uZ 1X

For the wave to be guided in the cogehas to be larger than both and &.

Wheng > £ (14 = t1a = L&), the cutoff frequency is determined by

k,d/nZ - —tan’l’ul\/ivn_n (5.16)
U

wherek, = w,/ l,&, = wlcC.
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For TM polarization, we can again apply the duality ppteci Similarly, we
have the guidance condition as

k,d =tan™ & 4 tant 592 4y (TM, mode) (5.17)

1X 82 1x

5.2.3 Rectangular Dielectric Waveguides

5.2.3.1 Marecatili's Method

By first introducing the mode theories, we are npmgpared to discuss the
rectangular dielectric waveguide theory. This tljed relevant because most

waveguides have finite dimensions in baténdy directions.
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Figure 5.4 A rectangular dielectric waveguide. (after [50])
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Figure 5.4 shows a rectangular dielectric waveguide, evihés assumed =
d. Marcatili's method can be applied to this waveguide [51][852]Jorder to obtain
closed-form results, a few approximations have to be nladeas found that there
are two possible mode classifications for this waveguwwhéch are

1. HE,q modesHy andEy are the dominant components.

2. EHpy modesE, andHy are the dominant components.

The Maxwell's equations in the following forms are usedirtibate the

analysis.
:_LDXE
I
1 0 0 0 0 (5.18)
=—| X —E, -ik,E, +§/[ikZEX——EZj+A —E,-—E,
iau| \ oy 0x 0x oy
E=—1 OxH
leE (5.19)
=105 in—iszy +§/[iszx—inj+A iHy—in
iae| \ oy 0x 0x oy
iEx+iEy+iszZ:0 (5.20)
0x oy
in+iHy+iszz:o (5.21)
0x oy

Here a constant permittivity in all regions is assd. By using the above equations
using the following approximate assumptions: 1)oigmg the boundary conditions
for variables with small values, 2) fdg << ki, ks and ks, for HE,q modes, the

following two important guidance conditions canfbend:
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Figure 5.E Intensity patterns in a rectangular waveguide whéde= 2, the
refractive index of the waveguiae = 1.5, and the background medium has 1.
(after [50])
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kd= tant #1953 4 tant H%s pIT (5.22)

:u3kx IUSkx
k,w=tan™ 592 4 tanrBds qrr (5.23)
&K, £,K,

Similarly, the following two important guidance aitions are found foEHp, modes:

kd= tan* £ 4 tat 2% 4 prT (5.24)
83 X 85 X

k,w= tant H192 4 gt Fa9s qrr (5.25)
luzky :u4ky

It should be noted that there were some approlomsimade to get the above
equations [50]. The conditions include assuntifyig= 0 andkx << ki, k» andk,. So
Marcatili's method can be used to obtain the apipnate field distribution and mode
information. Figure 5.5 shows the intensity patsama rectangular waveguide where
w/d = 2, the refractive index of the waveguiaile= 1.5, and the background medium
hasny = 1. Only one set of intensity patterns is shomgees the intensity pattern of

the HE,q mode is almost indistinguishable from that of Eié,, mode.

5.2.3.2 The Effective Index Method

The Marcatili's method is essentially an approxiora In this subsection, we
are going to introduce the effective index methelich is another technique to find
the propagation constant of a dielectric waveguliw we illustrate this technique
by applying it to the rectangular waveguide. Thecpss of this method is clearly

depicted in figure 5.6. Here onyEy; modes are considered for the illustration.
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(a) A rectangular dielectric waveguide

X
A
n, n, n,
n, j n n,
0 >y
«— W —»
ny n Ng

(b) Step one: solve for eaghhe effective index,, (y)

i) g i) n i) My
n n n
Ny n N

(c) Step two: solve the slab waveguide problemgusip (y)

neff (y)
A
neff,l
neff,2
neff,4
0 w "

neff,4 neffyl neff,2

«— W — P y

Figure 5.€ (a) A rectangular dielectric waveguide to be solved usiagffective
index method. (b) Solve the slab waveguide at each fixaalyobtain an effective
index profile n (y) . (c) Solve the slab waveguide problem with the(y) .

(after [50])
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Step 1.Take the second column in figure 5.6(b). It is a slabegaide with
refractive indexn; inside andns, ns outside the waveguide. This is the case of
asymmetric dielectric slab waveguide that we discussedection 5.2.2. From

equation (5.15), we can have the guidance conditionEom®des as

k,d= tant 495 4 tqmt K95 4 prT (5.26)
/'13klx /'ISklx

From the solutions of the slab waveguide problere, aan get the propagation
constant and therefore the effective intex.

For the first columny > w) and third columny(< 0) in figure 5.6(b), we can
get similar solutions as long as> ng, n7, andn, > ng, Ng. Otherwise we can assume
Nefr,1 = N2 andNeft 4= Na.

Step 2.Solve the slab waveguide problem as shown indigu6(c). Based on
equation (5.17), we can get

E £
1 Cetaa | g0 eff,104+qﬂ (5.27)

k,d =tan
¢ geff,zkly geff,4k1y

where ¢, =nZ; &, Note this is the guidance condition for TM modésce theE,

component is perpendicular to the slab boundahnisgime.

We can see that the field distribution obtainemhfrstep 1 is a function of
andy. So we can denote this B&, y). The field distribution obtained from step 2 is
only a function ofy, which can be denoted &gy). Therefore, the total electric field

Ey can be expressed as

E,(xy)=F(xy)G(y) (5.28)
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Comparing equations (5.26) and (5.27) with equations (5.22) and),(5.23
which were obtained with Marcatili's method, we caa &t they are similar except
that the effective permittivities are used in equatiér2q). Comparing with the
results of numerical approach from the full-wave wgsial the results from both
Marcatili's method and the effective index method agreey well. The effective
index method usually has a better agreement with the ncahenethod, especially

near cutoff [50].

5.3 Beam Propagation Method

The above theory only discussed the straight rectangudveguide. However,
the curvilinear directional couplers, branching and combiniageguides, S-shaped
bent waveguides, and tapered waveguides are all indiggensamponents in
constructing integrated optical circuits. So a more gr@w method needs to be
developed to deal with all these axial variations in wawkkxgi Beam propagation
method (BPM) was developed for this purpose. BPM is syotmaerful tool that it
can be used to precisely evaluate the propagation ¢eastics of all those
indispensable components mentioned above [53]. Not to methitaarBPM can be
used to design single mode waveguides, to calculate fdetied refractive index in
the waveguide and to illustrate the transmission alosiyagght waveguide. BPM is
also applied to model channel-dropping filters [54], electriicomodulators [55],
multimode waveguide devices [56][57], optical delay linewits [58][59], novel y-

branches [60], optical interconnects [61], polarizatpfitters [62], and waveguide
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polarizers [63], etc. BPM can be developed either basdtieofast Fourier transform
(FFT) or based on the finite difference method (FDMgrd+we will briefly introduce

the FDM analysis on optical waveguides.

5.3.1 Finite Difference Method Analysis of Planar Optical Wavegdes

We start from the three-dimensional scalar wave emuatvhich is the basis

of BPM [53]

0°E 0°E O0°E
+ + +k?n?(x,y,2)E=0 5.29
o oy o7 (x,¥,2) (5.29)

The electric fieldE(x, y, z) can be separated into two parts: the axially loxarying
envelope term of(x, y, zZ) and the rapidly varying term of exjknoz).

