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ABSTRACT

Single-frequency and mode-locked silver film ion-exchanged glaseguide lasers
as well as all-optical clock recovery based on birefringéet fresonators have been
experimentally and theoretically studied. The theory, modeling fabdcation
process of silver film ion-exchange techniques, have been discussed and presented.
The UV-written gratings on both I0G-1 active and passive dlass been studied.
For the first time, with a high quality narrowband grating-pihted on the passive
section of a hybrid glass, a DBR waveguide single-frequerseyr lis demonstrated
with the linewidth less than 1 MHz and the output power of 9 mW.

Novel saturable absorbers based on a fiber taper embedded in carbambemnot
(CNTs)/polymer composite were demonstrated. The saturable alssomer utilized

to build mode-locked fiber lasers, which were studied experimenfaliyode-locked
ring laser utilizing an Er-Yb-codoped glass waveguide as thergadium was also
demonstrated. In addition, short cavity mode-locked waveguide lasers with fNT
on the top were theoretically investigated, which shows a shoty cawde-locked
waveguide laser is very promising.

A new concept to perform multi-channel multi-rate all-optidack recovery based
on birefringent fiber-optic waveguide resonators was discus$edcdncept has been
advanced to polarization-insensitive operation. The experimental resulisgdda a

proof-of-concept, agree well with numerical simulations.



Chapter 1

INTRODUCTION

1.1 Glass waveguide laser fundamentals

Boosted by extremely fast growth of optical communications, more raock
attention has been drawn into integrated optics, which has the gdaveloping
miniature optical components with different functionalities on arnom substrate.
Glass is considered to be a good material for passive integnatiedl components
with low cost and low propagation losses, because it can be mtuexgellent
homogeneity and high purity in a variety of forms and sizes.

Owing to its high transmission in the visible wavelength rangessghas been long
used to fabricate various optical components, such as lenses and prigimstmore
glass can be doped with rare earth ions, high refractive indes and
micro-crystallites, therefore a wide range of propertiaa be achieved to meet
various applications. The most fundamental building block of optical Btegdr
circuits is a channel waveguide. Except optical communication filmerswhich
nowadays telecommunication is based, lots of passive optical compaarents
fabricated using silica-based optical waveguides. Those componehide, arrayed
waveguide gratings (AWG), optical add/drop multiplexer, NxN magwmitches,

filters and so on.



In order to integrate active and passive devices in the sameaselpdifferent active
glass components such as lasers and amplifiers have been develdpst tivo
decades. Since glass can be made with uniformly distribute@aeteconcentrations,
rare-earth doped fibers have been by and large used as ampiifiesptical
communication systems and optical sources. In addition, glass wavégsede are
another interesting subject for the development of compact laser sources afigrampli
devices.

It's well known that materials for laser operation need havedi@ning properties,
sharp fluorescent lines, strong absorption bands, reasonably high quafitiencsf
for the fluorescent transition of interest and reasonable long fheedife time.
Trivalent lanthanide ions have been the most extensively used amtsebecause
there are many fluorescing states and wavelengths to chooseafmamg the 4f
electron configurations. Rare-earth ions of the lanthanide skaes an atomic
number between 89 and 103. They are relatively insensitive to hostatsaded can
keep their narrow atomic-like spectra. Meanwhile a large numbexafed states
that are suitable for optical pumping and subsequent decay to iaele-states have
high quantum efficiencies. Therefore rare-earth doped glasséavarable for laser
application. The most common rare-earth ions used in laser ajpigaare
neodymium, erbium, ytterbium, thulium, holmium, and so on.

With these rare-earth ions doped glass, fiber lasers opedsdtdifferent wavelengths

have been built. Most important, erbium doped fiber amplifiers (ED&#gbled



dramatic growth of optical fiber communication. For the ramthedoped glass
waveguides, they can also offer an unusual method to build compact aneneffi
laser devices, including coupled-cavity, single-frequency, tunablewit@hed,
mode-locked, or frequency-doubled lasers. The first report [M. V. Babudbah
1985] on active glass planar waveguides was by Babukova et al. whodforme
multimode planar waveguides in highly Naioped silicate glass by*kand Ad ion
exchange and investigated their amplifying properties with wveaes flash lamp
pumping. Continuous wave laser operation was achieved at 1.05 pum with a
Nd**-doped silica multimode waveguide fabricated on a Silicon suédtra Hibino

et al. 1989]. The first truly single-mode glass channel wavedagis at 1.058 pum
was demonstrated on a Neloped BK7 substrate by using a two stepN&’ ion
exchange [E. K. Mwariana et al. 1991]. In the same eafitst EF*-doped silica
waveguide laser fabricated with the flame hydrolysis deposiiétD) process on a
silicon substrate was presented [T. Kitagawa et al. 1991]. Thereaere were many
research works on Erdoped and Ef-Yb*-codoped waveguide lasers and
amplifiers. Especially arrayed ion-exchanged"floped glass waveguide lasers have
been studied and shown to have potential application in the field afrsessd in
telecommunications [D. L. Veasey et al. 1999; P. Madasamy et al. 30@&2aize et

al. 2003].

The most popular technique to fabricate glass waveguide structime-éxchange,

which allows as low propagation loss as 0.01 dB/cm [S. |. Na]®&®92]. This



technique will be discussed in the next chapter. Flame hydrolysasitien (FHD)
and reactive ion etching (RIE) techniques can be used to fabrickie-shape
waveguide lasers on Silicon substrate [M. Kawachi 1990; R. Tummateil. 1991].
In addition, rare-earth ions can be locally doped into glass stésstogt using ion
implantation [D. P. Shephered et al. 1994].

With a active ions doped channel or ridge waveguide, to build a wavelgsiele
oscillator still needs two mirrors directly coated or butt-codigieto the cleaved ends
of the waveguide. One is high reflection (HR) mirror and the agheutput coupler.
A coated fiber facet is a good choice for HR mirror, becausanitdeliver the pump
light or output laser signal simultaneously. However, butt couplingya suffers
from a relative difficult alignment and is sensitive to the mmmnental disturbance.
So a distributed Bragg reflectors (DBR) grating is a another ehtmcprovide
feedback. This type of waveguide laser was proposed by S. I. Najafi et abatindd
first time in [J. E. Roman et al. 1992]. A surface reliefiggacan be fabricated by
RIE or lon-milling to transfer the photoresist grating to thesgy However several
steps of this process have to be completed in the clean room, whidah ima
time-consuming and cost-ineffective. So UV-written Bragg gratamgsmuch more
preferred because it can not only simplify the process butiapmve the laser
efficiency without coupling light out of cavity from the waveguideface. Another
benefit of Bragg gratings is narrow bandwidth reflection, which esalsingle

frequency waveguide lasers.



As the semiconductor laser diode fabrication processes become nwrenae
mature, high power single-mode laser diodes (LDs) at variouglersgths are
available while the cost is reducing. So for the waveguidedakigh-brightness LDs
provide compact and efficient pump sources.

Comparing to semiconductor, waveguide lasers have some importantagks. Low noise
and narrow line-width of glass waveguides lasers are due tailieecond order upper state
life time in glass materials. On the contrary, semicondsdtave very short upper state life
time (the order of nanoseconds), which results in undesirableidlian in intensity and
phase. And also lower spontaneous emission rate make pulsed ggasshiave low timing
jitter. Even in contrast to fiber lasers, glass waveguide laserslbsestrior in some aspects.
For example, waveguide lasers on glass substrates can atkgvaiton of other passive
optical components on the same chip. What's more, glass wdeetasers could be very

short, which make a mode-locked laser with high fundamental repetition ratel@os

1.2 Fiber resonators for optical communications

An optical resonator, also called optical cavity, is an opticakesyshat can allow
light to circulate in a closed path. Resonators can be composétesflrulk optics,
like two mirrors in the air, or optical waveguides. Of course, apfiber itself can
form a resonator, i.e. optical fiber resonator. Fiber resonatboid be either linear or
ring. In linear fiber resonators, which usually is a piece lwdrfiwith a pair of plane

parallel mirrors on both ends, light propagates in both directionfamdeams in



opposite direction can interfere each other to form a standing-pettern. Fiber ring
resonators have no end mirror and light can circulate in twotidinsanside the ring.
There are very broad applications for fiber resonators. One afitst important
applications is to build fiber lasers, in both linear and ring gadecause optical
fiber is not sensitive to environmental effects, a little chamigeptical properties
inside a high finesse fiber resonator could introduce obvious &iteraf the
resonator’'s characteristics, which can be used as sensors. Cagtgdown
spectroscopy is a very good example to measure very low lessglihside the
resonator. Fiber ring resonators can also be used to make Yitmscgpes, unlike
traditional spinning-mass gyroscopes, which have no moving parts dialiner
resistance to movement. Another important application of fiber remsnas
frequency filtering that is due to periodic transmission progertif the resonator.
This kind of resonator is also called as etalon or Fabry-Péim®} (Esonator.
Comparing to bulk-optics free space FP cavities, fiber FP ressmare much easier
to be built, because fiber itself has very good transversal confimemieich makes
critical free-space alignment unnecessary. Also benefitiogpn mature thin film
coating technologies, FP fiber resonators can be made with highy finesse;
correspondingly the transmission bandwidth can be very narrow in order to help select
frequency finely. In nonlinear operation condition optical fiber loeponators may

be used to make an all-optical fiber bistability device.



A FP fiber resonator usually has two high reflection mirros ahort piece of fiber,
and those mirrors could be dielectric mirrors, metal mirrorBber Bragg gratings.
The transmission characteristics of FP fiber resonatorbeaterived by considering
it as multi-beam interference process. Assume a fiber resadmas two mirrors with
reflectivity of R andR,, the fiber length df and the effective refractive index rof

then the resonator transmission

@ R)Q R)
1 JRR,1*> 4JRR,Sir( /2)

Where 4nl is the round-trip phase shift, and is the wavelength of injected

(1.1)

light in vacuum. From Eq. 1.1, we can see the transmission is the pdtindiion of
round trip phase shift. When 2m , m is arbitrary integer, the transmission is
high. The period of transmission spectrum in term of frequencylisdcthe free

spectral range (FSR), which is described as

c

ol (1.2)

c is the speed of light. It's clear that, in frequency domainrémesmission of the
fiber resonator peaks every. IfR R, R, the transmission versus frequency for

different R is plotted in Fig. 1.1.
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Fig. 1.1 Transmission spectra of FP fiber resonators.
The bandwidth of transmission peaks depends on the refle®ivithe largerR s,
the narrower the peak is. If the full width at half-maximum W of transmission

is v, finesse is defined as free spectral range divided biF\tidM, i.e. F

JR

If R is large, approximately TR So in order to get high finesse resonators,

v .

mirrors with very high reflection are required.

Because of this transmission characteristic of FP fiber remsnshey can be used as
frequency filters. Particularly these filters can be wdizo recover clock signals in
optical communications. In 1990 all-optical timing extraction was cestnated by

using an optical tank circuit [M. Jinno et al. 1990]. The optical tarduitiactually is



just a free-apace FP resonator. And in that scheme, the deedeency coincides
with the transmission comb of the resonator and the free spectgd (FSR) is equal
to the data rate of the incoming optical data stream, so ¢k thnes of the signal
match with the resonator transmission bands and the clock canrdbeteckt The main
advantages of this method are its ultra-high speed operationnaplé sionfiguration.
The shorter the resonator is, the higher speed it can process, for example, a 2.5 mm FP
fiber resonator has FSR of ~40GHz. Multi-wavelength clock recoopeyation was
also discussed in [X. Zhou et al. 2001]. For multi-wavelength dparahe channel
spacing must be several times of the resonator FSR. This nimearesbnator length
has to simultaneously fulfill three independent requirements, whieh carrier
frequency, data rate and channel spacing. Therefore it's hardke ansimple FP
resonator work in multi-wavelength. However, a novel multi-waveltenghd
multi-data-rate clock recovery scheme based on a birefringeohates and a
polarizer was proposed and demonstrated [T. Lerber et al. 2006; @. 20@8]. The

detail discussion is in the chapter 5.

1.3 Outline of this dissertation

This dissertation is organized as follows.
Chapter 2 introduces the basics of ion-exchange waveguides, studtbsdheand
the modeling of this glass waveguide fabrication technique and disciisse

fabrication process of ion-exchange waveguides.



Chapter 3 first reviews the silver film ion-exchange technayek discusses building
Er-Yb-codoped waveguide lasers. Results of the experimentaotbazation of a
short cavity silver film ion-exchanged 10G-1 phosphate waveguider lare
presented.

Then the UV-written gratings on both I0OG-1 active and passiassghre studied.
With a grating UV-printed on the passive section of a hybridsg®BR waveguide
single-frequency laser is demonstrated. The laser performancieding laser
threshold, slope efficiency, maximum output power and laser linevadthjescribed
for different waveguide annealing-times and active waveguide lengths.
Subsequently, the laser performance is improved by post-bake agnaatl active
waveguide shortening; theoretical studies and experimental results seetpce
Chapter 4 reports a novel saturable absorber based on a fibertapedded in
carbon nanotubes (CNTs)/polymer composite. The characteristicsngie wall
CNTs are discussed and the preparation of this new saturable eabisodescribed.
The saturable absorbers are then utilized to build mode-locked fiveguide lasers,
which are studied experimentally.

In addition short cavity mode-locked waveguide lasers with CNifisdn the top are
theoretically investigated.

Chapter 5 reviews a new concept to perform multi-channel nadtiall-optical clock
recovery based on birefringent fiber-optic waveguide resonators.cdheept is

advanced to polarization-insensitive operation; experimental results aeniae.



Finally chapter 6 concludes the studies of single-frequency and rmcidkl
waveguide lasers as well as of polarization-insensitive optloak recovery based

on birefringent fiber-optics waveguide resonators.



CHAPTER 2

ION-EXCHANGED WAVEGUIDES

2.1 Basics of ion-exchange

Generally speaking, ion-exchange is an exchange of ions betweerubstarse
containing free ions. One example is coloring glassware bythexchange method.
The reason for coloring is the fact that the ions introduced intgl#ss can change
its spectral attenuation. This method can not only change the t@acteristics of
glasses over wide limits but also increase their strengthméteshock resistance,
chemical stability, and microhardness at the same time [N.efesWichagina et al.
1986]. The other example is called "staining", ion-exchange betweemsat the
glass and hydronium ions {8+) in water which result in a silica-rich surface layer
that causes an interference color at the layer.

For the ion-exchange in glass, it usually happens betweensaagidsither a molten
salt or a metal film. In this case an ion in the glassimea#n be replaced by another
ion with the same valence from the molten salt or thin filmhwite help of an
elevated temperature and electric field.

The ion-exchange technique was used to fabricate Gradient InddX ) Gfaterials
[H. Kita et al. 1971]. This technique is widely used in this appbocatiecause of its

simple instruments and control processes. In [H. Kita et al. 197 fijfess and rods



with radially parabolic refractive index distributions were pratubdy exchanging
potassium ions from a salt bath or a lower-index cladding glaghdtium ions in

the glass composition. The refractive index profile is mainly radeted by the
diffusion profile of exchanged-in ions, which can be controlled by mo#alt
concentration, diffusion time, diffusion temperature and other parameters.

Since this process can produce a gradient index profile insidgeglder sure it can

be used to fabricate glass waveguides. The first ion-exedamgveguide was
demonstrated on borosilicate glass with a combined-TNa and T - K*
ion-exchanges from molten salt [T. Izawa and H. Nakagome 197#jelfollowing
years, a lot of research focused on understanding the ion-exchange processngmpr
waveguide fabrication repeatability and characterizing waveguUmlascated with

this technique [T. G. Giallorenzi et al. 1973; G. Steward et%7; R. G. Walker et

al. 1983; S. Honkanen and A. Tervonen 1988; S. I. Najafi 1992]. Various dopant ions,
including Ag, CsS, Rb’, K*, and Li have been used for ion-exchange [R. V.
Ramaswamy and R. Srivastava 1988].

As the ion-exchange technique was getting mature, it has beetousaitt different
passive integrated optics devices, such as waveguide couplers [S. Homekaale
1993], non-symmetric Mach-Zehnder interferometers [W. J. Wang €092], ring
resonator gyroscopes [Carriere 2004], and UV-written Bragg ngsation
ion-exchanged waveguides [J. Albert et al. 2005]. In addition, ion-exchanged

waveguides fabricated in glass doped with PbS quadtishwere reported without



changing glass properties [J. M. Auxier et al. 2004], and gh@wvs the potential
application for nonlinear devices.

Driven by the rapid growth of optical communications, erbium doped waveguide
amplifiers has drawn many researchers’ attention. Combiningiahv@xchange
technique and heavily erbium doped glass substrates makes integratedst and
compact waveguide amplifiers possible. However only modest gaibeachieved

[P. Madasamy 2003]. These amplifiers can be used to compensate losses in the optica
communication system. One major advantage of waveguide amplifierstioie
fiber-based counterparts is that they can be integrated with pagsiments onto a
same substrate at an attractive cost.

An ion-exchanged waveguide laser is another important recent tesepic This is
mainly due to the novel phosphate glasses, in which high concentratidnurh end
ytterbium can be co-doped without significant concentration quenchintizirdgi
surface relief gratings, waveguide laser arrays have besmondtrated by either
molten salt or silver film ion-exchanges [D. L. Veasey e1989; P. Madasamy et al.
2002]. The ion-exchanged waveguide laser could be tuned from 1525nm to 1564nm
with an external cavity configuration [D’ L. Veasey et al. 200R¢cently a single
mode operation of an Er-Yb-codoped DBR ion-exchanged waveguide laser wa
demonstrated in a hybrid substrate utilizing a UV-written Brageting.
lon-exchanged waveguides were also reported to deliver mode-lobkedpsilses

with the help of semiconductor saturable absorbers (SESAMs) [Hhée et al.



2000; J. B. Schlager et al. 2003]. With single wall carbon nanotubeds{CN
employed as saturable absorbers, a mode-locked ring laser hadebsmmstrated by
using an ion-exchanged Er-Yb-codoped planar waveguide as the gainnmiggli
Wang et al. 2008].

Except waveguide amplifiers and lasers, an active waveguideresonator was
demonstrated in a neodymium-doped glass by using ion-exchangesaloa to use
active waveguide is that the gain from pump can make the effeutipagation loss
as low as 0.013 dB/cm in the waveguide, and the finesse can be eng@atly [H.

Hsiao and K. A. Winick, 2007].

2.2 Theory and modeling

Multicomponent oxide glasses have three major constituents, classiftedding to
the bond strength between citations and oxygen atoms. Network fotikerSjO,,
B.O;, GeQ, PO, and AsOs; have strong bonds and high viscosities at all
temperatures. Network intermediates, like ZnO and PbO, can s$teentite glass
network. Network modifiers, like CaO Ma and kO, have loose bonds with the rest
of the network and they are added to glasses to change cedpgrtjgs. Because
these network modifiers are ionically bound to oxygen atoms and riility
increases as temperature rises, under appropriate conditionsk#ifieials from

network modifiers can be exchanged with other alkali ions from either a moltem sal



metal thin film. And this process is called ion-exchange, destrby the chemical
reaction

OA, 2B OB, 2A
where OA, is a network modifier, andA , B are two different alkali ions. For
ion-exchanged waveguides, most tinde is sodium ion (N§ and B could be
silver ion (Ad) or potassium ion (K. Because oxygen atoms in the network
modifiers are tightly attached to the remaining glass netvedtér ion-exchange, the
basic glass structure has little change but various glass pespevuld be modified.
Especially the refractive index can be changed locally, becausexchanged ions
have different size and polarizability.
So what makes exchange happen? Basically two driving mechanismbutento it.
One is thermal drive to make ions diffuse at high enough tempesafithre other is
ions drift due to the electric potential difference across thesgsurface. Usually
thermal process is used to define relatively small modeasrfguides, and
field-assisted process can form large surface wavegaitkselp to bury waveguides
inside substrate. Mostly these two forces are utilized togetBer.adjusting
temperature and applied voltage the contributions from two can ezl vtarcontrol
the index-change profile.
In order to get the index-change profile, the dopant ion concentration in the glass mus

be first calculated. Therefore it's necessary to apply sowdelimg methods to ion



exchange process. For the electric-field assisted ion-exchange, thedldgtysation is
derived as [A. Tervonen 1992]

C D DM 1C? MJ C 2.1)
t CM 1) 1 [C(M 1) 1)? '

C is relative ion concentration, which is the dopant ion concentration ditagéae
constant total concentration of mobile ions in the glaBs.is self-diffusion
coefficient, which is assumed to be independent of the ion concentrdfions the
ratio of self-diffusion constants for two exchanged iods. is the total ion flux
normalized by the total concentration of mobile ions in the glass.fllix J_O is
actually the average local migration velocity of the mobiléooa in the glass, and
it's proportional to the electric current density. With appropriate baynmtanditions,
the equation (2.1) can be analytically or numerically solved indimension (slab
waveguide) or two dimensions (channel waveguide).

According to the reference [S. D. Fantone 1983], there is a liaksdion between the

refractive index change n, and the relative exchanged concentration

n, \%( R R°VOV) 2.2)

V, is the volume of glass per unit weight of oxygéonas, and R, is refraction per
unit weight of oxygen atoms in the original compiosi. V and R are changes
of these quantities after ion-exchange. In equd®a®), there are two factors to cause
the refractive index change. One is due to the ghani ionic polarizability and the

other is due to the volume change of the glass,thedatter results from the size



difference of the two ions. When the dopant ionseh&arger polarizability, the
refractive index will increase. For Ag Na exchange, the silver ion has much higher
ionic polarizability than the sodium ion, so indean be increased more where the
silver ion concentration is higher. Fof KNa exchange, the potassium ion has larger
size than the sodium ion, and there will be indusedss after ion-exchange. The
ion-exchange results in expanding only along thenaddirection to the glass surface
and it causes compressive stress in the exchamyed and tensile stress in the
substrate. Eventually this effect contributes t@ trefractive index change by
increasing the compressive region index and deicigdle tensile region index [A.
Bradenburg 1986].

Although equation (2.2), showing how to get refrgetindex change from
concentration distribution, is a simple linear tiela, it has quite good accuracy
proved by experiments. For different polarizatiom avavelength, the index change

could be different. Fortunately the approximatiam e applied.

(2.3)

For the modeling, the equation (2.1) has to beesbNJsually we do not know two
parameters D , self-diffusion coefficient, andM , the ratio of self-diffusion
constants for two exchanged ions. These two pammekeed to be extracted from
experiments. Considering one dimensional slab waideg case, the thermal change

without external electric field turns equation (2rito



c D 2? D(M 1) Zf
— X X_ (2.4)
t CM 1) 1 [C(M 1) 1]

By using different techniques, such as prism cogp|]P. K. Tien & R. Ulrich 1970],
we can obtain two mode sets for a slab waveguidghé&r the index profile can be
determined with the inverse WKB (Wentzel-KramerdiBuin approximation)
relation [K. S. et al. Chiang 1985; A. Belkhir 2Q0Zhen the obtained index profile
can be correlated with the solution of equatiod)2inally various algorithms can
be employed to extract the parameters we needgeitd accuracy.

Now with the extracted parameters, we can solve dipgation (2.1) for certain
ion-exchange processes and achieve refractive ipdeies for slab waveguides and
channel waveguides. Next what we need to do isaloutate waveguide properties,
including mode profiles, propagation constants aondon. In this step, different
methods have been used to fulfill the goal. They\AiBK analysis, effective index
method (EIM), beam propagation method (BPM), finitdedence method (FDM)
and finite element method (FEM).

For silver film ion-exchange, it was calculatedtthi@e self-diffusion coefficient and
the ratio of self-diffusion coefficients in I0G-1ags are of the order of 5x1bm?s
and 0.7 for field-assisted ion-exchange procedalincate channel waveguides (T =
95 °C, Voltage = 200 V) and 3x1dm?/s and 0.7 for the thermal annealing (T = 230

°C, Voltage = 0V) [S. Yliniemi 2007].



2.3 lon-exchanged waveguide fabrication process

The typical ion-exchange waveguide fabrication psscis presented in the Fig. 2.1.
First a thin titanium film (100-200nm) is depositew the top of the glass substrate to
work as a metal mask. Photoresist film is also-spiated on the top of the titanium
film and the desired waveguide structure can beéepad on the photoresist by
standard photolithography. Then the waveguide &irads transferred to the titanium
mask with etching process.

Next is Ad - Na ion-exchange in the molten salt bath. In this ssdper ions will be
driven into the glass substrate from molten salthgmical potential gradient, at the
same time sodium ions will be exchanged out tarie#. The molten salt is put into a
crucible in a furnace. Under desired process teatpes, the substrate with mask can
be placed into the melt and the thermal exchangambeThe thermal exchange could
only take a few seconds, so the substrate nee@ taken out quickly and cooled
down in the air. Then the residual salt on the sates surface and the titanium mask
is completely removed by etching. Now a diffusedsgl waveguide is achieved. In
order to fine tune the waveguide mode shape arefripigence, further thermal
annealing can be applied. Without external ion sewand field, thermal diffusion
helps the exchanged silver ions to redistributs. dh advantage to fabricate glass
waveguides with ion-exchange technique, becauseait relieve the stringent

requirement for fabrication process.



The thermal exchange described above may also dmmganied with the external
field. In this case, a voltage is applied across sbbstrate and the formed electric
field can help to drive sliver ions deeper into g@ss than the pure thermal diffusion.
And the index profile will be more step-like, whids good to from high optical
confinement.

After a series of processes, the waveguide we bawanonly has an asymmetric
profile close to the glass-air interface. This camise surface scattering because of
glass-air interface. The asymmetric shape do netrfdiber-waveguide coupling
because of mode profile mismatch. Also there walleébirefringence concern. The
field-assisted burial process could eliminate thps®blems. In burial process, the
substrate is placed between the anode and thedeathdith electric field applied,
silver ions can migrate deeper into the glass &edcbncentration profile becomes

more symmetric.
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CHAPTER 3

SINGLE FREQUENCY WAVEGUIDE LASER

3.1 Introduction

Glass waveguides offer an unusual method to rehltmenpact and efficient active
devices. Especially glass waveguides doped with earths are used to make optical
amplifiers and lasers in telecommunication wavellengands. For waveguide
amplifiers, when going through the active wavegsjdthe signal light can be
amplified by stimulated emission of photons fronpaot ions. In this event, dopant
ions are first excited into a higher energy lewekire pump laser and they radiatively
decay to a lower energy level in the form of stiatetl emission of a photon at the
signal wavelength. Applying appropriate resonattmrswaveguide amplifiers will
result in waveguide laser oscillators.

The benefits of waveguide lasers are compactneksjve high efficiency, narrow
linewidth, low noise, easy coupling to optical fib@nd flexibility of integration with
other optical passive devices. Erbium doped glamgeguides have broad absorption
band, so diode lasers are used to pump withoutgsint wavelength requirements.
The broad emission band provides laser sourceshabad wavelength range and
optical amplifiers in the entire C-band for telecoomication. The linewidth of glass

waveguides is expected to be much smaller thanofhegmiconductor lasers because



glass has much longer excited life time, smallantgdinewidth and smaller gain
cross section than semiconductors. Another advangaigs low relaxation oscillation
frequency (~500 KHz, comparing to ~1 GHz of semdmtor lasers), which enable
low relative intensity noise. A mode-locked wavelgulaser with low timing jitter [J.
B. Schlager et al. 2003; A. Schlatter et al. 2008% also demonstrated and this owes
to the low spontaneous emission rate in glass wasiedasers.