E(x.y,2) = @(x,y,z)expt jkn,z ) (5.30)
where ng is the refractive index in the cladding. Substitgtiequation (5.30) into

equation (5.29), we have
2, 0@ 2, 2 o _
D@ 12kn06—+k (n*-ny)p=0 (5.31)
z
For the lightwave propagation in slab waveguides,can have the two-dimensional
scalar wave equation from equation (5.31) [53]

dp_ . 1 g

ko o
% JanOW G(X,Z)w—lz—no[n (x.2)-1gle (5.32)

Here, 0%p/0z° has been neglected by assumi‘n@éqplazz‘« 2kn, |0@/07 . This

assumption is called the paraxial approximatiofri@snel approximation. Generally

a differential equation of the form
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2

‘Zf = A(X, z)—{” +B(X, 2)p (5.33)

can be approximated by the finite difference metasd

9 g -4 (5.34)

0z Az

A(X Z) 40 - E Am+l/2 {Wﬁl - 2{4“2_*_ ﬁrl + —Il - Zﬁn‘i + Wril} (535)
2 (AX) (Ax)

B(x, 2)¢ - B’"*”z({/f" g (5.36)

whereAx andAz are the calculation steps xn andz-axis directions and subscrigts
and m are sampling points along the and z-axis directions, respectively. The

number of divisions along the andzaxis directions ar&l (i = 0-N) and M (h = O-

M), respectively. S@" represents the electric field amplitudexat x = iAx andz =

Zn = mMAX. Combining equations (5.32)-(5.36), we can have tbllowing

simultaneous equations:
—Il+§m¢|n+1 |+1 W1+q|mwn+¢nl dm G: I-n- 1) (5-37)

where

§" = 2- K2 (X)) 2~ + "”OA(ZAX) 2k (0020 (5.38)

q" = -2+ K> (AX)[(N™Y2) >~ + | k”OA(ZAX) — j2kn,(Ax)2a™V (5.39)

when the initial electric field distributiogf™™ (i =0-N)at the input position is

given, the electric field profileg" at z=z =mAz (m=1-M) is successively
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calculated by using equation (5.37). However, there are dhly 1) equations in

equation (5.37) for N + 1) unknown variables. So the transparent boundary

conditions at the input and output ends should be coesideCombing those
boundary conditions into equation (5.37), we can Het {) simultaneous equations

for (N - 1) unknowns

—agy g™ —eglt=d"  (=1-n-1) (5.40)
where

a=0, b=9"-exptjK. LX), c = (5.41a)

a=1 b=g", c¢c=1 i= 2N- = (5.41b)

Ay, =1 by, =si, - expljk g AX), €y = (5.41c)

By solving equation (5.40), we can get the field distributiothe waveguide.

5.3.2 FDMBPM Analysis of Rectangular Waveguides
This is in three-dimensional case, so from equation (5w )an have

aw . 1 2 . k 2 2

L =—j——DPp-a(x,y,2)p- | —[N*(x,Y,2)- 5.42
37 JanO [ (y)¢12n0[(y)no]¢ (5.42)
As in the previous section, the electric fieldla grid point ofx =iAx, y =14y, and
z=mAzis expressed by

@AiDx, 10y, mAz) = gy (5.43)

By using the above notation, equation (5.42) canapproximated by the finite

difference form as
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WII]LI - 2wl,Tl1 + 1+1) + wlf;jl - 2¢|Tl1+1 + ++]11

A(ﬂ]ﬂl_#?) -

2(Ax)?
a2 e A= 2 o (5.44)
2(Ay)
Bﬁ]ﬁl_*_#? )
where
A= 12K, (5.45)
Az
— ; E k_2 2| 1— A2
B= jknoa(l,l,m+2j+ z{n (l,l,m+ 2} no} (5.46)

Equation (5.44) can be solved by using alternatiimgetion implicit finite difference
method (ADIFDM) [53]. The transparent boundary dbods are also applied.

It should be noted that the paraxial approximatifor the Fresnel
approximation) has been adopted in the above FDMBE#RIslysis. Therefore this
method is not very good for analyzing light beanogagation in a highly tilted
waveguide from the initial propagation directiontbé input signal. In that case, fast
Fourier transform (FFT) BPM is applied since theapal approximation has not

been used in this method. The details of FFTBPMbeafound in [53].

5.3.3 Straight Waveguide Design with BPM Software

5.3.3.1 Mode Calculation with BPM Software

In the previous subsection, we introduced thechasinciples of BPM. BPM
is very powerful as we mentioned earlier. It carubed to do mode calculation and

analyze the field distributions and transmissiansvaveguides and devices. In this
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subsection, we are going to briefly introduce a BPM sarftwBeamPROP with
which we have designed single mode layer-structured waleg@and other optical
devices. We have also run the simulations vBgamPROP to analyze the field
distributions and the transmission along the wavegwddsaround the devices.
BeamPROP is a highly integrated CAD and simulation program fordasign
of photonic devices and photonic integrated circuits [64indbrporates advanced
finite-difference beam propagation techniques for simulatand a graphical user

interface for circuit layout and analysis.

[ Layer Table Editor x|
Layer Table: |D £z | P | Hew | Delete Duplicatel
Laver: Height : Index(real): Index{imag):
| |D |D |D Accept Layerl
Tayerl 0.g 2,263 0 : |
Tayer2 0.5 2355 0 feject Layer

0.5

Laier3 2,263 I

Hew Layer |

Delete La?erl

Symbol= . . |

Taper=s . . . |

Substrate Index: Cover Inde=x: 5 0K 1
|1.65 |1

Cancel |

(@)

Figure 5.7 The design of a layered rectangular waveguide BedmPROP. (a)
Refractive index distribution. (b) The illustrationtbe cross section of waveguide
design. The refractive index is illustrated in differeators. (c) Vertical cut of
index profile of the rectangular waveguide.
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Figure 5.7 shows the design of a layer-structured rect@ngalveguide with
BeamPROP. Figure 5.7(a) shows a user-friendly window of layerdadaditor. From
the table, we can see that the substrate of the waletpas refractive index 1.65.
This is a typical index value of Sapphire. The firstcosel and third layer has
refractive index 2.263, 2.355, 2.263, respectively. Thesehareefractive indices of
Erbium doped AlGaN materials with different Al conceatitbn. The cover index is 1,
which means the media covers the third (top) layer, dides of the layered

rectangular waveguide, and the Sapphire surface beyond vleguide is air.

Contour Map of Transverse Index Profile at Z=0

| =

IIIIIIIII
PN B = -

—_

Vertical Direction (um)

(=]

-2 -1 0 1 2
Horizontal Direction (um)

Figure 5.7 (b)
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Figure 5.7(b) illustrates the cross section at the inme sf the layer-
structured rectangular waveguide. From the figure, itbsaseen that the rectangular
waveguide has a width of 8m and a total height of 1.6m, with 0.5m high for
each layer. The figure also illustrates the differegftactive indices of different

layers in different colors. This helps to verify tienensions of the design.

BeamPRl]P - Computation Completed o [m] 3]

File Edit W“iew FRun Help

Vertical Cut of Index Profile at X=-0.01

\

2.2

2.0

Refractive Index

Figure 5.7(c)

Figure 5.7(c) shows another function of BsamPROP. It shows the vertical

cut of index profile ak = -0.01, where is the value of the horizontal direction as in
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figure 5.7(b). The vertical cut can be made anywhere alsadndrizontal direction,

so that we can have any vertical refractive index lgrafiwhich we are interested.

Computed Transverse Mode Profile (m=0,n_.=2.301602)

3

3% ]

Vertical Direction {j.um)

o

-2 -1 0 1 2
Horizontal Direction {pum)

(@)

Figure 5.€ The mode calculation of a layered rectangular waveguitde
BeamPROP. (a) The basic mode. (b) The illustration of thessrsection of
waveguide design. The refractive index is illustratedififerent colors.
(c) Vertical cut of index profile of the rectangularweguide.

We have set the length of the layer-structured straggiangular waveguide
as 1,000um and run the simulation witBeamPROP to calculate the mode solution.
In the simulation, we used wavelength 980 nm as signakleagth. Figure 5.8
shows our simulation results. Figure 5.8(a) shows tmeldmental mode of the

waveguide. The power distribution in cross sectionhef waveguide is illustrated
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with different colors. Also it can be seen that th#ective refractive index is

calculated for this mode propagation.

Computed Transverse Mode Profile (m=1,n_.=2.283834)

eff

Computed Transverse Mode Profile (m=2,n

o1i=2.188081)

2 1.0
= = i
3 S
E U g J
& 3 *
a 5 i
8 B ]
= b=
20 g ] I

00
Horizontal Direction (um) Horizontal Direction {(um)
Computed Transverse Mode Profile (m=4,n_,=2.061623)
Computed Transverse Mode Profile (m=3.n_;=2.107466) e
2 2 1.0
1.0 L I
£ ] £ :
L W 5 |
S 2 ]
g | o
[=] B a J
5 ] 8 1
k5 B
>0 | >0 il
-2 -1 0 1 2 oo 2 -1 0 1 2 0.0

Horizontal Direction (jum) Horizontal Direction (um)

Computed Transverse Mode Profile (m=6.n_.=1.99876) Computed Transverse Mode Profile (m=7,n__=1.96179)

eff eff

Vertical Direction (.m)
Vertical Direction ()

S m°

-2 -1 0 1 2 O
Horizontal Direction {um)

-2 -1 0 1 SR
Horizontal Direction {um)

Figure 5.€ (b)

146



Computed Transverse Mode Profile (m=8,n_.=1.870172) Computed Transverse Mode Profile (m=9,n_,=1.857077)
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Computed Transverse Mode Profile (m=10,n_,=1.857029)
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Figure 5.8(c)

Figure 5.8(b) and (c) show the other calculated modesofvlveguide with
BeamPROP. It can be seen that the waveguide has multi modes.wdscan see that
the effective refractive index is calculated for eacden

By simply adjusting the dimensions of the width and Hesght of the
waveguide, we can have different results of modeutaion. By proper adjusting the
dimensions of all the layers, we can obtain singldeneaveguide for the wavelength

we choose. We will show this in the next subsection.
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5.3.3.2 Single-Mode Layered Rectangular Waveguide Design wileamPROP

As we mentioned above, we can uBeamPROP to design single-mode
layered rectangular waveguide. The previous work we dig@sgithe values of
refractive indices of GaN and its alloys&k.xN with Al molar fractionx varying.
These values will be given out later in this chapteyuf® 5.12(a)). Based on these

results, we designed layered single-mode optical waveairidethe related optical

devices withBeamPROP.
Y
* Core
IS
& lh <0.2um
= Cladding
=
(a) ~
Substrate
app e
X
| >
0

Figure 5.9 The cross section of the design of GaN single-moaleeguide.