Phosphate glass is identified as an excellent datelito host Erbium and Ytterbium
ions, because these two ions can be doped withhighyconcentration without gain
reduction due to the up-conversion process. Ard#ddB/cm gain can be achieved
from Er-Yb-codoped phosphate glass waveguides. Ganciad phosphate glasses,
containing alkali ions, are designed for ion-exademprocess to fabricate channel
waveguides. In particular, I0G-1 glass, providedSmhott, is excellent for simple
and efficient silver thin film dry ion-exchange.

DBR gratings can be directly photo-written on t@gphate glass, which enables the
single frequency DBR waveguide laser. In this cegpfirst the silver thin film
ion-exchange and Er-Yb-codoped waveguides lasersntnoduced. The UV-written
gratings on phosphate glass are discussed. Andingilthese waveguides and DRB
gratings, a single frequency Er-Yb-codoped wavegléser on a hybrid substrate is

demonstrated and characterized.

3.2 Silver film ion-exchanged waveguides



Silver film ion-exchange technique has been extehgi used in waveguide
fabrication. It was first reported in [G. H. Chartiet al. 1978] In this single-step
process, silver film is the ion source and exteagalied field drive silver ions into

glass and they exchange with sodium ions.
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Fig. 3.1 Fabrication process for silver film ione&ange.
The silver film ion-exchange process is illustrated~ig. 3.1. One main difference
between silver film and molten salt ion-exchangehist silver film itself does not
contain silver ions and the external-field assistans necessary to realize
ion-exchange. Even if silver atom can be ionizedeurvery high temperature, it's

still very hard for silver ions to diffuse into thglass due to the electrochemical



potential between silver film and glass. Only witle help of eternal electric field, by
an electrochemical reaction, silver atom can bedipgd and silver ions are
introduced. Because of electric field assistanad exclusion of molten salt, silver
film ion-exchange can happen under as low tempegats 90 °C. Another difference
is that silver ion-exchange do not need titaniurpodéion and titanium etching to
work as mask, since patterned photoresist itsalbbeaused as mask.

In comparison with molten salt ion-exchange, sillen ion-exchange has its benefit.
Without using salt melts and strong etchants (fanium film etching and removing)

it is a gentle and dry technique, preventing glessgace damage. So silver film
ion-exchange technique simplifies the fabricatisacpss and reduces the scattering
loss of fabricated waveguides. It can be repeatyg well and is good for mass
production.

For the fabrication process, photoresist is fighsoated on the glass sample and
mask-patterned with standard photolithography. iA Hilver film (100nm-200nm) is
directly deposited on both the top surface of thttgopned photoresist and the bottom
surface of the glass sample. Then ion-exchange fallkee while applied electric field
across the glass sample under appropriate temperatitter ion-exchange is done,
the remaining silver film and photoresist are reptbwand the sample needs to be
further annealed to fine tune the index profile.eTheld-assisted ion-exchange
process can be controlled by several parameteratido, temperature, voltage and

silver film thickness. Longer process duration Hhssuin higher silver ion



concentration and larger profile. When we use geaode potential, the resulting
index profile mainly depends on the silver filmdkmess and less on temperature
variation. The total amount of silver ions in gl&ss be accurately controlled by the
electrical charge migrating into glass. By monitgrithe migration current during
ion-exchange we can control the total charge ihtodlass, thereafter the refractive
index profile can be easily controlled and repeatear the single-mode channel
waveguide fabrication, it's very important to camtsource dimensions, i.e., mask
openings, and modifying the refractive index pmofiby post-annealing is also
necessary.
Below is the recipe for our silver film ion-exchatgchannel waveguides fabrication.
Photolithography
1. Clean the samples in the ultrasound bath (10 metoae + 10 min ethanol
+ 10 min isopropanol).
2. Rinse with DI water and blow with nitrogen.
3. Bake samples in oven to remove the residual wate2@ C for 10 min.
4. Spin coat photoresist (S1813) on top of sample.t tiSe spin speed to
4000 rpm, acceleration to 4000 rpm/s and time t8.60
Spinner settings:
a)Step 1: speed = 4000 rpm, acceleration (ramp) 9 4pM/s, time
(terminate) = 60 s.

b) Step 2: speed = 0 rpm, ramp = 4000 rpm/s, times= 2



c) Step 3: Goto step 0.

5. Soft-bake samples at hotplate at 1@0for 7 min.

6. Let the samples cool down after the bakes (for Bailf) before next step.

7. Expose the photoresist using mask aligner to teantsfe mask pattern.
Set time to 28 s (was earlier 6 s). (UV-lamp: msiey = 10 mW/cm2,
power = 275 W).

8. Develop in 351 and DI water (1:5) for 20 s.

9. Rinse in DI water, 1 + 1 min.

10.Bake the sample at 15C€ for 30 mins. This ensures that the photoresist is
stable during the ion exchange.

Ag film ion-exchange

1. Deposit 100nm thick silver film on both surfacegtod substrate.

2. Set the oven to 98 °C and wait for 2 hours forawen to settle down.

3. Remove silver from every sides of the substrat@revent from short
current between anode and cathode.

4. Apply a voltage across the substrate with the wanegsurface in contact
with anode and the other side with cathode. Wait3f@ mins to let the
temperature stable.

5. Applied 200 Volts on the substrate and ion-exchashg@tion is 2 hours.
During the ion-exchange, the current should be toogd to make sure

everything is going well.



Remove of residual silver (wet etch) and post-alimga

1. Mix 1 part of NH,OH with 1 part of HO, and 6 parts of DI water.

2. Drop samples in the mixed solution. Wait for 30+#hns until all the
silver and photoresist come off.

3. Clean samples with acetone, ethanol and isoprogandl0 mins each in
ultrasonic chamber.

4. Polish samples and clean them to remove slurry.

5. Anneal the sample to tailor the mode profile. Tineemling temperature
and duration depend on the mode profile requiremdiie typical

parameters are 230 °C and 1.5 hours.

3.3 Er-Yb-codoped waveguide lasers

The glass we used for silver film ion-exchange asnmercially available Schott
IOG-1 glass. 10G-1 is developed specifically formgatibility with sodium ion
exchange technologies for fabrication of active padsive guided wave structures.
IOG-1 glass composition is listed in Table 3.1sla phosphate based glass. The basic
building blocks of crystalline phosphates are th&etRahedra that result from the
formation of sp hybrid orbital by the P outer electrons¥@s). The fifth electron is
promoted to a 3d orbital where strong p-bondingenwliar orbitals are formed with
oxygen 2p electrons. These tetrahedra link thraxgytalent bridging oxygen to form

various phosphate anions [R.K. Brow 2000]. Becaisesphate glass is subjected to



surface damage during waveguide fabrication,OAlis added to increase its
durability. The alkali oxide of choice is Ma since the sodium ion is good for
ion-exchange with potassium or silver ions. In fhable 3.1, RO; stands for
lanthanide oxides, which are generally,@ and YkOs. The incorporation of
lanthanide oxides contribute to improved chemicatability and desired spectral
properties. And it also allows for variation in igetion concentration with minimal

impact on glass properties [D. L. Veasey et al.(200

Composition Volume (mol%)
P2Os 60
Na,O 24
Al,05 13
R203 3

Table 3.1 Schott I0G-1 glass composition
Erbium ion has been used in different types of ress the telecommunication
wavelength 1.5 pm. Ytterbium ion is often co-dopdth erbium ion in active laser
medium to improve pump absorption and laser effitye because Yiis able to
absorb pump light much stronger thari"&nd the absorbed energy can be efficiently
transferred from Y® to EF*. Er (with atomic number 68) and Yb (with atomic
number 70) have electronic structure of (X&8% and (Xe)4t'6F respectively.

Here (Xe) represents the electronic structure ofa¥@n (with atomic number 54).



These two atoms can first lose two’GSectrons and one 4f electron and formi*Er
(Xe)afHand YB* ((Xe)4f). (Xe) has a very stable structure and 5s andegjrens
shield 4f electron shell, which makes those twasioglatively insensitive to the host
material [L. Ross 1989]. Also weak coupling betweé electrons and crystal
vibrations reduce nonradiative transitions. Fig.8epicts the energy levels of ¥b
and EPF in glass. For Bf, there are various energy levels, resulting frdm t
spin-spin and spin-orbit interactions. Each endeyg! line should be a manifold of
broadened linewidth due to homogeneous and inhoneages broadening mechanism

[P. C. Becker et al. 1999].
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Fig. 3.2 Energy levels of Yband EF* in glass.



The laser transition of 1.5 um of Eicorresponds to th#;3/,t0 *l15, transition.*l1s/

is the ground state level afids, is the upper lasing level, to which the excitedsio
on %11> quickly decay. This is a three level system. Winaikes this laser system
work well is that the radiative lifetime of tHe/»to %1155, transition is long due to its
“forbidden electric dipole” nature. The life timd 813 level is around 7-8 ms in
phosphate glass [S. Taccheo et al. 1995] and 1@&lin silica glass [W. J.
Miniscalco 1991]. In addition the high nonradiatiransfer rate betweet,1,, and
*|130 assures the short lifetime f..level. In“l11.level, phosphate glass has shorter
lifetime then silica glass. This is another advgataf phosphate glass as a host over
silica glass because shorter life time leads toeloenergy back transfer rate from
*l11/2t0 *Fspolevel of YB*.

For the pumping wavelength, 980nm and 1480nm banelsnost commonly used.
Absorption cross sections of £t the two pump wavelengths are comparable. The
power conversion efficiency with 1480nm pump is h@g because its quantum
efficiency is higher. However the resonant pumpiagth very small difference
between absorption spectrum and emission spectnasjts drawbacks, which are
relative low net pump absorption and low inversievel. In contrast, 980nm pump
can achieve high inversion level and high absomptiathout emission at pump
wavelength. Another important reason for extensige of 980nm pump is the
availability of high power 980nm laser diodes. Qiigadvantage of 980nm pump, in

comparison with 1480nm pump, is the relatively éargnode mismatch between



pump and signal. However, tight confined modesoimeéxchanged waveguide can
release this problem. From Fig. 3.2, we can set Yb&+ absorbs 980nm pump
photons and is excited frofff;, ground state t8Fs),; state. Then excited Ybcan
efficiently transfer the absorbed energy to exEit& to %111/, level. Since absorption
cross section of YB at 980nm is an order of magnitude higher than eh&r**, this
energy transfer makes pump absorption much moreiesft than directly pumping
Er.

Other things that need to be mentioned are somenfulreffects, such as
upconversion and excited state absorption (ESAXritloped glass. These effects
somehow are a limiting factor for the laser and l#rep performance. Cooperative
upconversion is one major upconversion processridofed glass. An excited ¥r
transfer its absorbed energy to another excitee Begarby to promote the latter to a
higher excited state and leave the former backhto ground state. Because it's
essentially the ion-ion interaction, it very muckpdnds on the host materials.
Phosphate glass has higher solubility without mioohclusters, so this effect can be
reduced by using Er-doped phosphate glass thama gjlass [T. Ohtsuki et al. 1997;
B. C. Hwang et al. 2000].

The absorption and emission spectra of I0G-1 Er¥tleped phosphate glass are
characterized. The glass sample is 2mm thick antd borfaces are polished. The
concentration of Bf and YB* are 1x16° ions/cn? and 6x18° ions/cnt respectively.

With the help of a Cary 5G Spectrophotometer, theogption spectrum is measured.



The absorption spectrum in the NIR from 700nm t0Qkm is shown in Fig. 3.3. The
absorption in the wavelength range of 900-1100nmainly due to Y&, because it
has much higher absorption cross section thaf. Ehe absorption band is quite
broad and the absorption peak locates around 97Bewause of the limit of the
spectrophotometer resolution, the absorption otefit (y axis) at ~975nm can not be

characterized very accurately. The other two aliEmrpeaks marked are from3Er

transitions.
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Fig. 3.3 Absorption spectrum of IOG-1 Er-Yb-cododusphate glass at NIR.
The absorption in the visible wavelength of the saample is shown in Fig 3.4. All
these peaks are due to*Hransition and corresponding to theé Eenergy levels

indicated in Fig. 3.2.
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Fig. 3.4 Absorption spectrum of IOG-1 Er-Yb-codousphate glass at visible
wavelength.

The emission spectrum of the same glass sampleasumed by pumping it with a
single mode 980nm laser diode. The excited fluenese is collected by a multimode
fiber of 105/125 um (core/cladding) from the sida &ent into an optical spectrum
analyzer (OSA). The measured emission spectrum fig®Onm to 1700nm is

presented in Fig. 3.5. The emission peak is locat&835nm and the whole emission

band is as broad as 100nm.
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Fig. 3.5 Emission spectrum of IOG-1 Er-Yb-codopbdgphate glass.
Since cross sections of a laser material are veppitant parameters, here is briefly
described how to get cross sections from the abearpnd emission spectra. Cross
sections describe the capability of an ion to dbsmr emit light, calculated with
absorbed and emitted power divided by incidenttligkensity. Cross sections have
the same unit as area. From the measured absoqut#sficient, it's easy to find out
the absorption cross section, because it is eguabsorption coefficient divided by
the number of ions in unit volume. After we knove thbsorption cross section, there
are several ways to further get the emission csmgion. The first one is the

reciprocity method by using the McCumber theory 2. McCumber 1964]. For



erbium ions, there is one equation to relate albsworand emission cross sections [W.
J. Miniscalco and R. S. Quimby 1991].

hv

em abs exp[EZIkT ] (3 1)

and are emission and absorption cross section resp8ctiE,, is the

em abs

transition energy to excite one Er3+ from energieteZ to L at temperaturer .

h is the Plank constant an& is the Boltzmann constant. When frequency
v E, /h, the emission cross section and absorption cexg®as are equal.