Figure 5.9 shows schematically the cross section ofddsgned straight
single-mode waveguide using GaN as the coreG#&LKN as the cladding and

Sapphire as the substrate. In our simulation, the vdltleeaore refractive index was
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set as 2.335. This is the refractive index of GaN we pusly obtained, which will
also be shown later in this chapter. Then we varied \hlue of the cladding
refractive index and the value of the waveguide wid#s shown in figure 5.9. We
found that when the cladding refractive index is 2.312, wbarhesponds to the Al
molar fractionx 3% [29], the value off has to be between&n and 5um for the
waveguide to support a single-mode. From figure 5.9, wesearthat there is a thin
slab above the gm cladding. In the simulation, it was found that thegheh of this
slab has to be less than Qu& to keep the waveguide as single-mode. In our design,
we have takerm equal to O for convenience. However, the condition 0.2 ym is
meaningful since it is difficult to get exactity= 0 in the real waveguide fabrication
process. We then measured the effective refractive itidexigh the simulation and
the result we got was around 2.313 as shown in figure 5.16¢pj)e 5.10(a) also
clearly shows the verification of the single-modensraission on our designed
waveguide. Figure 5.10(b) shows radiation pattern verstsuegie of the waveguide.
Figure 5.10(c) shows the refractive index characterigtithe cross section alorg
direction atX = 0. It was in accordance with our designed values. l gingle
waveguides except for the tapered connections in the deweelesigned have the

cross section as shown in figure 5.9.
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Figure 5.1C Simulation result of the designed GaN single-mode gaide
with BeamPROP. (a) Single mode simulation verification and theetiive
refractive index; (b) Radiation pattern versus exitlen@) Refractive index

characteristics alony direction, atX = 0.
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5.3.3.3 Optical waveguide preparation and characterization

Based on the BPM simulation result, several differemaveguide
configurations have been designed. These designs inclagghstwaveguides, & 2
waveguide couplers and AWGs, which will be discussed latewerify the design,
various sample devices were fabricated with the helfh@fPhysics Department at
Kansas State University. In the fabrication procdss,dptical waveguide structures
were formed by photolithographic patterning and inductivelypted plasma (ICP)
dry etching [65]. According to the design, the etching deptlcostrolled at
approximately 2.8m and theAl molar fractionx is about 3%. The sample devices

will be presented and discussed later.

5.4 Measurement Method and Experimental Setup

Based on the configurations of the single-mode waveguideobtained
through our simulation as shown in the above sectiorfatmecated waveguides and
some simple devices. Before we introduce them herewendd like to show the

measurement method and illustrate the experimental sestp f

5.4.1 Measurement Method Based On Febry-Perot (FP) Intenfence

In the application of all-optical communications sitmportant to measure the
effective refractive index of a waveguide preciselys lalso important to measure the
waveguide’s single-pass power attenuation, excluding tleertainties caused by

optical coupling at both the input and output of the wawguio do the required
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measures, Febry-Perot (FP) interference method wasedpipliour measurement,
where the two end facets of the straight waveguidendothe F-P cavity. In the
measurement, an erbium-doped fiber amplifier (EDFA) wathaptical signal input

was used to provide a wide-band amplified spontaneous emigsti). The ASE

optical spectrum at the output of the optical wavegwds recorded with an optical
spectrum analyzer (OSA).

From the OSA, we can get the measured optical tranemispectrum. Then
apply this measured transmission spectrum to fit the rdmedaFP transmission
equation [66]

T(A) =[1+R*A? -2RAcos@tn, I A+¢,)]™ (5.47)
wherelL is the waveguide lengtlR is the power reflectivity of the waveguide end
facet, ¢ is an initial phase or a fitting constamts; can be obtained through the
simulation,A is the single-pass power attenuation. With the b#sidj valueA can
be obtained. Thus the waveguide loss per unit lengtheaibtained.

As for the application of this method to get the dffecrefractive indexnes,
it is also shown in equation (5.47). From the equatigncan be easily obtained as
long as all the other parameters were measured or a@dulOptical signals with
different polarizations can be applied and the differeffective refractive indices

related to different polarizations may be obtained.
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5.4.2 Experimental Setup

To characterize the waveguide samples we have desigdethlancated, a
fiber-optic setup operating in the 1550 nm wavelength regias wonstructed.
Optical coupling at the input and the output of the waveguae accomplished by
using tapered single-mode fibers withuBrworking distance and 2.Gm-spot size
of the focus. Each tapered fiber end was mounted oneeadiiwensional precision
positioning stage to optimize the optical coupling efficienA tunable laser diode
was used as the light source and an optical power meterused to measure the
optical power that passes through the waveguide. Figure 5ot $his experimental

setup.

Tapered sing- Waveguide device
mode fibers

Five-dimensiona :
adjustable stages Fixed stan

Figure 5.11Fiber-optical experimental setup.
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5.5 Measurement of Refractive Indices in Infrared

From section 5.3.3, we could see that, in order to desigiedpuwave optical
devices, the knowledge of material refractive indiceshi operating wavelength
region is essential. We have conducted the refrastdex measurements féiGa;-
«N with differentAl molar fractions. In order to perform this measuremamymber
of sampleAlGa;.xN films were grown by metal organic chemical vapor depositi
(MOCVD) on sapphire substrates. The films’ thickness rdrga 1.1um to 1.5um
and Al molar fractions range from = 0.1 tox = 0.7 [67]. To evaluate the refractive
index of each film, optical transmission spectra weeasured. Due to the Fabry-
Perot (FP) interference caused by the two facets ofilthe(one facet is between
Al,Ga;xN and the air and the other facet is formed betwdgBa; xN and sapphire),
optical transmission efficiency is wavelength-depend#éfith the knowledge of the
film thickness, the film refractive index can be ob&al by best fitting the measured

optical transmission spectrum to a well-known FPdanaission equation.

Figure 5.12(a) shows the measured refractive indice8l,@a;«N versus
wavelength for several differe#l molar fractions. The continuous curves in the
same figure were numerical fittings obtained by using th& brder Sellmeir

dispersion formula:

n(1) = [1+ Bo FBX+ BOX (5.48)
H=(Cy +CX)? |
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Figure 5.1z (a) Refractive indices of &ba xN versus wavelength for several
different Al molar fractions. (b) Sellmeier expansmoefficients versus Al molar

The coefficients for best fit are displayed in Figurg2ga) and their variations versus
Al molar fractionx are shown in Figure 5.12(b). Since we are mostly istedein the
refractive indices in 1550 nm wavelength window, this infdiomacan be collected
from Figure 5.12 and the following polynomial expression btamed for theAl

molar fraction X) dependence of the refractive index at 1550nm wavelength,

n(1550m) = 0.431x* - 0.735x + 2. 335 (5.49)
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The monotonic decrease AlLGa;.N refractive index with the increase AfF molar

fractionx makes the design of single-mode optical waveguide desicaightforward.

Sellmeir coefficients B B; B>
Sellmeir coefficients g C;

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Al molar fractionx

Figure 5.12(b)

5.6 Measurement Results of the Single-Mode GaN/AlGaN Wavegesl

5.6.1 Experimental Results: Power Loss in Waveguide Transnsi®n

Based on the method in section 5.4.1 and the experimsetigb in section
5.4.2, we then did an experiment to measure the eféecéifractive index and the
single-pass power loss of our fabricated waveguide.médesured result is shown in

figure 5.13 where the normalized output optical spectrungetefrom the OSA is
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illustrated. In the figure, the solid points formed meeadupptical transmission
spectrum. The continuous line was obtained by fitting thenalized FP transmission
equation (5.47). By the best fitting, we got the single-jpasger attenuation valu&

= 4.8 dB, corresponding to a waveguide length 1.393 mm. Theguale loss per
unit length is ~34.4 dB/cm. It should be pointed out that theahattenuation of the
waveguide should be less than this value, since theetleaaveguide end facets may
not be ideally flat and they are definitely not exagiérpendicular to the waveguide

axis to form an ideal F-P cavity.
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0.4 - - P o
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o

-0.2 -
-0.4 \e . j v
.
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Figure 5.1% Measured optical transmission spectrum (solid point) and
numerical fitting using equation (2-13) (continuous line).f(28])
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5.6.2 Birefringence of GaN/AlGaN optical waveguides

In planar lightwave circuit applications, an impottgoarameter is the
refractive index of the material, which we have discdssethe above subsection.
Besides this, the knowledge of the birefringence of theemad is also critical in
waveguide design and in device performances. So we studiedirthfringence
characteristic of the GaN/AlGaN optical waveguiddse Direfringence of GaN films
grown on sapphire substrates has been reported [68]. &ctieé index change of
approximately 4% was observed at wavelength around 800 nm \akesignal
polarization was varied from perpendicular to parallehie GaN crystal c-axis [69].
On the other hand, due to the wurtzite structure, thetatrigtice of GaN has a
hexagonal configuration on tteb plane. It has been reported that the efficiency of
the optical emission changes periodically when thacalppropagation direction
changes on the-b plane [70]. Figure 5.14 shows the wurtzite structure of GaN unit
cell and the coordinate choices. It can be seen Hmatstructure has a hexagonal
configuration ina-b plane. We believe that the birefringence is not only wuthe
polarization direction of the optical signal, butcattue to the incident direction of the
input light beam relative to the direction of aaias shown in figure 5.14.

In order to investigate the birefringence caused by bgtiakspolarization and
different incident direction relative ta-axis direction, different single-mode
waveguides were made by changing the angle betweenirdatiahs of straight
waveguide and the crystadaxis. Figure 5.15 shows this design, where afiglaried

for different waveguide samples. In the figure, axid andc are the same as in
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Figure 5.14 whileG is the direction of the waveguide. The lengths ofwla@eguide

samples ranged from 1.5 — 3.0 mm.

Figure 5.14The wurtzite structure of GaN unit cell and the choiteoordinates.

Figure 5.15Waveguide sample. Waveguide differs by the aégle

Again the measurement method based on the FP interfexsascapplied. The

difference in the experimental setup was the use fifea-optical polarizer and a
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polarization controller, which are inserted immediatafter the ASE source. The

experimental setup is shown in figure 5.16.

Tapered single- Waveguide device|
mode fibers

Five-dimensional '
adjustable stages Fixed stand

Figure 5.16 The birefringence measurement experimental setup.

The refractive indices were measured for the signaligtical field
perpendicular, parallel, or in a specific angle to tiystal c-axis for each sample with

a specificd value. Figure 5.17 shows the measured optical transfetidls on a

particular waveguide sample fér=15". In the measurement, the input signals were
applied in three polarization states, and the ixeameasured results of transfer
functions are shown with the three traces in theré. Trace 1 is for the input optical
signal polarized perpendicular to tbexis while trace 3 is for the signal parallel to
the c-axis. For a better illustration, we have intendiliy shifted the two traces by

+ 0.8dB based on the measured values. It can be seethéhaansfer functions are
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typically FP-typed. It can also be seen that theeesmall difference in the periods of
the two traces. This means that the effective refradtidices are slightly different
for the signals with different polarizations. Furttmere, these two traces can be

numerically fit by a normalized FP transfer funct|84]:

15

-0.5

Normalized transmissia

-1.5 T T T T T T T T
1547 1548 1549 1550 1551 1552 1553 1554

Wavelength (nn

Figure 5.17 Measured (solid dots) and calculated (continuous linegjalptansfer
function with the input optical field perpendicular (teal), parallel (trace 3) and
4%° from (trace 2) the crysta-axis. (After [34]

47t (n, +An/2) }1
+¢, (5.50)

T(1) ={1+ R? —2Rco:{ y

WhereL = 2.31mm s the length of the waveguide;= 3.75% is the effective round-

trip power loss of the waveguide when it acts as a &#tycwith its end surfaces
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acting as mirrors; angd is the initial phase that can be determined by the hesyf
between the measured and the calculated values. If wetedenas the effective
refractive index of the waveguide when the optical fisddperpendicular to the

material c-axis, andn, as the effective refractive index when the optitald is
parallel toc-axis in the waveguide, we usually get # n, when birefringence exists
for the waveguide. From the numerical fitting by using equaf5.50) as shown in
figure 5.17 (the solid lines), we can obtaip=2. 3%hdn, = 2.315 by the best
fittings, as shown in traces 1 and 3. So the rafradndex difference due to the

birefringence isAn = (n, —ny) = 0. 042n this particular case. To explore where this

birefringence is from, we did a separate BPM sitiutaon the waveguide in figure
5.9, and found that the refractive index differefmtween the ' and the “//”
polarization components induced by the waveguidecstre is less than 0 This
clearly indicates that the measurAd value of 0.042 is primarily caused by the
material birefringence instead of the waveguidacstre, which means that it is not
practical to try to overcome the birefringence Hyamging the structure, more

specifically, the width and the height of the wavielg.

Another measurement and fitting were also madeherinput signal splitting
equally into the FI" and the “//” polarization modes. This is shown tegce 2 in
figure 5.17. From the figure, we could see thatripple amplitude of the FP transfer
function has a null at wavelength 1551.2 nm. This be explained that there igta

phase walk-off between the TE and the TM polarzatnodes of that wavelength. If
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we compare trace 1 and trace 3 in the figure carefultycan clearly see thisphase

walk-off. It is obvious that multiple nulls can beufad at different wavelengths for
this polarization state of the input signal by simplyaegihg the measurement
wavelength coverage. With the information of the wawgtles at which the nulls

appear, we can determine the birefringence by [34]
An = A2 /(2LAA) (5.51)

Where Ay is the average wavelength used in the measurementAand the

wavelength difference between the adjacent nulleerttansfer function.
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Figure 5.1¢ Measured birefringence versus waveguide orientation (sglidrss).
The continuous line is a sinusoid fitting usiaty = 0.04275-0.00545cos@s where
Gis in degree.
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Besides that the two values of andn, are not the same, more importantly,
we found that there is an approximately 10% change in thex iddféerence

An=n, —n, with varying the & value, and also a B(eriodicity was observed.

Figure 5.18 shows this result, where systematic measutemere made on a
number of waveguide samples with angle = @, 15, 3¢, 60 and 98. The
continuous line in figure 5.18 is the fitting curuén = 0.04275-0.00545cofh
where @ is in degree. Thus we verified that the refractive indetxonly depends on
the optical signal polarization but also depends on fteal propagation direction
within the a-b plane of the waveguide samples. This is attributed towinezite
structure of the GaN crystal.

Although the above periodical variation & within c-plane was obtained in
the infrared wavelengths, we can assume that tfip&@odicity inAn variation also
exists in the wavelength regions near the band edgel asehe fact that the
periodical emission-efficiency variation versus aéglec-plane has been reported in
[70].

For most applications of planar lightwave circuitsg toirefringence of the
waveguide is an important issue that has to be camesidéess birefringence in the
waveguides guarantees better real communication sysgawueral techniques have
been proposed to reduce the birefringence in the waveguideés by semiconductor
materials. Those techniques include polarization compensdiid]; special
waveguide cross-section design [72][73]; and the introductain build-in

compressive, or tensile stresses during the crystal gria\i[75].
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The measured result given above gives us a foundatiathdodesign of the
polarization insensitive waveguide with the technique ofigppeross-section design.
Since there are two types of birefringence: the matdmiafringence and the
waveguide birefringence, it is important to considehbaitthem in the designing.
Through simulation, we could design some specific wavedpirddringence in the
waveguide design based on the chosen refractive indidesn, we can carefully
choose the direction of the incident beam to have es@pecific material
birefringence. If these two types of birefringence compenkatesach other, a

polarization insensitive waveguide can be realized.

5.7 Design of Optical Couplers and Mach-Zehnder Interferomier Device
with GaN/AlGaN

In Chapter 2, we discussed the principles of basic degigels as couplers,
Mach-Zehnder Interferometers. In this section, we gomg to design functional

devices with GaN materials.