The emission cross section can be also calculatesing the Fuchtbauer-Ladenburg

relationship derived from Einstein analysis, whiglisted in equation (3.2).

em M& (32)

rad

Where is the radiative life time, andy(v) is the fluorescence spectrum. This

rad
relation requires that either all the sublevels imultiplet must be equally populated

or all transition strengths between sublevels nimesequal. However, for the lower

levels of EF* (*lizzand *l1s0), the energy spread of sublevels is larger than th
thermal energy KT and the transition strengths are also sensitive the

corresponding Stark levels. So the Fuchtbauer-Uaggnrelationship cannot be used

to deduct the emission cross section of Erbium inrie glass.
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Fig. 3.6 Lifetime of Ef" on “l13, level: experimental data points and exponential
decay fit.

Fig. 3.6 shows the lifetime measurement of Em *l,3, level in the glass sample.
The similar setup to measure emission spectrunsesl lhere. The pump laser diode
drive current is modulated with square waves ireptod get “pump off” state. The
collected fluorescence is detected by sensitivealke&Gdetector and the fluorescence
decay curve is read out by an oscilloscope. Thelinedin Fig. 3.6 is exponential
decay fit of the collected data point, which shdtus lifetime of EF* is around 7.55
ms. And this life time may decrease as the conagalr increases, because the higher
concentration of Bf results in more cooperative upconversion.

In order to design the waveguide devices accuraitédygood to know the refractive

index profile and the field distribution when lighgropagating in waveguide



structures. Fig. 3.7 shows the refractive indexXilgafter ion-change for different

mask-widths (2 um, 3 um, 4 um and 5 um). Here veeimg the max index change
after field-assisted ion-exchange is about 0.06.dAfe see the index profile can go
deeper and wider when the mask width increases. 38 represents normalized
silver ion concentration vs. depth at y=0. Simiytathe concentration profile has
changed correspondingly as the increase of masthwitdg. 3.9 shows the index

profile after further thermal anneal for differantsk widths. In comparison of index

profile without ion-exchange, it grows larger arasimore symmetric profile.
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Fig. 3.7 Refractive index profile after ion-excharfgr different mask-widths.
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Fig. 3.10 Field distribution of TEO and TMO mode foask opening of 2 um.
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Fig. 3.12 Effective refractive index of TEO and Thi®@de for different mask-widths.
The inset is the birefringence for different maskits.

In Fig. 10, the electric field distributions of TEElhd TMO mode is shown for the
waveguide fabricated from 2 um mask width. The glagbstrate has the refractive
index of ~1.51. In this particular case, the effexindexes for TEO and TMO mode
are 1.5175 and 1.5166 respectively at 1550nm.Fid. gives the intensity profiles of
TEO and TMO mode for the waveguide fabricated fidmm mask width. For 2 pm

mask width, the waveguide is basically single madéh only TEO and TMO

propagating. With 3 um mask width, the waveguideld¢cupport more than one

mode, however because usually the waveguide i€ ghiort and it most probably



excites only one mode while lasing, it essentialorks as a single-mode waveguide.
When the mask openings become larger, several noaaelsise at the same time. Fig.
3.12 shows the effective refractive index for TE@darMO modes for different
mask-widths. As mask widths increase, the effedtidexes also increase, following
the change of concentration. The inset of Fig. 3hdws the birefringence for
different mask-widths.

With these simulations, we can get lots of useffibimation, like refractive index
profile, propagation constant, waveguide mode iistion and so on. Based on these
informations, we can perform correct devices dessgch as directional coupler, ring
resonator, multiplexer and more.

We have fabricated various diffused waveguides lan I0G-1 passive and active
glass substrates by using silver film ion-excharides fabrication process is exactly
what is mentioned before in this chapter. The nvaskise contains several groups of
openings, in each group there are 9 openings wdthvirom 2 pm to 10 um.

We first measured the waveguide coupling loss amdpggation loss. The
measurement was conducted by using 1310nm lighteda avoid the absorption of
active ions. Different methods can be used to dbarae waveguide propagation
loss, such as cut back and F-P interferometer rdetvhat we used is quite simple.
The light is coupled from a piece of SMF-28 int@ tlvaveguide, and measure the
transmitted light with two ways. One is using afechve to collimate the transmitted

light into a detector and the other is using anoffiece of SMF-28 to couple the



transmitted light from the waveguide and measuesttAnsmitted power out of the
fiber. With these two measurements, we obtained tthea coupling loss is around
0.7dB with good polishing and the propagation isss the range of 0.12-0.17dB per
cm, which depends on the effect of fabrication disfe To further increase the
coupling efficiency, the mode match between fibed svaveguide can be improved

by appropriately tapering the waveguide at bothsend

980nm
Tunable = - O ‘ IZD
lase Isolator WDM

ObjectiveFilter Detector

Fig. 3.13 Active waveguide gain measurement se@pPA = Optical Spectrum
Analyzer. WDM = wavelength Division Multiplexer. Itgr is used to remove the
residual pump.

The mode profile can also be measured by imagiegoailt-coming light (at the
wavelength of interest) from waveguide onto a CCBe gain measurement setup is
shown in Fig. 3.13. A small signal coming from adble laser source and the pump
light from a single-mode 980nm diode laser are dostbby a 980nm/1550nm WDM
and coupled into the active waveguide. Then th@uubower is detected by a PIN
detector or OSA after filtering residual pump. FoB.5 cm long waveguide on the
substrate with concentration of*Ed x 1G° ions/cnt and YB* 6.0 x 1020 ions/ci

the net gain is 7dB at 1535nm and 3dB at 1550nm.



The waveguides with different active ions dopingels are used to build the laser.
The typical waveguide laser setup is shown in Bi@j4. The cavity is composed of a
fiber end mirror and a partial reflection dielectmirror. The fiber end mirror is a
broadband Si@TiO, dielectric stack mirror coated on the end surfaican SMF-28.
This mirror has high reflection (~99%) at laser nsilg wavelength and high
transmission at pump wavelength 980nm. A WDM igdusedeliver the single mode
pump laser and allow the OSA to measure the Igsectsum of the leaking laser
signal from the fiber end mirror. The output coupke just a broadband dielectric
mirror, and its reflection varies from 70% to 95Fb.addition, the laser output power

can be measured by collecting output light throaglobjective and a pump filter into

the detector.

980nm Fiber End Mirror 0.C -
Filter
OSA S O ED
WDM Objective

Detector

Fig. 3.14 Scheme of waveguide laser. O.C. is outputpler, partial reflection
dielectric mirror.
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Fig. 3.15 1-cm long waveguide laser output powepusnp power.

Waveguides with different lengths for lasing apgfion were characterized. Here we
only show a sample of a short-cavity waveguiderlaBeis laser is constructed with a
1-cm active waveguide, HR fiber end mirror and ampat coupler with R = 87%.
The concentration of the active waveguide i$* Br25 x 16° ions/cni and YB™* 6.0

x 107% ions/cri. The waveguide is fabricated from a mask openfrig) jom to ensure
single-mode laser operation. Fig. 3.15 shows theegaide laser output power vs.
pump power. The output power of more than 15 mWi aipump laser power of 240
mW was achieved. The slope efficiency and the Halelspump power are 8.3% and

45 mW respectively.
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Fig. 3.16 Output spectrum of 1-cm long waveguideita

The waveguide laser output spectrum is shown in Bid6. The wavelength
resolution of the OSA is 0.07 nm. The lasing wangth is around 1534 nm, which is
the gain peak of the Er-Yb-codoped 10G-1 glassoriiter to achieve lasing at other
wavelengths, gratings have to be used to tunesttabfack spectrum.

The reason that we demonstrate this short-cavityegdde laser here is to show the
possibility for a compact high-repetition-rate mddeked laser based on this kind of
active waveguide. Assume we can mode-lock this lwaweguide laser with an
appropriate method, ~10 GHz pulse train can bemmddarom it. Because of its good
pulse quality and excellent signal to noise ratiowill be very useful in optical

telecommunication. This will be discussed morehapter 4.



3.4 UV-printed gratings on the I0G-1 glasses

In waveguide lasers described above, both cavityonsi are broad band dielectric
mirrors. Another choice is a Bragg grating, whidm grovide very narrow-band
feedback. Since the waveguide cavity is very shaots easy to obtain
single-frequency operation with the help of nartmamdwidth Bragg gratings.

Fiber optics has greatly benefited from the emergeof the fiber Bragg grating
(FBG). The first fiber Bragg grating was demonsdain 1978 [K. O. Hill 1978].
Initially, the gratings were fabricated using aibis laser propagating along the fiber
core. Later on, it was demonstrated that FBG cdeldvritten from the side of the
fiber with holographic technique by using the ifgeence pattern of UV light [G.
Meltz et al.1989]. FBGs have been extensively usedsensors, dispersion
management, filtering and for optical feedbackiber lasers. FBGs are formed due
to the photosensitivity of silica-based fibers tg-radiation. Photosensitivity means
that the refractive index of the material changédenit is exposed to UV light, with
the amount of change depending on the exposurasityeand duration. There are
two ways to write Bragg gratings: i) holographiteirierence and ii) interference by
using a phase mask. The former is utilizing interfiee of two split UV beams to
create a periodic intensity distribution, whichrihis inscribed into the material. The

latter is using phase mask to diffract the incominglight into two beams and these



two beams can interfere with each other to formpglagodic intensity pattern. The

Bragg condition is

m  2ng (3.3)
where n,, is the effective index, is the period of the grating and is the Bragg
wavelength, at which the light will be reflected.

In integrated optics, Bragg gratings are also usedarious applications, such as
integrated optical add-drop multiplexers [D. F. &gty 2001]. In previous
demonstrations, the Bragg gratings required forapigcal feedback have been used
in the glass waveguide lasers [D. L. Veasey 1999MBdasamy 2002; S. Blaize
2003]. For the Bragg grating fabrication procesphatoresist film is deposited and
patterned with standard photolithography, then Brgratings are etched into glass
with Ar ion-milling. This process is quite compltea and has to be carried out in a
clean room. UV-written Bragg gratings with a phasask are preferred because they
can significantly simplify the fabrication processid introduce less loss in the
waveguide, resulting in high lasing efficiency.

It's a very mature technique to make UV-written @yagratings on silica-based glass,
however, it has turned out to be difficult to ex@ddV-written Bragg gratings in
phosphate glass. Although photosensitivity of phospus-doped silicate-glass was
reported in 1994 [B. Malo 1994], phosphorous-dop#idate glass is very different
from phosphate glass. Recently it was demonstriditadirradiation with KrF laser

light in slab waveguides made by silver ion excleamgEr-doped I0G-1 phosphate



glass can introduce refractive index change [Ssdéliskis 2004]. In this work, the
estimated refractive index modulation of a thin face grating operation in
Raman-Nathan region was 2xl(@ver a depth of 3 pm. And the index change
obtained was 2 orders of magnitude larger in theexxchanged region than in a
pristine substrate glass alone. The index change teatatively attributed to
photo-induced silver ion migration and photo-iotiza of Ag’ and Ad species.
However this kind of surface gratings would not asta mirror in waveguide lasers.
Surface grating could couple out the close-to-g@f@80nm pump laser at the pump
input side, the overlap between the grating andgtiided mode is too small and a
surface grating with a relatively low index modidatis not able to provide enough
optical feedback for lasing.

We have studied the photosensitivity in phosphdéssg[Yliniemi 2006; Yliniemi
2008]. Our own experiments with Schott 10G-1 gléssre confirmed the same
observations as in [S. Pissadakis 2004]. We havitewr narrow-band high
reflectance waveguide gratings into the I0G-1 pasglass. We also found that it is
rather difficult to fabricate efficient UV-writtengratings in active (i.e.
Er/Yb-codoped) I0G-1 glass.

In previous work the 10G-1 active glass with silv@n-exchanged slab waveguide on
it was exposed by KrF excimer laser. On the coptrae first tried to irradiate the
IOG-1 undoped glass (without ion-exchange) with &x€imer laser. The reason to

choose undoped IOG-1 glass (without ion-exchangedhat the large absorption



associated with the presence of silver particlesbmaavoided. What's more, a pulsed

ArF excimer laser (193nm) is used instead of aguulsrF excimer laser (248nm) due

to the larger absorption at a wavelength of 193momdoped IOG-1 glass.
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Fig. 3.17 UV transmission spectra for passive 10@E+idoped, dash dotted line) and
active 10G-1-7 (Er-Yb-codoped, dashed line), andditver ion-exchanged passive
IOG-1 (solid line) glass substrates.

The UV transmission spectra are shown in Fig. 8ot indoped and Er-Yb-codoped

IOG-1 glass as well as for ion-exchanged undopedsgl The samples have the

thickness of 1.5 mm. There is almost no transnisbelow wavelengths 230 nm for

Er-Yb-codoped and ion-exchanged glass, which mehat absorption at those

wavelengths is very high and all the UV irradiatioelow 230 nm is absorbed in a



thin surface layer. Therefore, 248nm UV irradiatgimould be used to write gratings
on the Er-Yb-codoped glass. Nevertheless, for tltoped glass, it's better to use 193
nm UV irradiation, because the transmission atviheelength of 248 nm is already
too high. Finally the absorption of silver ion-eaciged 10G-1 glass is quite large at
both wavelengths, so gratings have to be writteprastine glass samples directly.