Figure 5.19Simulation of a 3dB coupler.
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5.7.1 Simulation Results of Couplers and Mach-Zehnder Intéerometer Device

The simulation results for our designing of simplg 2 waveguide couplers
and Mach-Zehnder Interferometers are shown here. Figd@ shows a simulation
result for a 2x 2 3-dB waveguide coupler. The input power from one ofirthbat

ports of the coupler was split equally to the two outjouts

Figure 5.2C Simulation of MZ Interferometer optical switch
controlled by carrier induced refractive index change.

Figure 5.20 shows the simulation result where a Madinder Interferometer
acted as a simple optical switch. In the simulatibe, length differenc&L between
the two arms was realized by having different refradiices in the waveguides of
the two arms. This can be made by having an electrodenenobthem. In our
simulation, the refractive index difference betweentthe arms was set as 0.0238.
The signals with different wavelengths 1.5464 and 1.562%/m were launched into

the same input port. But they exit from different outputtg This simulation was set
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for the design of optical switches that could be redlwith carrier induced refractive

index change.

(b)

Figure 5.21Microscopic images of ax2 GaN/AlGaN heterostructure optical
waveguid: coupler(a) top view anc(b) cross section at the out|. (Ref. [29]
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5.7.2 A Simple Example: Waveguide Coupler

The first samples we designed have the waveguide wadtlejual to gm.
Several different waveguide configurations were designed fabricated. The

devices included straight waveguides and2waveguide couplers.

Port 4
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Figure 5.2z Measured output optical power vs the probe displaceméne
horizontal direction for a2 GaN/AlGaN heterostructure optical waveguide coupler.
The input optical signal is launched at port 1 (as flaisd in Fig. 3-6) (Ref [29]).

Figure 5.21 shows an example of a fabricated device sarbpked on our

design. It is a typical 2 2 optical waveguide coupler [29]. The power splittingjar
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of this particular coupler was designed to be 3dB. To cheniae the sample, the
experimental setup was the same as shown in figure &&épt that a tunable laser
was used to replace the EDFA. The result is showigurd 5.22, where the output
powers were measured at the two outputs (3 and 4) whilephé power was from
input port 1. From figure 5.22, we see that the experimesnttris in accordance with

our design. A’b0% power splitting was realized.

5.8 The AWG Based on the GaN/AlGaN Heterostructures

In chapter 2, we have discussed the basic principlas &WG. In chapter 3,
the AWG was used as the basic component to construétvVd® and IAWG-based
WDM cross connects or all optical switches. In thtie@, we are going to show the
design of an AWG with GaN/AlGaN materials. We wils@ explain the reason why

we have chosen GaN/AlGaN instead of other materials.

One approach to make the AWG devices is to use the Bili€a which is the
most popular one, and the AWGs made in this way are evamatly available now.
However, AWG devices made of silica are usually not tenalle to the passive
nature of silica. One approach to make the AWG tunablenaie wavelength
switches is by using thermal tuning method [76][77]. The thetamng method has
been briefly discussed in chapter 2, for thermo-optacMZehnder Interferometer
(MZI1) switch, and in the introduction part of chapterl3.the AWG case, a small

resistor is deposited near each arrayed waveguide. Tl sistor can heat the
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related waveguide individually to change its refractivdeiy so that a relative optical
delay is introduced in the waveguide. However, as we pairged out in chapter 2,
this method is very slow since it is in millisecond levelcannot be applied to the
packet switch-based optical networks. Another approado iese semiconductor
materials to make planar waveguide PLCs. Since InBnscenductor, the InP-based
PLC can be potentially made fast tunable with the caimjection [6][8]. However,
there are also several disadvantages with the IsBdbdevices. Firstly, it has too
high refractive index 6=35) compared with silica. The cross-section of the
waveguide made of InP is very small, which causes ecttgpling loss at the
interface with an optical fiber, due to the refractindex mismatch, and due to the

mode spot size mismatch. Secondly, the temperaturstis#n of the refractive

index of InP material is very high, which idn/dT =10™K™ , which is

approximately 10 times higher than that of sili&n the performance of the InP-
based AWG devices is very sensitive to the tempegathange, and the stringent
temperature control is required. This has becomegbéhe reason why the InP-based

AWG devices have not become commercially competiiv far.

Compared with InP and Silica, the IlI-nitrides halistinct advantages for the
application of tunable AWG optical devices. The déwefractive index than InP
makes the waveguide cross section larger tharothHaP waveguide, which reduces
the coupling loss with optical fibers significantlyhe wide bandgap relative to the
application wavelength 1550 nm makes the intrite$és and optical gain small. On

the other hand, its semiconductor characteristikesait possible to change its
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refractive index by carrier injection, primarily by frearger absorption in this case
as we have discussed in chapter 4. This makes it pogsibdesign fast tunable

AWG devices.

5.8.1 Simulation Results of the Arrayed Waveguide Gratings

Based on the previous simulations, another waveguide eje@daayed
waveguide grating (AWG) on GaN and&k.«N was then designed and simulated.
Figure 5.23 shows this AWG configuration (a), and the relsi@dlation result (b).
The size of the AWG configuration was about $.8.8 zm?. It consisted of one input
star coupler with one input port, one output star coupidr @ight output ports, and
40 arrayed waveguides between the two star couplers. ahegwide had the same
layered structure as in Figure 5.9. The simulation regadt in accordance with what
we had expected. Each of the eight output ports hapdsific peak wavelength for

the output signal.
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Figure 5.23(a) Arrayed waveguide grating configuration, (b) simolabutput result.
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BeamPROP Simulation of AWG WDM Router (Input Port #1)
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Figure 5.23(b)

5.8.2 A Sample: A Fabricated Arrayed Waveguide Grating

To verify the feasibility, a GaN/AlGaN-based AWG wkdbricated for the
first time based on the simulation result as showsvabThe fabrication procedure
was identical to that described in section 5.3.3.3, wineblved photolithographic
patterning and inductively-coupled plasma (ICP) dry etching faglre 5.24 shows
a sample of an AWG-based 2 8 WDM demultiplexer. Figure 5.24(a) is a

microscope picture of the device configuration, which céesissf one input
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waveguide, eight output waveguides, two star couplers4@narrayed waveguides
between the two star couplers. By design, the chapaelrgy of the WDM outputs is
2 nm. Figure 5.24(b) shows the measured optical transfetidanversus the signal
wavelength for all the eight output ports. It can bensthat the measured transfer
function of the AWG generally agrees with the simedgabne as shown in figure
5.23(b). The results clearly demonstrated an approximataiy wavelength spacing
between transmission peaks of adjacent output waveguitis indeed verifies the
accuracy of the design. It is noticed that the oubarfd rejection ratio of the
measured transfer function is only approximately 10 at wibgte output ports. This
is mainly due to the non-uniformity of the waveguideagrrcaused by the

imperfections in the fabrication process.
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(@)

Figure 5.2< Microscope picture (a) and measured optical transfetibam¢b) of an
AWG-based WDM coupler with 2nm channel separation.
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Figure 5.24(b)

5.9 The Thermal Stability of the Refractive Index

The dependence of the refractive index ofGs-xN on temperature has been
investigated extensively [78]. Although previous research has fomeised on the
characteristics of AGa.xN in UV and visible wavelength region, the theoretical
formulation can be extended into near the infrarecoregiVe adopt the expression of
the refractive index as the function of temperaturayelength anddl concentration

for AlGay.xN in [78]:
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n(4,x,T) = %{6 +yE +E }1/2 (5.52)

Where & and g are the real and the imaginary parts of the dieteconstante,

respectively, with,

— 1 — —
A XT) =C(xT) + X T) £7VITY ZVI7Y (5.53)
E;7(%T) y
_ hc/A +ill(x,T) (5.54)
E,(XT)
E, (X, T) = 3502+ 135x + 099x° - 0.224 (5.55)
exp(0.386/T) -1
C(x,T)=2.49+ 2.2% 10T - 1.8 16T’ (5.56)
- (0.74 4.64 18T - 5.33 1T?%x '
A(x,T)={79.3- 8.3% 10T - 6.78 10T"
(5.57)

+(18.99 0.13- 1.%6 T0°x) ey’

[(xT)={- 869+ 413x10°2T + (24824~ 019T)x*}x10° [eV]  (5.58)

This approximation is valid for th&l concentratiorx < 0.64 and the accuracy
was tested against the measured data obtained avgpectroscopic ellipsometor
between 3.5 eV and 1.5 eV (850nm wavelength). Aigiothe accuracy of this
equation in the 1550 nm wavelength region has renbfully verified, at this
wavelength that is far away from the material bapjgno abrupt variation is

expected for the material characteristics. Equati¢h52)-(5.58) will provide a
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reasonably accurate estimation for the temperaturetiségsof the refractive index
at 1550 nm. Figure 5.25 (a) shows the sensitivity of the tefeatdex against the
temperature changer(dT ) at the wavelength of 1550 nm with various valueglof

concentrationx. Within 0 and +50°C, the temperature sensitivity is less than
2x107°/° C. This value is similar to that of silica [54], aagproximately one order

of magnitude lower than that of InP, which is ab8utl0™/° C [55][56] at this
wavelength. It is interesting to note that fox@d.,N at room temperature (28),
the temperature sensitivity of the refractive indexnot monotonic versug\

concentratiorx, as shown in Figure 5.25(b), which shows a maximumoundx = 0.4.
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Figure 5.2t Calculated temperature sensitivity of AlIGaN refractidex, (a) as a
function of operation temperature for different Al centration x and, (b) as a
function of Al concentration with a fixed operatingrigerature at 250C.
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6. Conclusions and Future Work

6.1 Conclusions

In this dissertation, we have reviewed the basic concepts of
telecommunication network architectures, optical networks, WDM network elements,
and basic components in optical networks. Among the basic components, we have
particularly focused on the basic principles and applications of optical couplers,
Mach-Zehnder Interferometers (MZI), and arrayed waveguide gratings (AWG). In
terms of large optical switch architectures, we have emphasized our interest in the
Spanke architecture. Then we reviewed a number of popular switch device
technologies, such as MEMS and thermo-optic switches. The MEMS technique has
inspired us to build 1 x N optical switches to realize N x N with the Spanke
architecture. The thermo-optic technique has inspired us to explore the possibility of
using carrier-induced semiconductor material to realize the switching of optical
signals with particular wavelengths.

Our main focus has always been on all-optical switching in WDM technology.
We have explored and invented a novel structure for an all-optical switch in Chapter
3. We started with the basic AWG design and expanded it into the N-interleaved
AWG (N-IAWG). Compared to a conventional AWG, an N-IAWG requires a unique
differential path length design in the bridge waveguides between the two star couplers.
We derived a general design rule for the required differential lengths of bridge

waveguides in an N-IAWG. We discovered that there exist multiple solutions to the
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differential path lengths in the N-IAWG design. Based on this, we designed and
systematically analyzed a1 x N WDM switch, which consists of two N-IAWGs with
a phase shifter array between them. A practical design example of a 1 x 4 non-
blocking WDM switch was then presented to illustrate the design steps and the
methods to find the required phase assignment at each phase shifter for various output
status. We also calculated the device transfer functions and discussed the switching
functionalities in detail. Based on the reciprocity principle, we also proposed a
simplified structure of a1 x N WDM switch that requires only one N-IAWG, where
total reflection is implemented a the end of each phase shifter. This simplified
structure significantly reduces the device size and relaxes the design tolerance. It is
also important to note that the proposed 1 x N switch structure is a PLC with no
waveguide crossings, therefore it can be monolithically integrated to create
sophisticated optical devices with various functionalities. We can use this type of 1 x
N WDM switches as fundamental building blocks to construct non-blocking N x N
WDM all-optical switches, which we have also suggested in this dissertation and
which will be indispensable for future all-optical networks.

The feasibility of incorporating carrier-induced index tuning into switchable
PHASAR devices depends on the characteristics of semiconductors. Therefore, it is
important to find proper materials to realize our unique designs. We proposed to use
[11-nitrides because of their unique characteristics. We presented a theoretical study of
carrier-induced refractive index change in GaN semiconductors in the infrared

wavelength region, which was previously not well-known. The results of this study
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provide us critical material parameters for switchable phasor device designs for
optical communication applications. In our approach, we have studied three carrier
effects: band filling, bandgap shrinkage, and free-carrier absorption. The results
indicate that in infrared wavelengths, the dominant cause of carrier-induced refractive
change is due to free-carrier absorption. Through our calculation, we verified that the
magnitude of carrier-induced refractive change is high enough for future applications
as PHASAR devices for optical communications. The devices we proposed are
feasible with GaN materials.

We then characterized the optical properties of AlyGa;«N epilayers in the
1550 nm wavelength region experimentally, including the refractive indices and the
impact of Al concentrations. We designed various functional optical devices based on
the single-mode ridged optical waveguides using GaN/AlGaN heterostructures. The
devices were then systematically characterized for their operation in the 1550 nm
wavelength window. We observed and studied the birefringence of wurtzite GaN
grown on sapphire substrate. We found that the refractive indices were different for
the signal optical field perpendicular and parallel to the crystal c-axis (n; #n,).
More importantly, we found an approximately 10% change in the index difference
An =n, —n, when varying the waveguide orientation within the c-plane, with a 60°
periodicity. This is attributed to the hexagonal structure of the nitride materials. This
knowledge will help the understanding of polarization effect in the devices and the
design of polarization independent optical waveguides. An 8-wavelength array-

waveguide grating was designed and fabricated using Ill-nitride semiconductor
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materials for the first time. The performance reasonably agrees with our design
expectation, which indicates that we have good understanding of the material
properties as well as device design rules. We have also investigated the thermal
sensitivity of the refractive index of AlGaN in the 1550 nm wavelength region, which
has been found comparable to that of silica and approximately one order of

magnitude lower than that of InP.

6.2 Future Work

This report has demonstrated our work in three areas of all-optical switching:
high level schematic designs; device structural calculations and simulations; and
experimental testing and verification. Although a foundation has been formed, there
is still plenty of room for future research in these three areas.

* New schematic designs can still be explored. For example, a ring resonator
can be used for demultiplexing or multiplexing filters. It can also be applied to
configure multiplexer by using multiple resonators [41].

We have measured the birefringence of GaN materials. However, it dill
remains a task to practically design polarization insensitive waveguides in
integrated optical circuits. The techniques include a careful choice of an angle
between a-axis and the waveguide direction in the photonic circuit design. A
special cross-section design of waveguide and an introduction of built-in
stresses in the crystal structure are worth further exploring.

» Carrier-induced refractive index changes in the GaN rectangular waveguide

have been theoretically explored and calculated. Devices designed using
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theoretical calculations and simulations have been recently fabricated. The
remaining work in this area is to experimentally measure the carrier-induced
refractive index change. There are two ways to improve in this part. One way
is to improve the sample preparation process so that we could have an ideal F-
P cavity so the experimental method introduced in Chapter 5 can till be
applied to measure the refractive index change. The other way is to develop
novel methods to do the measurement. We have already started to try some
new methods. For example, we started using a fabricated MZI device with
electrodes attached to verify the results experimentally. It can be seen that
either way is challenging.

Besides the experimental verification of carrier-induced refractive index
change, the design and location of the electrodes on or near optical waveguide
also remains to be explored. We will then have a solid foundation to fabricate
and characterize the active optical devices we proposed in this dissertation.
After the verification of the carrier-induced refractive index change
experimentally, a series of measurements needs to be taken to measure the
effective refractive index changes with different carrier concentrations in
waveguide samples. Then we can compare the experimental results with the
theory to verify some key parameters we had chosen in the theoretical
calculations.

A thorough research in the mechanism of optical power loss needs to be

carried out. For example, losses could be due to coupling to radiation modes
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or due to scattering [41]. Understanding this loss mechanism could help us to
design low loss waveguides. For example, we can reduce the loss due to
scattering by using geometries that can minimize the mode overlap with the
rough sidewalls of the waveguide [41].

There are some approximations we made when investigating temperature
sensitivity of the refractive index for GaN materials. This temperature
characteristic needs to be verified experimentally.

Recently, silicon has been widely investigated and applied as a new material
for optical devices due to the recent realization of sub-micrometer-size
photonic structures [41][79]. Besides the channel waveguides and ridge
waveguides, novel waveguide configurations such as photonic-crystal
waveguides and slot waveguides have also been proposed [41]. Because of the
high refractive index of silicon, confined bent waveguides with small radii can
be realized. Although there is a big difference between the materials of Silicon
and I11-Nitrides, the basic principles in theory, in architecture designs, and in
experimental methods are very similar. Therefore we can extend our research
method presented in this dissertation into silicon applications in optical

telecommunications.

187



7. Bibliography

[1] Rajiv Ramaswami and Kumar N. Sivaraja@ptical Networks, A Practical
Perspective?" Ed, Academic Press, San Francisco, 2002.

[2] R.P. Khare,Fiber Optics and OptoElectronic€Oxford University Press, New
Delhi, 2004.

[3] Gerd KeiserOptical Fiber Communicationd® Ed, (McGraw-Hill, Boston, 2000).
[4] M. F. Dautartas, A. M. Benzoni, Y. C. Chen andEs Blonder, “A Silicon-based
moving-mirror optical switch,JEEE/OSA Journal of Lightwave Technolo¥pl.