We chose to focus on UV irradiation experiment with undoped 10G-1 glass. The
phase mask used had a periodicity of 1065 nm, sjporeling to the Bragg grating
period of 532.5 nm in glass. The ArF excimer lases emitting 100 pulses per
second with a fluence of 300 mJ/criith these exposure conditions volume gratings
were written on the undoped I0G-1 glass. To show twe have fabricated
waveguides by electric-field-assisted silver filoniexchange on exposed samples.
Fig 3.18 shows the reflection and transmission tspesf a UV-written grating in a
silver ion-exchanged waveguide. The measurementpgesrmed with a polarized
light. This grating was only 4 mm long and the esqge duration was about 5
minutes. The calculated reflectance from the spetis 44% and the corresponding
index modulation is 1.0 x 10if the grating is deep enough to cover the whole
waveguide. Since the phase mask period we use@d6s and the effective index of

the waveguide is around 1.51, the reflection peaktes at 1608nm.
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It is worth mentioning that the grating is strongoegh to survive the thermal
processes involved in waveguide fabrication (90ut@a annealing at 225 °C). Before
waveguide fabrication, the inspection of the gmatnevealed that the grating is a
volume grating operating in Bragg regime. Fig. 3dBalso shows no coupling to the
cladding modes. There is a small side lobe obseovethe long wavelength side of
the main peak. It should result from a slight nofarmity in the UV-writing beam

along the length of the grating. It is important ote that these gratings were
fabricated in a passive I0G-1 glass and the wagéheis not inside the gain spectrum
of erbium ions, so they are not good for DBR wavegulaser experiments. However,
these results show that it is possible to writéhtggality Bragg gratings into passive
IOG-1 glass, and reflectivity could be high enodghwaveguide laser applications,

which would be achieved by increasing the gratergyth.



The UV-written gratings were also tried on the atiOG-1 glass. UV-writing was
performed by KrF excimer laser (248nm) mentionefibiiee The excimer laser has a
fluence of 250 mJ/cfrand the writing duration was 30 minutes. The highgating
reflectance that could be achieved was only 15%yresponding to an index
modulation of 1.5 x 10 and the grating length is 13 mm. The reflectiorakpe
wavelength difference between two polarizations vegsial to 0.02 nm, which
matches with the expected waveguide birefringericine order of 10 4. Although
the grating operates in Bragg regime, the index utadn is too low to provide
enough feedback for waveguide lasers. Comparinghéograting written on the
undoped 10G-1 glass, the grating on the active ID@ass has one order smaller
index modulation. This might be due to the pooreherence properties of the
excimer laser system at 248 nm. Another possilasam is that absorption at 248 nm
is weaker in Er-Yb-codoped glass than that in uedoglass at 193 nm. It's worth
trying to use ArF excimer laser (193nm) to writatgrgs on the active glass because

absorption at 193 nm is much higher.

3.5 lon-exchanged DBR waveguide laser

In order to make a DBR waveguide laser with UV-tent waveguide gratings, we
have made gratings in the passive section of aidhy®G-1 glass. In a hybrid glass,
there are both Er-Yb-codoped and undoped parts dabridgether on the same

substrate [S. D. Gonzone et al. 2001; P. Madasana). 2003]. The hybrid glass



sample we used include 20 cm long passive part3@dm long active part with
Er-Yb-concentrations of 1.0 xiband 6.0 x1# ions/cni, respectively. The Bragg
grating was successfully written to the undoped pathe hybrid substrate through a
phase mask with an ArF pulsed excimer laser. Unifikibe case of the fabrication of
the grating with reflectivity of 44%, here beam argders were used to help write
wider grating to facilitate the waveguide fabricatialong the grating. This resulted in
improved spatial coherence but reduced the flugnc&40 mJ/crh The exposure
duration was 30 minutes and the laser repetitite waas still 100 pps. A new phase
mask with was designed so that the Bragg gratin@-1 glass would have a peak
reflectance at about 1535 nm corresponding to #ie igaximum of Er-doped glass.
After the grating writing, the waveguides were falted along the grating across the
whole hybrid glass substrate as shown in Fig. 3.20.

The grating transmission spectra on this hybrid@amere measured separately for
guasi-TE and quasi-TM polarization modes and aosvehin Fig. 3.19. At the Bragg
wavelength the grating transmission is around Z0©both polarizations. Because of
the surface waveguide birefringence, the Bragg Veagghs for the TE- and the TM-
modes are different. Repectively for the TE- and-iidde they are 1534.71 nm and

1534.52 nm.
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Fig. 3.19 Transmission spectra of a UV-written wguide Bragg grating. The dashed
line refers to quasi TE-polarization and the sbhd refers to quasi TM-polarization.

In laser experiments, a fiber end mirror like time onentioned before (HR at 1535 nm
and AR at 980 nm) was butt-coupled onto the adctige of the waveguide sample.
The grating acted as the output coupler with ~8@#ectivity. Two 980 nm pumps

from fiber-pigtailed semiconductor diode lasers evelelivered through two 980
nm/1550 nm WDMs. The waveguide length in activeaegs 24 mm and the grating

length in the passive glass is 10 mm.
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Fig. 3.20 Scheme of the DBR waveguide laser.
With this setup, we have done DBR waveguide lasgreements for different
post-bake annealing times. In the beginning, theegaide sample was annealed for
45 minutes and 60 minutes, and in both casesa#ileg was not observed because the
waveguide profile was not optimized and the profiagdoss and coupling loss were
still too high.
After 75 minutes post-bake annealing, we startemb&erve the lasing operation from
this DBR waveguide laser with the laser threshéld8mW. The output laser power
is 293 pW with the maximum coupled pump power 0% 3iW from the two laser
diodes. The slope efficiency is only 0.8%. The sempas further annealed for
another 15 minutes and the total annealing tim@0isninutes. The laser threshold
decreased to 255 mW and the maximum output pow&8e& uW with the slope
efficiency of ~1%. It seems that the post-bake aling can optimize the waveguide
profile shape and decrease the propagation lossrder to increase the lasing

efficiency.



3.6 Characterizing Single-frequency DBR waveguide laser and improving laser

performance by post-bake annealing

For the same sample, another 10 more minutes @ading was added and the active
waveguide length was cut short to 19 mm from 24 mfter 100 minutes annealing,
the lasing efficiency was improved dramatically.this laser experiment, we only
used one pump laser diode. The output laser posugpump power is shown in Fig.
3.21. This time the pump threshold decreased tariiBand the slope efficiency was
as high as 6.1%. The maximum output power was 3/8 with 200 mW pump
power. Comparing to the case of 90 minutes anrgadind 24 mm long active
waveguide, the slope efficiency improved by a facb6. It was deduced from the
green light emission (due to ESA) that all avaigapump power was consumed in a
length shorter than the waveguide length (25 mnthenEr-Yb-codoped part of the
substrate, the rest of the Er-Yb-codoped part efvilaveguide being under-pumped
and adding to losses. Therefore cutting short tani® greatly helped to increase

lasing performance.
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Fig. 3.21 Output power vs. pump power of DBR waveguaser after 100 minutes
annealing.

The output laser spectra are presented in Fig. 3122 solid line and the dashed line
refer to TM and TE polarization mode respectivéy. adjusting the polarization of
the 980nm pump laser, the waveguide laser can igpenaeither TM or TE

polarization mode. The peak wavelengths of the tmades are 1534.97 nm and

1535.17nm. The difference of 0.2nm is due to thefidhgence.
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Fig. 3.22 Spectra of the DBR waveguide laser df@€r minutes annealing. The solid
line and the dashed line refer to TM and TE modspectively.
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Fig. 3.23 The scheme of scanning F-P spectrosc@asutement. SA-91 Etalon is a
confocal spherical cavity with mirror radius of r.



In order to check whether this DBR waveguide laggs working in single frequency,
a scanning F-P spectrometer (EXFO Burleigh ProdGetsup) was used to further
characterize the waveguide laser output with h&golution. The setup of scanning
F-P spectroscopy measurement is depicted in R2§. 3he laser signal was sent into
the SA-91 Etalon, which is a confocal sphericalityawith FSR of 8 GHz. RG-91
ramp generator provided a ramp signal to drive mireor of the etalon. Since the
waveguide laser FSR is smaller than 3 GHz, if thermore than one longitudinal
mode, we should see at least two transmission peaasg either ramp up or ramp
down.

Fig 3.24 shows the waveguide laser spectrum asalgsult with scanning F-P
spectrometer. Ramp signal is shown on the top aedtiansmission through the
confocal spherical cavity is shown below. Obviousigre is only one transmission
peak during the ramp up, which means that withirGBz there is only one
longitudinal mode. Since the FSR of the waveguadel is less than 3 GHz, our DBR
waveguide laser is a single-frequency laser. Adogrtb the digital oscilloscope, the
ratio between the period of the ramp signal andRWEOM of the transmission peak
is around 200. This implies that the linewidth lo¢ taser v FSR/200 40MHz.
However this measurement was definitely limitedtbg resolution of the scanning

F-P spectrometer.
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Fig. 3.24 The waveguide laser spectrum analysidtresth scanning F-P.
Homodyne spectrum measurement was used to furtteeacterize the linewidth of
the waveguide laser. The scheme of the measureseaupt is depicted in Fig. 3.25.
The incident laser signal was first split into tpaths by a 90/10 splitter. One (90%)
went through a 10 Km fiber spool as well as a prédion controller and the other
(10%) was frequency-shifted by an Acoustic-opti@gaD) modulator with 200MHz
offset. Then these two arms were combined by alsfiéer coupler and the detected
signal could be analyzed by the electric spectraalyaer. With 10 Km fiber spool,

the linewidth resolution of this setup is at le@ddt MHz.
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Fig. 3.25 Scheme of homodyne measurement of theguade laser. AO modulator
shifts the laser frequency 200 MHz away.

Fig. 3.26 shows the typical homodyne spectrum ef BlBR waveguide laser. The
measurement frequency span is 10 MHz, the resaldiandwidth of the spectrum
analyzer is 1 KHz. From the spectrum, we can knaw@BR waveguide laser has a
linewidth less than 1 MHz. This result is alreadyter than that for commercial DBR
lasers, which usually have 10 MHz linewidth. Thmiting factor for the linewidth is
probably the butt-coupling between the fiber endroniand the waveguide, which is
easily affected by environmental disturbance. Therawer linewidth is expected
with the end mirror directly coated on the wavegustdibstrate facet or using another
HR UV-written grating to replace fiber end mirron dhe passive-active-passive

hybrid glass substrate.
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Fig. 3.26 The homodyne spectrum of the DBR wavegjlader.
Previously we showed the experimental results af BBR waveguide laser for
different post-bake annealing times (75, 90 andrtutes). To find out the effect of
the annealing time on the laser performance, we lilbne more laser experiments
with longer annealing time. Fig. 3.27 shows the sneament results of output power
vs. pump power for those three cases. Note thaddtiee waveguide was cut short to

14 mm from 19mm before the last measurement (12Qites annealing).



10
®  100min annealing
8 ® 110min annealing
] 120min annealing
g with 14mm active WG
E 6]
— [ J
2
[ ]
o 14
9_- e L]
> o
s -
> 24
@) ° .
|
0 - [ ]

| ! | ! | ! | ! | ! | ! | ! | !
130 140 150 160 170 180 190 200 210
Pump Power (mW)
Fig. 3.27 Output power vs. pump power for differpost-bake annealing time. Black
rectangular dots refer to 100 minutes annealing,roeind dots refer to 100 minutes
annealing and green triangular dots refer to 12@utes annealing time. For the first

two results, the active waveguide has the lengti®inm. However the last one
corresponds to the length of 14 mm.

Table 3.2 lists laser performance, including thodghslope efficiency and maximum
output power for various annealing-times and actaveguide lengths. From the
table we can see the laser threshold decreasdicagly every time the active part of
waveguide is cut short. This is due to the fact tha sample contained a very high
concentration of ytterbium, which caused rapid puemergy depletion and longer
active waveguide would experience under-pumping @absorb the laser signal.
Post-bake annealing can make the silver ions diffigther into glass. After

annealing the mode size increases and the refeartdex profile become smoother,



in the result of reducing coupling and propagatiosses. What's more, annealing
improves the mode overlap between the pump anditml. The slope efficiency

and maximum output power increase all the way wéaleple shortening and sample
annealing. However, once the annealing time is ntiba® 130 minutes, the slope
efficiency would decrease instead because waveguinldes become too large and

the grating reflectivity degrades.

Annealing Time  (Mins) 75 90 100 110 120
Active WG Length (mm) 24 24 19 19 14
Laser Threshold (mW) 280 255 148 147 135
Slope Efficiency (%) 0.8 1.0 6.1 11.8 13.8
Maximum Output (mW) 0.3 0.59 3.8 5.3 9

Table 3.2 Laser performance for different waveguyidemeters.
Fig. 3.28 shows that the grating reflectivity chasgvith the annealing time for both
TE and TM modes. The grating strength seems toadegas the annealing time
increases. However, when annealing time changes @© minutes to 120 minutes,
the grating reflectivity has ~7.5% change, whickotslly acceptable. From Fig. 3.29,
we find that the grating center wavelength decreé®en 1534.71 nm to 1534.55 nm
for TE mode and from 1534.52 nm to 1534.43 nm fer Mode. This is because the
effective index of the propagating mode decreasesta smaller maximum refractive

index difference.
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We have demonstrated narrowband UV-written volumegiggs in passive Schott
IOG-1 phosphate glass. Grating reflectivities lathan 80 % were measured for both
TE and TM modes after channel waveguide fabricatibime grating was able to
survive a 2-hour-long heat treatment at 225 °C witemall degradation. With a
hybrid glass we constructed a DBR laser using awitten grating on passive part
as an output coupler. This DBR waveguide laser wari single-frequency mode
with the linewidth of less than 1 MHz. The maximouoitput power was 9 mW with a
slope efficiency of 13.8 %. This kind of DBR wavédg laser shows good enough

performance for the application in optical commaiti@n.



CHAPTER 4

FEMTOSECOND MODE-LOCKED FIBER/WAVEGUIDE LASERS
UTILIZING CARBON NANOTUBES

4.1 Introduction

Optical short pulses delivered from passively miuded lasers can serve various
applications in optical communications, materiabgassing, nonlinear frequency
conversion, metrology, and in medicine. A cruci@mponent in a passively
mode-locked laser is the saturable absorber, wimtbduces optical loss with an
intensity-dependent response to enable short pgkseration. Semiconductor
saturable absorber mirrors (SESAMs) have been sy used in most passively
mode-locked fiber lasers. However SESAMs have sg¢verawbacks, such as a
complex and costly fabrication process, a bulky agitective device hard to be
integrated into an all-fiber configuration cavignd suffering from a low optical
damage threshold. Recently single-wall carbon ndrest (CNTs) have attracted a lot
of attention in the mode-locking application.

In this chapter we first review the mode-lockecefiland waveguide lasers. Then the
characteristic of CNTs is introduced. A saturabbscaber based on a fiber taper
embedded in carbon nanotubes/polymer compositessritbed. With these saturable
absorbers based on CNTs both linear and ring cdldagr mode-locked lasers are

demonstrated. The mode-locked laser and outpuegldse experimentally studied



and characterized. An ion-exchanged*Bfb**-codoped planar waveguide is also
shown to be mode-locked in a ring cavity configioratwith similar saturable
absorbers. Short cavity mode-locked waveguide $as@gh CNTs film on the top are
theoretically investigated. At the end of this deapsome preliminary experimental

results of Q-switched and Q-switching mode-locked fiber laser is presented.

4.2 Mode-locked fiber/waveguide lasers

There are two way to generate short optical puls®es lasers. They are known as
Q-switching and mode-locking. Q-switching is a t@gue to create short pulses from
a laser by modulating the losses inside the catitys the Q-factor of the laser
resonator. The pulse duration obtained from a Qebwd laser typically is in the
range of nanosecond and the pulse repetition matgygically less than several
megahertz. In order to get either shorter pulde (iicoseconds, even femtoseconds)
or higher repetition rate, mode-locked lasers hauee resorted to.

Mode-locking is a technique to induce a fixed phatation between the longitudinal
modes of a laser cavity, and then interference &atvthese modes results in a train
of pulses from the laser cavity. Assume we h@k 1 longitudinal modes inside
the laser cavity, and the total optical field candxpressed as the sum of the field of

each mode [G. P. Agrawal 2007].

N
E(t) E,exp( , 1 ,t) 4.1

n N



where E,, and are the field amplitude, phase and frequency ef rith

n n

mode. If there is no fixed phase relation betwesmrhemode, which means they are
independent from each other, then the intensity & simply the sum of the
intensity of each mode, because the interfereno@ fe |E(t)|2 will be zero.
However, the situation will be different when thbape difference between two
neighboring modes is fixed, like , . We also assume each longitudinal
mode has the same amplitugle In this case, the total intensity turns into

Sinf[(2N 1) vt /2]

— Es 4.2
sin“( vt /2

E@®)|’

Here v is the FSR of the laser cavity. We assume thezelarmodes N 5),
the total intensity is shown in Fig. 4.1. What wancsee is not a continuous wave
any more but a pulse train. Each pulse has the peaksity of 121 (2N 1)?)
times of the intensity of the continuous wave. Beparation of two neighboring
pulses is equal to the reciprocal of FSR, |—%\L/ This can be explained as a single
pulse circulating in the laser cavity and emittegulse every time it hits on the
output coupler. And the more longitudinal modes lacked, the higher the pulse
intensity is, and the shorter the pulse is. So & want short pulses from a
mode-locked laser, the gain spectrum of the lager medium should be as broad as

possible.
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Fig. 4.1 Pulse train formed from mode-locked 1lgitadinal modes.
There are two ways to realize mode-locking in aia@swvity, active mode-locking or
passive mode-locking. Active mode-locking dependsan external modulation at
the frequency equal to the mode spacing (FSR).mbe&ulation could be either on
the cavity loss or the gain of the laser mediume Tbrmer can be realized by
inserting an acousto-optical crystal inside theedasavity and the latter by using
another pulse source to pump the laser medium. Betinods can relate the phase
of all the longitudinal modes inside the gain bandachieve mode-locking. In
comparison, passive mode-locking requires a sdwuaisorber inside the cavity to
produce the pulses. A saturable absorber has amsity-dependent transmission. In

the mode-locked laser, the saturable absorber Igs thansmission for high



intensity light and low transmission for low intégdight. If there is a noise spike in
the cavity, when going through the saturable alesothe spike peak experiences
less attenuation than the spike wings. Then thisreault in the amplification of the
high-intensity spikes and the absorption of the -iotgnsity light as the light
oscillates in the cavity [Irl N. Dulling 1995]. Adt certain round trips, a train of
pulses is generated and mode-locking of the laseobtained. Below passive
mode-locked fiber and waveguide lasers are reviewed

The shortest pulses obtained from fiber lasersbased on passive mode-locking.
There are several methods to produce passive nocHer) fiber lasers. The first
mode-locked fiber laser was reported by using tesmiscolor centers produced by
flash lamp [M. I. Dzhibladze et al. 1983]. Semicootbr saturable absorber is the
most widely used saturable absorber, which prodateration absorption through
real carrier generation and provide fast recovengt The first mode-locked fiber
laser with a semiconductor saturable absorbeipisrted in [M. Zirngibl et al. 1991].
As optical semiconductors became more sophisticabed multiple quantum well
(MQW) saturable absorber integrated with a Bradigector became more and more
popular in mode-locked fiber lasers. NevertheldsSAVis hardly allow an all-fiber
configuration. Nonlinear fiber-loop mirrors utilide Sagnac interferometers to
provide power-dependent transmission, just like aturable absorber and the
mode-locked fiber laser based on this techniquealse called as the figure eight

laser. Although it permits an all-fiber configuati and generation of short pulses,



the drawback is the instability; the repetitionerabmetimes can vary from time to
time. Another kind of mode-locked fiber laser rslien nonlinear polarization
rotation, with which the mode-locking can be accbsmged within a single fiber
ring. When a single pulse circulates inside a fitbeg, the orthogonally polarized
components of this pulse can experience differeriensity-dependent phase
modulation (SPM and XPM), resulting in intensitypgeadent changes in the state of
polarization. With a polarizer and polarization totlers inside the fiber cavity
together, the pulse narrowing mechanism forms.

In 1998, a mode-locked soliton fiber laser withngsian Er-doped planar glass
waveguide as the gain element was reported [Donkslet al. 1998]. This ring laser
employed nonlinear polarization rotation to get thwde-locking. The main
advantage to use the waveguide amplifiers in tBerlavas shorter cavity length,
allowing high repetition rate. Another benefit ietpossibility to integrate the active
waveguides and pump couplers on a chip to realmepact mode-locked lasers.
Er-Yb-codoped waveguide mode-locked laser was @ésoonstrated with the help
of a SESAM [E. R. Thoen et al 2000]. In this wonkgvelength tunable picosecond
pulses were obtained from 1534 to 1553 nm. Picagkpalses at 1.53 pum with low
residual jitter are generated from a passively rodked erbium/ytterbium
codoped planar waveguide laser in an extendedycewitfiguration [J. B. Schlager
et al. 2002]. This demonstrated the low-residutgrjioptical pulses, which could be

used in high-data-rate communication systems atidabsampling systems. Later



ultra-low jitter (14 fs) pulse trains were produckdm a passively mode-locked
waveguide laser by using high-bandwidth feedbaakirob to act on the physical
cavity length and optical pump power [J. B. Schiagfeal. 2003]. This result shows
the waveguide mode-locked laser can be well sdidetligh speed optical sampling
in photonic A/D converters, in which low jitter avéhe entire Fourier frequency

range is very critical.

4.3 Saturable absorber based on a fiber taper embedded in CN/polymer

composite

The saturable absorption property of SWCNTs was figported and their potential
application in nonlinear optical devices was praubs [Y. C. Chen et al. 2002; Y.
Sakakibara et al. 2003]. Thereafter they have liesstigated for various fiber and
solid state mode-locked lasers in the near-infraradelength regiofi**. Comparing
to SESAMSs, saturable absorbers based on SWCNTs tbffefollowing advantages:
ultra-fast recovery time (< 1 ps) [S. Tatsuura let2803], high damage threshold,
mechanical and environmental robustness, broad imgpriwavelength range, and
flexibility to be integrated into laser cavities.

A carbon nanotube is a hexagonal network of caditoms formed into a seamless
cylinder with diameters of the order of nanometéise length of a carbon nanotube
could be from several microns to hundreds of misrohhe cylindrical nanotube

usually has at least one end capped with a fulkensolecule. There are two different



carbon nanotubes, single-walled and multi-walledb@a nanotube. The structure of a
SWCNT has only a one-atom-thick layer of graphitdled grapheme, wrapped into a
seamless cylinder. In comparison a MWCNT is comgosé several layers of
grapheme.

A SWCNT can be semiconducting, metallic or semittiefavhich depends on its
chirality [J. W. G. Wildoer et al. 1998]. Exitonigbsorption in semiconducting
SWCNTs is the main mechanism for their saturatibeogption properties. It was
speculated that the ultrafast recovery time is dwethe presence of metallic
nanotubes, serving as recombination centers, hathiegsimilar function as the
defects in SESAM created by low-temperature grostion-implantation [S. Y. Set
et al. 2004]. These CNTs have diameters on the afdeanometers, which determine
CNTs’ peak absorption wavelengths. With ~1.2 nmmditer, CNTs have the optical
absorption peak at 1.5m [S. Y. Set et al. 2004]. In order to control tR&/CNTs’
absorption peak, the nanotube growth conditions ban tuned, like furnace
temperature and the type of metal catalysts us#tkifabrication process [H. Kataura
et al. 2000]. Fig. 4.2 shows the absorption spattef SWCNTs we used in

experiments.
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Fig. 4.2 Absorption spectrum of SWCNTSs. (Inset skatch of a fiber taper embedded
in the CNTs/ polymer composite.)

Different methods to realize mode-locking with SWi\fiave been proposed. The
early CNTs saturable absorbers use a quartz platestoch CNTs thin films are
deposited, then the plate can be inserted intdaber beam inside the cavity. CNTs
can also be directly synthesized onto substratefther facets [S. Yamashita et al.
2004], and in latter case a thin film between tvbeIf connectors can be a very simple
mode-locker. Thin films have been fabricated byingxCNTs into different polymer
matrices [T. Schibli et al. 2005; M. Nakazawa et2&l06; A. G. Rozhin et al. 2006].
Such films possess good optical quality and uniftyrinecause individual CNTs are
mostly dispersed in nanoscale adequately smaléar the wavelength of light. This

CNTs-polymer film can be integrated between a péifiber connector ends, which



improves the efficiency of the nanotubes’ functidgaby reducing additional loss
and solving alignment problems due to free spaegplowy. However, this method
could damage CNTs by physical contact. A new scheh@NTs saturable absorber
was proposed, in which CNTs interact with the egarat field of the propagation
light in D-shaped fibers [Y. Song et al. 2007-OLhe advantages of this scheme are a
long interaction length between light and CNTsfiakr format and low CNT-density
required for mode-locking. A similar idea is to defgi CNTs on the tapered fiber to
realize interaction between CNTs and evanesceltt fil¢ Song et al. 2007-APL].
Although, comparing to D-shaped fibers schemes ipolarization insensitive, its
drawback is the significant scattering loss resgltirom directly spraying CNTs on
the taper waist. Therefore an alternative methodcbieving the interaction between
CNTs and the evanescent field of the fiber tapeas proposed and demonstrated in
[K. Kieu and M. Mansuripur 2007].

The SWCNTSs used in the saturable absorber are corraihe available and made by
a high pressure CO process. They are mixed witbwaréfractive-index silicone
elastomer (Polydimethylsiloxane, Dow Corning) are@uate stirring insures that
CNTs are uniformly dispersed into the polymer nxatThen the CNTs/polymer
composite is placed surrounding a fiber taper €abeid by using standard flame
brushing technique, and the composite becomes witldthe help of the cure agent,
which can be implemented in a V-groove in ordemake the saturable absorber

compact and robust. In this saturable absorber,ldbe of the light propagating



through the taper is mainly due to the absorptiothe evanescent field by the CNTs
evenly distributed in the polymer matrix, because polymer itself has low index
(~1.4) and no absorption. The scattering loss shbel quite small considering the
CNTs/polymer composite. The strength of interactioetween CNTs and the
evanescent field can be easily tailored by therteést size, the taper length and the
density of CNTs in the polymer. The saturable abes with different absorption can
be fabricated and the measured modulation depttbeanigher than 10%. The inset
of Fig.1 is a sketch to describe that pulses prafpag through the fiber taper see the
saturating absorption and become narrower.