10, pp. 1078-1085, 1992

[5] L. Y. Lin, E. L. Goldstein, J. M. Simmona and R. VWkach, “Free-space
micromachined optical switches with submillisecond «hiitg time for large-
scale optical crossconnectdEEE Photonics Technology Lettergol. 10, pp.
525-527, 1998.

[6] C. R. Dorr, C. H. Joyner, L. W. Stulz and R. MomhafWavelength-division
multiplexing cross connect in IGPIEEE Photonics Technology Lettekfol. 10,

pp. 117-119, 1998.

[7] C. G. P. Herben, D. H. P. Maat, X. J. M. LeigeM. R. Leys, Y. S. Oei and M. K.
Smit, “Polarization independent dilated WDM cross-catnen InP,” IEEE

Photonics Technology Lettefgol. 12, pp. 1599-1601, 1999

188



[8] M. K. Smit and C. van Dam, “PHASAR-based WDM-devicBsinciples, design
and applications,TEEE Journal of Selected Topics in Quantum Electrorics.

2, No. 2, pp. 236-250, 1996.

[9] S. Nakamura and G. Fasdlhe blue laser diodeqSpringer-Verlag, Berlin,

Heidelberg, New York, 1997).
[10] Nitride News,Compound Semiconductdrol.3, page 4, 1997.

[11]S. Taherion, R. Hui and K. Nordheden, M. GoanoBAldanzi, and H. X. Jiang
“Experimental and theoretical study of refractive imdicof wurtzite GaN thin
film from visible to infrared,” Integrated Photonics Research Conference

Monterey, California, June 13 —15, 2001

[12] Luying Zhou,et al, “Development of a GMPLS-Capable WDM optical network
testbed and distributed storage applicatidBEE Communications Magazineol.
44, issue 2, pp. 23 - 29, 2006.

[13] Guangzhi Li; Dongmei Wang; Yates, J.; Doverspike Kalmanek, C, “Detailed
study of IP/ reconfigurable optical networksBroadband Networks, 2004.

BroadNets 2004. Proceedings. First International Confereppet4-73, 2004.

[14]Kyeong Soo Kim,et al “Design and Performance Analysis of Scheduling
Algorithms for WDM-PON Under SUCCESS-HPON ArchitecturdEEE

Journal of Lightwave Technologyol. 23, pp.3716-3731, 2005.

[15] Yikai Su, et al “A Multirate Upgradeable 1.6-Tb/s Hierarchical OADM

Network”, IEEE Photonics Technology Lettex®l. 16, pp.317-319, 2004.

189



[16] Zhaoxin Wang, Chinlon Lin, and Chun-Kit Chan, “Dempagon of a Single-
Fiber Self-Healing CWDM Metro Access Ring Network With directional

OADM”, IEEE Photonics Technology Lette®l. 18, pp.163-165, 2006.

[17] Michael Vasilyev,et al “Broadcast and Select” OADM in 88 10.7 Gb/s
Ultra-Longhaul Network”|EEE Photonics Technology Letterol. 15, pp.332-
334, 2003.

[18]June-Koo Rhee, loannis Tomkos, and Ming-Jun Li, “A Biast-and-Select
OADM Optical Network With Dedicated Optical-Channel Prtitet, IEEE
Journal of Lightwave Technologyol. 21, pp.25-31, 2003.

[19]A. Yariv, Optical Electronics in Modern Communication®xford University
Press, 1997.

[20]H. Takahashi, K, Oda, H. Toba, Y. Inoue, “TransmigsOharacteristics of
Arrayed WaveguidéN x N Wavelength Multiplexer”J. of Lightwave, Technol.
vol. 13, pp. 447-455, March 1995.

[21] “What is MEMS Technology?”

URL: http://www.memsnet.org/mems/what-is.html

[22]C. Dragone, “AnN x N optical multiplexer using a planar arrangement of two

star couplers,TEEE Photon. Technol. Lettol. 3, pp. 812-815, Sept. 1991.

[23]C. Dragone, C. A. Edwards, and R. C. Kistler, “Intggd opticsN x N
multiplexer on silicon,”IEEE Photon. Technol. Lettiol. 3, pp. 896-899, Oct.

1991.

190


http://www.memsnet.org/mems/what-is.html

[24]Y. Tachikawa, Y. Inoue, M. Kawachi, H Takahashi, and koue, “Arrayed-
waveguide grating add-drop multiplexer with loop-back optihs,”Electron.

Lett, vol. 29, pp. 2133-2134, Nov. 1993.

[25]H. Takahashi, O. Ishida, K. Oda and H. Toba, “Anticdalksarrayed-waveguide
add-drop multiplexer with foldback paths for penalty fre@ms$mission, Electron.

Lett, vol. 30, pp. 2053-2055, Nov. 1994.

[26]S. Matsuo, Y. Yoshikuni, T. Segawa, Y. Ohiso and H. Okamth Widely
Tunable Optical Filter Using Ladder-Type Structul&EE Photon. Technol. Lett.

vol. 15, pp. 1114-1116, Aug. 2003.

[27]C. R. Doerr, “Proposed WDM Cross Connect Using and&tlaArrangement of
Waveguide Grating Routers and Phase Shiftée€’E Photon. Technol. Lettol.
10, pp. 528-530, Apr. 1998.

[28]C. R. Doerr, C. H. Joyner, L. W. Stulz, and R. Mah “Wavelength-Division
Multiplexing Cross Connect in InNPJEEE Photon. Technol. Lettol. 10, pp.

117-119, Jan. 1998

[29] R. Hui, et al “GaN-based waveguide devices for long-wavelength optical

communications”Appl. Phys. Lettyol. 82, 1326(2003).

[30]lvan Kaminow, Tingye LiQOptical Fiber TelecommunicationslV @Gomponents
Chapter 9, Academic Press, San Diego, 2002.

[31]BeamPROP AWG Utility Version 2 Rsoft, Inc. Research Software.

[32] C. Dragone, “Optimum design of a planar arrayapiered waveguides)J. Opt.

Soc. Amer.Avol. 7, pp. 2081-2091, 1990.

191



[33]K. Okamoto Fundamentals of Optical Waveguidégademic Press, 2000
[34]R. Hui, et al, “lll-Nitride-Based Planar Lightwave Circuits for Lgriwavelength
Optical Communicatioris IEEE J. Quantum Electranvol. 41, no. 1, pp.100-110,

Jan, 2005.

[35]B. R. Bennett, Richard A. Soref, Jesus A. Edl Alafi@arrier-Induced Change
in Refractive Index of InP, GaAs, and InGaAsEEEE J. Quantum Electronvol.

26, pp.113-122, 1990.

[36]K. Ishida, H. Nakamura, H. Matsumura, T. Kadoi, and néuk, “InGaAsP/InP
optical switches using carrier induced refractive indeange,” Appl. Phys. Lett.
vol. 50, pp.141-142, 1987.

[37]W. Kowalsky and K. J. Ebeling, “Optically controllechhsmission of InGaAsP
epilayers,”Opt. Lett, vol. 12, pp. 1053-1055, 1987.

[38] J. G. Mendoza-Alvarez, R. H, Yan and L. A. Coldr&ygntribution of the band-
filling effect to the effective refractive-index change double-heterostructure
GaAs/AlGaAs phase modulators,” Appl. Phys.yol. 62, pp. 4548-4553, 1987.

[39] J. G. Mendoza-Alvarez, L. A. Coldren, A. Alping, R, Man, T. Hausken, K.
Lee, and K. Pedrotti, “Analysis of depletion edge trarmsia lightwave
modulators,”J. Lightwave Technglvol. 6, pp 793-808, 1988.

[40] J. Manning, R. Olshansky, and C. B. Su, “The carnduced index change in
AlGaAs and 1.3um InGaAsP diode laserdEEE J. Quantum Electronvol. QE-

19, pp 1525-1530, 1983.

192



[41] Michal Lipson, “Guiding, Modulating, and Emitting Lighon Silicon—
Challenges and Opportunities]. Lightwave Techngl.vol. 23, pp 4222-4238,
2005.

[42] E. Burstein, “Anomalous optical absorption limitinSb” Phys. Rey.vol. 93, pp

632-633, 1954.

[43] T. S. Moss, G. J. Burrell, and B. ElliSemiconductor Opto-electronicklew
York: Wiley, 1973, pp 48-94.