We measured the saturation absorption of a filgggrtambedded in a CNTs/polymer
composite saturable absorber we made. A signal &@uised laser was first split into
two parts by a 90/10 fiber splitter. 10% port wasdito monitor how much light was
launched into the saturable absorber. 90% light s@st through the saturable
absorber and the transmitted power was measuredtrdhsmission vs. the average
power of the input light is shown in Fig. 4.3. Tin@ensmission increasing as the input
power shows the obvious saturation absorption behay modulation depth
(absorption change due to saturation) larger thé&m Wwas obtained from this
measurement. The background loss of this satuediderber was around 25% due to
the non-saturable absorption and scattering lolss.data points start bending down

when the average power of input pulse become lavbeh might be due to the fact



that the pulse width of the mode-locked laser walenaecome wider when the

average power is larger .
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Fig. 4.3 Transmission measurement of a fiber tamebedded in a CNTs/polymer
composite saturable absorber with pulsed lasett.inpu

4.4 Mode-locked fiber lasers utilizing CNTs
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Fig. 4.4 The layout of the ring cavity Er-dopedeiibmode-locked laser.
Fig. 4.4 shows the layout of the ring cavity Er-ddpfiber mode-locked laser, in
which the mode locker is just a fiber taper embedile CNTs/polymer composite.
The Er-doped fiber is around 1.5 m and its basrapaters are listed in Table 4.1.
Pump laser diode operating at 980nm is coupled timtoactive fiber by a 980/1550
WDM fiber coupler. Laser output comes out from @pditting port of 50/50 fused
fiber coupler. The isolator in the ring is used d@osure the unidirectional laser
circulation. Polarization controller is used to w&lj polarization state of the light

within the cavity to optimize the mode-locking.

Fiber type Liekki LF 1200 Er-doped fiber
Cladding diameter (um) 125

MFD at 1550nm (um) 6.6

MFD at 980nm (um) 3.9

NA 0.20

Index difference 13.6 x 10

Cut-off wavelength (nm) 860

Absorption at 978nm  (dB/m) 11.9

Absorption at 1530nm  (dB/m) 16.5

Table 4.1 Er-doped fiber data sheet.

With low pump power (=20 mW), the laser can turto igelf-starting mode-locking
from CW operation. It was observed that the laser stay mode-locked for several

days. Pulses have been obtained with varied alisosp{20%, 30%, 58%, 80% and



90%) of saturable absorbers. By changing the len§t8MF inside the cavity, the
repetition rate varies from 5 MHz to 20 MHz. Theital spectrum in logarithmic
scale is shown in Fig. 4.5. Sidebands in the spectare due to the periodic
perturbation of the laser cavity and they are wrplected in the soliton fiber laser [G.
P. Agrawal 2007]. Fig. 4.6 shows the typical putsén displayed on the oscilloscope,
measured with a fast detector connected to anlesmipe. When the laser delivers
only a single pulse per round trip, the maximumrage laser output power is ~ 15
mW. The pulses start splitting due to the pulsegnbmit of soliton lasers when the

pump power is too high.
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Fig. 4.5 Laser output spectrum with saturable diEyonith 58% absorption.
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Fig. 4.6 The pulse train from the ring fiber lassrorded on the oscilloscope.

With the fiber taper embedded in CNTs/polymer cosmgo we also constructed a
passively mode-locked linear cavity fiber lasereTaser configuration is shown in
Fig. 4.7. A piece of 1.5 m long Erbium-doped fileused as gain medium. The HR
mirror is high reflection dielectric mirror diregttoated on the fiber end surface. The
single-mode 980 pump light is injected into theiactiber by a fused 980/1550 nm
WDM. The mode-locker here is just the saturableodi®s described above, which is
directly spliced into the cavity. A 2 x 2 coupleith two output ports spliced together,
works as a fiber loop mirror to provide the cavigedback. By adjusting the
polarization controller, the reflectivity of thedp mirror and the output coefficient
can be modified. The output fiber port is angleagkd to prevent deleterious

reflection, which is critical to obtain stable meldeking operation.
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Fig. 4.7 Scheme of the mode-locked linear cavlgifiaser.

The absorption of the mode-locker used in the emparts is around 88% (obtained
with small signal transmission measurement of 1&HOCW laser through the taper).
Because the output coefficient of this laser ishbrgthan 70%, the high modulation
depth is preferred, resulting in the use of therskile absorber with high absorption.
The laser starts lasing in CW mode and the modearigcself-starts when the pump
power reaches 45 mW. It keeps mode-locking outpuihe fundamental rate as the
pump power increases. When the pump power exce@@sn8V, multiple pulses (in
the single round-trip) appear; this means the pldsens splitting into several pulses
because the pulse energy reaches its energy Imthis specific cavity [A. B.
Grudinin et al. 1992].

Fig. 4.8 presents the curve of the output powertlws.pump power and the laser
output spectrum is shown in the Fig. 4.9. The meskspectral FWHM is around 5.8
nm with the output average power being 20 mW. Eig0 presents the output laser

pulse train recorded with a digital oscilloscopéjah shows the repetition rate is ~10
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MHz. According to these measured results, the pegegy is ~ 2 nJ, which is high

for a soliton fiber laser.
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Fig. 4.8 The output power vs. the pump power ofrtteele-locked linear cavity fiber
laser.
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Fig. 4.10 Oscilloscope trace of the pulse trainmfrthe mode-locked linear cavity
fiber laser.

In order to characterize the pulse width of this dewtocked fiber laser, an
inteferometric autocorrelator, utilizing collineaonfiguration [C. Rulliere 2005], was
built to record the autocorrelation trace of thededocked laser pulses. From Fig.
4.11, we can read that the pulse width is arour® f8%f assuming it has a Séch
pulse shape. The time-band-product is ~0.49, wlichicates further dispersion

management inside the cavity can lead to eveneshoulses.
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Fig. 4.11 Autocorrelation trace of mode-locked tgadses with 260 mW pump.
4.5 Mode-locked waveguide lasers utilizing CNTs

The Er-Yb-codoped phosphate glass waveguide candgrdigh gain (3-4 dB/cm) in
a short length with relatively low loss (0.15 dBJcriWe have demonstrated a short
cavity (1 cm long) waveguide laser [S. Yliniemi &t 2007]. With appropriate
mode-locking scheme, high repetition rate pulsegddcbe obtained from these short
waveguide lasers. With the same saturable absddsaribed above, we have built a
mode-locked ring laser utilizing an Er-Yb-codopeldsg waveguide as the gain

medium.
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The waveguide was fabricated on a Schott I0G-1 giete glass substrate by using
silver film ion-exchange technique, as describedhapter 2. This glass is doped
with high concentration of Erbium (107 ions/cni) and Ytterbium (610%°
ions/cn®). In silver-film ion-exchange process, silver ica® released from a thin
film deposited on the glass surface and then drimém glass with an electric field.
Meanwhile they replace sodium ions in the glass lacdlly increase the refractive
index, thus forming a waveguide. Standard photogjtaphy can be used to make a
diffusion mask. After silver film ion-exchange pess and thermal annealing, which
redistribute the silver ions to modify the waveguiddex profile, low loss channel

waveguides are achieved.

Pumpl Er-Yb-codoperwaveguidi Pump2

WDM1 WDM2
Mode

locker
P.C.
Output

Coupler

SOL.
—

I

Fig. 4.12 Scheme of a mode-locked waveguide risgrla
The laser scheme is shown in Fig. 4.12. Two WDMKsused to couple two 980nm
laser diodes to pump the active waveguide from leoiths. The mode locker is just
the similar saturable absorber we used for ther flaser. A fused fiber coupler

couples small amount of the cavity power out. Aplatr is used to ensure
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unidirectional light propagation. The polarizatistate of the light inside the cavity is
adjusted by a polarization controller to help realhe stable mode-locking operation.
Index matching oil is applied on two butt-coupligetween fiber and waveguide) to
prevent any detrimental reflection, which can resuimode-locking instability. With
the help of index matching oil, the FP filterindeet (reducing lasing bandwidth) at
butt-couplings can also be prevented. In the beginthe laser could not be
mode-locked without index matching oil applied. Theveguide used in this
experiment is only 3.5 cm long.

First we tried a saturable absorber with small @igibsorption of 71% and the output
coupling of 2%. When the total pump power was ado@B0 mW, the CW lasing
started. With pump power increased to 184 mW, modeing operation was
observed with the output power of 30 pW. With thaximum pump power of 315
mW, the maximum average power of the mode-lockserlas only 270 pW.

In order to increase the output power, we usedh&ntaturable absorber with 22%
absorption and a 10/90 fiber coupler. This time@W lasing threshold decreased to
114 mW. Mode-locking operation self-started withe thump reaching 138 mWw.
Between CW and mode-locking regimes, no Q-switclopgration was observed.
With 290 mW pump power, the single-pulse mode-logkhas the average output
power of 2 mW. Further increasing the pump powbke kaser went into either
multiple-pulsing regime or noise-like pulse regime.the former case, there are

multiple pulses circulating in the cavity and thgsdses can be distributed evenly



108

(like harmonic mode-locking) or randomly (sometimjast several pulses closing
together). In the latter case, several short pudaescollapse together to form a long

pulse with the duration of tens of picoseconds.
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Fig. 4.13 Spectrum of mode-locked waveguide |aBee inset is the corresponding
pulse train.

Fig. 4.13 shows the spectrum of output laser medsiny an optical spectrum
analyzer with 0.06 nm resolution bandwidth. Theetris the pulse train recorded by
an oscilloscope. The pulse repetition rate is M2&.

At 2 mW output, the measured pulse duration fromoa-collinear autocorrelator
(using two photon absorption) is ~ 3 ps. The autetation trace is shown in Fig.

4.14. Since the coupling loss between fibers aedatiiveguide is relatively high, the
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peak wavelength is ~1534 nm, where the gain peakhe mode-locked fiber laser
usually operates with the center wavelength at 8a86 where the gain spectrum is
much flatter than that at 1535 nm. Therefore is thode-locked waveguide laser, the
laser spectrum bandwidth is not very broad (FWHM i%.25nm), which results in
longer pulses than those delivered by the modeekbcKiber laser. The
time-bandwidth product is 0.461, much larger tHaa talue of the transform-limited
SecH pulse, 0.315. Careful dispersion management meusisbd to reduce the pulse
duration. The pulse with duration of 3 ps is perféar the high-speed optical
communication, because it is short enough to satlsé requirement of 100 GHz
transmission and not too short to cause strongimeanl effects in the transmission

fiber.
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Fig. 4.14 Autocorrelation data point of the wavegumode-locked laser. The red line
is Secf fit.

However the repetition rate of this waveguide mimided laser is too low because
the cavity length is too long. With the long cayitile way to obtain the pulse train
with high repetition rate is to use harmonic mooeking, which could be hundreds of
times of the fundamental rate. However the harmorade-locking hardly produces a
stable pulse train and the spacing between twaeadjgulses can vary from time to
time. So the right way to solve the problem ishiorgen the cavity length to increase

the fundamental repetition rate.
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To shorten the cavity length, we can remove alffithers as well as fiber components
and integrate the active waveguide and the modetdogether to build a short linear
cavity waveguide laser. The question is how tograte the saturable absorber with
the short waveguide together. One method we propoge directly coat a thin
CNTs/polymer composite film on the top of the Er-8tdoped ion-exchanged
waveguide.

CNTs/polymer film
Fiber End Mirror lon-exchanged waveguide

. o

Fig. 4.15 Scheme of short cavity mode-locked waidsglaser.

The scheme of the proposed method is shown irdElg. The laser cavity feedbacks
are provided by a fiber end mirror (HR) and a pérteflection dielectric mirror
(O.C.). The mirrors are butt-coupled to the two snof an Er-Yb-codoped
ion-exchanged waveguide. The pump can also be edetivby the fiber.on the
left-hand side. On the top of the waveguide thei film of CNTs/polymer. The light
propagating in the waveguide can have part ofietd tistributed in this film and see
the saturation absorption of CNTs in the film. Tsisiple approach can integrate the
gain medium and the saturable absorber togetheslamad provide a compact short

cavity mode-locked waveguide laser. If the waveguglonly 1 cm long, which we
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have already demonstrated (CW operation) [S. Yiimie2007], after mode-locking

the fundamental repetition rate is around 10 Glzaddition the waveguide laser
itself benefits from the low noise and low jitteginso this kind of short cavity
mode-locked laser could be an excellent and cdsttéfe return-to-zero (RZ) pulse
source for optical transmitters.

We have theoretically studied the effects of théymer thickness and refractive
index on the waveguide characteristics. With theT&WNolymer composite film on
the top of the waveguide, we would like to know hawch field of the propagation
light distributes in the polymer film. Then we c&mow how much the light

propagating through the waveguide can interact WittiTs in the film. For this

purpose we have simulated the mode properties isfdinucture for various film

thickness and refractive index by using the modeloftware we mentioned in

chapter 3.
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Fig. 4.16 Power of the TEMOO mode in the polymerthe refractive index of the
polymer for 1 um cover film on the top of the wauite with 3 pm mask opening.
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Fig. 4.17 Mode profiles for 1 pum polymer film orettop of the waveguide with 3 pm
mask opening for different polymer refractive index(y = 0 is the interface between
polymer film and air.)
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Fig. 4.18 Power of the TEMOO mode in the polymerthe refractive index of the
polymer for 2 um cover film on the top of the waugte with 3 pm mask opening.
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Fig. 4.19 Mode profiles for 2 pum polymer film orettop of the waveguide with 3 pm
mask opening for different polymer refractive index

Fig. 4.16 shows power of the TEO and TMO modesh&polymer vs. the refractive
index of our waveguide structure. In particular tower film has the thickness of 1
um and the ion-exchanged waveguide is fabricatech fB um mask opening. The
substrate index is 1.51 and the max index chan@e0&. As the refractive index of
the polymer increases from 1.47 to 1.56, the powwr3 E and TM mode inside the
film increase from 1.5% to 16% and 15% respectivéllg. 4.18 shows the same
pattern for the 2 um polymer film covered wavegugtieicture. Comparing to the
case of 1 um cover film, there is more power distied in the polymer. Fig. 4.17 and
Fig. 4.19 show mode profile (constant field cong)dor waveguide structures with 1
pum and 2 um polymer film on the top respectivelhe3e all draw the following

conclusions. In order to make the propagating lfgditl in the waveguide to interact

with the CNTs, the polymer refractive index shoudd higher than that of the
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substrate to have quite a large portion of ligistributed in the film. And how much
of the field is inside the polymer film depends looth the refractive index and the
thickness of the film.