[44]B. R. Bennett, Richard A. Soref, “Electrorefractiand electroabsorption in InP,
GaAs, GaSb, InAs, and INSHWEEE J. Quantum Electronvol. QE-23, pp.2159-
2166, 1987.

[45]A. Yariv, Optical Electronics, 3rd ed. New York: HoRjnehart and Winston,
1985, pp. 474-478.

[46]E. Michael, et alProperties of Advanced Semiconductor Materials, GaN, AIN,
InN, BN, SiC, SiGelohn Wiley & Sons, Inc., New York, 2001.

[47]J. F. Muth, J. H. Lee, I. K. Shmagin, R. M. Kolbkis,C. Casey, Jr., B. P. Keller,
U. K. Mishra, and S. P. DenBaars, “Absorption co@fit, energy gap, exciton
binding energy, and recombination lifetime of GaN obtaifiedh transmission
measurementsAppl. Phys. Lett71, 18(1997), 2572-2574.

[48] J. D. Dow and D. Redfield, “Toward a unified theory Wifbach’s rule and

exponential absorption edges,” Phys. Rev. B, vol. 5, pp63941972.

193



[49] C. H. Henry, R. A. Logan, and K. A. Bertness, “Spalcdependence of the
change in refractive index due to carrier injection aAG lasers,” J. Appl. Phys.,
vol. 52, pp. 4457-4461, 1981.

[50]Shun Lien Chuang?hysics of Optoelectronic Devigebohn Wiley & Sons, New
York, 1995.

[51]E. A. J. Marcatili, “Dielectric rectangular wavedaiand directional coupler for
integrated optics,Bell Syst. Tech. 48, 2071-2102 (1969)

[52]E. A. J. Marcatili, “Slab-coupled waveguide®ell Syst. Tech. b3, 645-674
(1974)

[53]Katsunari Okamotd-undamentals of Optical Waveguid@sCADEMIC PRESS,
San Diego, 2000.

[54]M. Levy, L. Eldada, R. Scarmozzino, R.M. Osgood, JS,.P. Lin, and F. Tong,
“Fabrication of Narrow-Band Channel-Dropping Filteri2EE Photon. Technol.
Lett.vol. 4, p. 1378, 1992.

[55]L. Eldada, M. N. Ruberto, M. Levy, R. Scarmozzino, &dM. Osgood, Jr.,
“Rapid Direct Fabrication of Active Electro-Optic Modtdrs in GaAs”,J.

Lightwave Tech.yol. 12, p. 1558, 1994.

[56]I. llic, R. Scarmozzino, R.M. Osgood, Jr., J.T. flay, K.W. Beeson, and M.J.
McFarland, “Modeling Multimode-Input Star Couplers in PolysierJ.

Lightwave Tech.vol. 12, p. 996, 1994.

[57]l. llic, R. Scarmozzino, R.M. Osgood, Jr., J.T. YMay, K.W. Beeson, and M.J.

McFarland, and J. Schweyen, “Photopattermed Polymettirtkhde 8x8 Star

194



Couplers: Comparative Design Methodologies and Devieasurements'|EICE
Trans. Communvol. E80-B, 1997.

[58] L. Eldada, R. Scarmozzino, R.M. Osgood, Jr., D.@ttS¥. Chang, and H.R.
Fetterman, “Laser-Fabricated Delay Lines in GaAsOptically-Steered Phased-
Array Radat, J. Lightwave Tech.vol. 13, p. 2034, 1995.

[59] M.H. Hu, Z. Huang, K.L. Hall, R. Scarmozzino, andvR.Osgood, Jr., “An
Integrated Two-Stage Cascaded Mach—-Zehnder Device in GaAkighiwave
Tech., vol. 16, pp. 1447-1455, 1998.

[60]M. Hu, R. Scarmozzino, M. Levy, and R.M. Osgood, JA, low-loss and
compact waveguide y-branch using refractive index taperiPigdton. Tech. Lett.
vol. 9, pp. 203-205, 1997.

[61] R. Scarmozzino, R.M. Osgood, Jr., L. Eldada, J.TdMg, Y. Liu, J. Bristow, J.
Stack, J. Rowlette, and Y.S. Liu, “Design and Fabmcatof Passive Optical
Components for Multimode Parallel Optical LinkSPIE Photonic West Meeting
San Jose, CA, vol. 3005, p. 257, 1997.

[62] M. Hu, J.Z. Huang, R. Scarmozzino, M. Levy, and R®4good, Jr., “Tunable
Mach-Zehnder polarization splitter using height-taperedaydhes”, Photon.
Tech. Lett.vol. 9, pp. 773-775, 1997.

[63] J. Fujita, M. Levy, R. Scarmozzino, R.M. Osgood, 0r. Eldada, and J.T.
Yardley, “Integrated Multistack Waveguide PolarizéPhoton. Tech. Lettyol.
10, pp. 93-95, 1998.

[64] BeamPROP" Version 5.0, Rsoft, Inc

195



URL: http://www.rsoftinc.com

[65] T. N. Oder, J. Y. Lin and H. X. Jiang, “Propagatioropmrties of light in
AlGaN/GaN quantum-well waveguides,” Applied Physics Lattarol. 79, pp.

2511-2513, 2001

[66]Max Ming-Kang Liu, Principles and Applications of Optical Communications

McGraw-Hill, Inc., Chicago, 1996.

[67] K. B. Nam, J. Li, M. L. Nakarmi, J. Y. Lin, and BX. Jiang, "Achieving highly
conductive AlGaN alloys with high Al contents,” Applhy3. Lett. Vol. 81, pp.
1038-1040, 2002.

[68]V. Fiorentini, F. Bernardini, F. Della Sala, A. Daflo and P. Lugli, “Effects of
macroscopic polarization in 111-V nitride multiple quantwmells”, Phys. Rev. B,
60, 8849, (1999)

[69]S. Ghosh, P. Waltereit, O. Brandt, H. T. Grahn andHKPloog,“Polarization-
dependent spectroscopic study of M-plane GaN-aiAlO2”, Appl. Phys. Lett.

80, 413 (2002)

[70]T. N. Oder, J.Y. Lin and H.X. Jiang, “Fabricatiorda@ptical Characterization of

[1I-Nitride Sub-micron WaveguidesAppl. Phys. Lett.vol. 79, pp. 12-14, 2001

[71]M. Zirngibl, C. H. Joyner and P. C. Chou, “Polatiaa compensated waveguide
grating router on InP,” IEE Electronics Letters, V81, No. 19, pp. 1662-1664,

1995.

196


http://www.rsoftinc.com/

[72] H. Bissessur, P. Pagnod-Rossiaux, R. Mestric, arfddstin, “Extremely small
polarization independent phased-array demultiplexersnéy’ IEEE Photonics

Technology Letters, Vol. 8, No. 4, pp. 554-556, 1996.

[73] J. Sarathy, S. Chandrasekhar, A. D. Dentai, andR.CDoerr, “Polarization
insensitive waveguide grating routers in InP,” IEEE Phatmechnology Letters,

Vol. 10, No. 2, pp.

[74] IEEE J. Quantum Electronics, Special IssueStrained-layer Optoelectronic
Materials and Devicesvol. 30, No. 2, 1994.

[75] T. Kakitsuka, Y. Shibata, M. Itoh, Y. Kadota, Y. Tohmnand Y. Yoshikuni,
“Influence of buried structure on polarization sensitivity strained bulk
semiconductor optical amplifiers,” IEEE J. Quantum Etatics, Vol. 38, No. 1,

pp. 85-92, 2002.

[76] M. Okuno, K. Kato, Y. Ohmori, M. Kawachi and T. Mataga, “Improved 8x8
integrated optical matrix switch using silica-based plariggatwave circuits,”

IEEE/OSA Journal of Lightwave Technology, Vol. 12, pp97-1605, 1994.

[77] N. Takato, T. Kominato, A. Sugita, K. Jingugi, H. Todad M. Kawachi,
“Silica-based integrated optical Mach-Zehnder multi/diiplexer family with
channel spacing of 0.01 — 250nm,” IEEE Selected areas in Comrioimg;a/ol.

8, No. 6, pp. 1120-1127, 1990.

197



[78] U. Tisch, B. Meyler, O. Katz, E. Finkman and alzghan, “Dependence of the
refractive index of AlGaxN on temperature and composition at elevated

temperatures,” J. Appl. Phys., Vol. 89, No. 5, pp. 2676-2685, 2001.

[79] R. C. Johnson. (2002). “Intel reveals long-term gdafssilicon photonics,
sensors,” Electron. Eng. Times. Available:

http://www.eetimes.com/semi/news/OEG20020228S0033

198


http://www.eetimes.com/semi/news/OEG20020228S0033