The small index polymer can have only little ligithe film, however the large index
film can have too much power in the film and thede@rofile is altered significantly.
In addition too much power in the polymer makedifiicult to couple the light back
from the waveguide with cover film to the waveguigithout cover film. Fig. 4.20
shows power of the TEMOO mode in the polymer vs.ttlickness of the polymer for
waveguide structure (3 um mask opening) with n55 over film on the top. Here
we choose the refractive index of the polymer féis 1.55 according to previous
simulations. The power of TEMOO mode in polymemfiincreases very fast as the
thickness of the film becomes larger. However tih@ thickness should be thin
enough to prevent the film layer itself supportmgyuided mode. Fig. 4.21 shows
effective index of the TEMOO mode vs. the thickne$she polymer for n = 1.55
cover film on the top of the waveguide with 3 pmskapening. Effective indexes of

this waveguide structure are raised by the higbgmper index.
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Refractive index of Film thickness Film thickness
the polymer film for TE cutoff (um)  for TM cutoff (um)

1.54 1.07 1.19
1.55 0.90 1.02
1.56 0.78 0.90
1.57 0.695 0.815

Table 4.2 Cutoff film thickness for TE and TM modes
To study the thickness of the film we can use, vaeehcalculated cutoff film
thickness for the guided mode of the polymer fiagdr. The software used actually
calculates mode solutions for a given 3-layer $tmac (substrate is glass with n =
1.51, center layer is polymer film itself and tlop tlayer is air cladding).Table 4.2
lists the film thickness cutoff for different valief film refractive index. It means the
film is not allowed to be thicker than the cutofiwre; otherwise there will be a guided
mode in the film layer itself.
At the cutoff condition, 0.9 um thick film (n = Bbhas 12.6% of TE and 7.84% of
TM power located in the film; and 0.78 pum thickrfiln = 1.56) has 13% of TE and
7% of TM power in the film. These two sets of pobmfilm parameters could be
good choices for the short cavity waveguide moa&dd laser.
Further we may not cover the whole waveguide with polymer film if we want to
control the absorption of CNTs in the film by tailg the interaction length and

reduce the coupling loss at both waveguide end®nTthe coupling between
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waveguide with film and waveguide without film shdue studied. The tapering of
film thickness can be used to help mode transfgrand reducing loss and the
minimal length of an adiabatic taper is the keynpbiere.

If we just taper the polymer film, the ion-exchadg®&aveguide needs to support a
fundamental mode. It is likely that, with high-ind&lm added, waveguide will have
additional modes. Light is not substantially codpte these additional modes in a
taper structure, but this might cause some probiartise laser structure. One way to
solve this possible problem is to taper also tmeexchanged waveguide width down
(by narrowing down the mask strip opening widthhwthe up-tapering of film
thickness. In this case the simulation of tapés geite complicated, as very many
different ion exchange profiles need to be inclustethe taper.

We have theoretically studied the tapering by Piddesign tools [Photon Design
2008]. The glass substrate refractive index of 315dnd maximum index increase of
0.06 were used. Thin cover film was studied, tangehigh portion of mode power
confined into film, but with waveguide structura@sited to guide only fundamental
TE and TM modes. TE mode has higher confinemenfpsos was on it. Selected
cover film refractive index was 1.552, and the khiess was 0.94 um. Source width
for diffused waveguide with cover film on the tapselected as 2 um.

Coupling between waveguides with and without cdimer were done by tapering. As
cover film thickness is tapered down to zero, tifeused waveguide needs to be

tapered up to maintain the fundamental guided m@éeincreased the source width
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to 5 um for waveguide without cover film. A 100 dong taper (linear tapering of

thickness from 0.94 um to O um and source widtmf@®um to 5 um) was modeled

Fig. 4.22 shows the modeling of optical propagairotop and side views.

Fig. 4.22 Modeling of optical propagation in topg} and side (bottom) views.
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Fig. 4.23 Fundamental mode power calculated alapgrt(100 pm long).
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Fig. 4.23 shows the fundamental mode power cakedlalong the taper. About 1% of
the light power is lost after 100 um long taperisivalue can be selected for the final

taper length.
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Fig. 4.24 (a) Mode effective indices along taper T&00 (blue), TMOO (green) and

TEO1 (red); (b) Mode power fractions confined inveofilm along taper for TEOO
(blue), TMOO (green).

From Fig. 4.24(a), we can confirm the single-mogeration. Fig. 4.24 (b) shows that
the mode power confined in the film dropped from628 for TE mode and 19.1% for
TM mode to zero, indicating the tapering is excdlfer mode transition.

With all the theoretical studies we have done abawefind it's feasible to design and
build a waveguide structure using ion-exchangedegaides with CNTs/polymer

composite film on the top, which can provide salidgle-mode propagation with low
loss and strong enough interaction between propaghght field and CNTs in the

polymer film. Together with the simulations preseht the demonstrated
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mode-locked waveguide laser and short cavity wadegiaser, we can conclude that

a short cavity mode-locked waveguide laser is ldagind very promising.
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CHAPTER 5

ALL-OPTICAL CLOCK RECOVERY BASED ON BIREFRINGENT

RESONATOR

5.1 Introduction

Optical fiber communication technology has enalileel high-speed, long-distance
transport capacities in today’s telecommunicatioesvorks. These networks still rely
heavily on electronics, however, and the opticginais are converted into the
electrical domain at each network node. Pushingfribretiers of all-optical parallel
signal handling from its current domain of “transsion” (i.e. dense wavelength
division multiplexing, DWDM) towards new edges iprécessing” will be a further
step to perform more operations optically and avamist intensive, power and space
consuming Optical-to-Electronic-to-Optical (O-E-@pnversions. One of the key
functions for these future all-optical networkskie implemented in receivers and
regenerators is all-optical clock recovery (OCR).

In this chapter first all-optical clock recoveryiigroduced. All-optical clock recovery
based on fiber-optical waveguide resonators isudsed. Then we study the
characteristics of a birefringent fiber resonatard areview the multi-channel

multi-rate all-optical clock recovery based on sadhirefringent resonator.
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Subsequently we introduce a polarization insersiseheme for all-optical clock
recovery based on the birefringent resonator amdodstrate how it works not only
under ideal conditions but also with data signaighlly distorted by chromatic
dispersion and by self-phase modulation. We show tiacan handle data signals
which have undergone distortion due to transmissieer dispersive and nonlinear
fiber-optic propagation paths and which come in hwarbitrary polarization
orientation. Bit-pattern dependent amplitude flatitons of the recovered clock signal
are equalized by means of a semiconductor optivglliher operated in saturation.
The experimental results which, as a proof-of-cpticeare obtained from
single-wavelength channel 10 Gbit/s return-to-z¢RY) data agree well with
numerical simulations.

The same scheme, beat signal generation basedbimefangent element, is then
utilized in a different way: a birefringent fibeesonator using optical heterodyne and
working as a pressure sensor is studied theorgtiaatl experimentally at the end of

this chapter.

5.2 All-optical clock recovery

An optical communication system consists of a mmatisr, a transmission channel
and a receiver. There is usually a long distandevden the transmitter and the
receiver and it is impossible for the receiver teectly obtain the transmitter clock

signal. It's also not cost-effective to transmi ttlock signal in a separate channel, so
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clock recovery is necessary to be implemented kyréteiver to obtain the clock
signal directly from the incoming flow of data.

In an optical receiver, the clock recovery secismlates a spectral component at the
frequency of data rate from the received signal teth provides bit slot (one over
data rate) information to the decision circuit asllvas helps to synchronize the
decision process [G. P. Agrawal 2002]. In telecomitation systems, the clock has
traditionally been recovered by electrical circuitdich first convert optical signals
to electrical signals and recover the clock eleatly. However this optical-electrical
conversion is not necessary and desirable at nogsitibns in telecommunication
systems. Therefore it is better to keep the sign#ie optical domain and realize the
clock recovery optically. In addition the limitegeed of electrical circuits prevents
these systems from being used in future ultralbasical telecommunication systems
where the single-channel data rate will exceed Gbi/s. Optical clock recovery
systems can overcome this limitation by using tdstoptical processes to replace
complex electronic components.

Generally speaking there are two main ways to zeaptical clock recovery, active
pulsating and passive filtering [T. v. Lerber 200&¢tive pulsating techniques utilize
an optoelectronic oscillator loop or a self-pulsgtlaser, which can be locked to the
incoming signal bits. The self-pulsating laser dobk a passive mode-locked laser
that has been discussed at the end of ChaptersSivediltering techniques try to

separate the clock frequency component from thenmag signal in frequency



126

domain. The former usually provides high qualitpad as well as high cost and
complexity. On the contrary the latter has simplafiguration and low cost at the
price of reduced signal quality.

For active pulsating, either optical phase-lockaopk (PLL) or self-pulsating lasers
are employed. Optical PLL, similar to electrical lPin functionalities, synchronize
an internal signal oscillator with the incoming aldiits and obtain frequency and
phase information of the signal. Optical PLL canrbalized by using optical gain
modulation [S. Kawanishi and M. Saruwatari 1993; . Awad et al. 2002] or
amplitude modeluated optical gates, based on ansamloptical loop mirror [Y. M.
Jhon et al. 2003], an optically gated electroaltsmmpmodulator [E. S. Awad st al.
2003] or a LiNbQ@ modulator [H. Dong et al. 2004]. In optical PLLhet cross
correlation of the local oscillator and the incomsignal can be performed by some
nonlinear prosesses, such as four-wave mixing fltoSet al. 1994] and two-photon
absorption [R. Salem and T. E. Murphy 2004]. Injegtthe incoming signal into a
self-pulsating laser can make it locked to the data of the signal, resulting in the
clock recovery. These self-pulsating lasers inclodale-locked self-pulsating diode
lasers [M. Jinno et al. 1988], self-pulsating nadttion diode lasers [C. Bornholdt et
al. 2000; I. Kim et al. 2005] and self-pulsating dedocked lasers with fiber loop
feedback [K. Smith and J. K. Lucek 1992].

Passive filtering techniques are also used ta fité the desired spectral components

from the incoming signal to recover the clock. EBanators have period transmission
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spectra with periodicity depending on their lengthsd the transmission peak can be
very narrow, depending on its finesse. So theylmansed to select the clock tone of
the incoming signal. Other filtering techniqueslie stimulated Brillouin scattering
filters [D. L. Butler et al. 1995; C. Johnson et #099] and bragg grating filters [J.

Lee et al. 2005; J. Lee et al. 2006].

5.3 All-optical clock recovery based on FP resonators

An optical clock recovery scheme based on a fremesgFP resonator was first
demonstrated in [M. Jinno et al. 1990]. In this kvarFP resonator, with free spectral
range (~2 GHz) equal to the clock frequency ofitlteming optical data stream, was
utilized as the optical tank circuit to extract ttleck. Because of its fully passive
structure, ultrahigh bit rate operation (Tb/s) issgible through decreasing the
resonator length. Later on G. Contestabile et mpeamentally demonstrated a
40-GHz all-optical clock recovery circuit using anple scheme made of a high
finesse (F=270) FP filter and an SOA. The SOA adsan optical amplitude
equalizer. A good quality recovered clock signayihg 0.5% residual amplitude
modulation and less than 497-fs rms time jitters whtained. Recently there are also
some optical clock recovery demonstrations base@Roresonator filtering [Z. Zhu et
al. 2006; Z. Pan et al. 2006].

The optical clock recovery based on FP resonatosimple, but its challenge is the

output clock signal amplitudes have strong depecelem FP resonator time constant
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and data patterns of the input signal. The ammitequalization can be achieved by
different techniques, such as nonlinear respon$0# [E. Kehayas et al. 2005] and
Mach-Zehnder interferometric switches [P. Bakopsudbal. 2005].

By increasing FP resonator finesse, the photontiifee in the resonator become
longer, resulting in less dependence on the pattiéect. Thus the clock signal can be
extracted from a signal with more consecutive lewel bits. However, a larger

finesse means a narrower transmission bandwidtichwis directly related to the

signal wavelength fluctuation tolerance. For insgnif we want to resolve 10

consecutive low-level bits within 1/e period at tbata rate of 100 Gbit/s, the

wavelength tolerance is about £ 0.5 GHz [T. v. keer®006].

5.4 Multi-channel multi-rate all-optical clock recovery based on birefrngent

resonators

Most of reported methods for optical clock recovepgrate only for one-channel at

a time, and only two demonstrations for four sirmoéous -channels [V. Mikhailov

and P. Bayvel 2001; D. V. Kuksenkov et al. 2005}ehaeen reported. None of the
published concepts has been shown to handle naultipla rates simultaneously. In
[T. v. Lerber et al. 2007], a parallel OCR schenmasdal on heterodyne beats of an
optical sideband-filtered signal was investigatéte clock signals were recovered
when the filtered sidebands were combined witrahlstlocal oscillator. The scheme

was demonstrated for 23 simultaneous wavelengtbi{annels at a 100 GHz DWDM
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grid, each hosting a data stream of 10 Gbit/s. Tin . Lerber et al. 2006] we
eliminated the need for the local oscillator by Igmm a homodyne concept based on
a simple device consisting of a birefringent resonand a polarizer. For the first
time multi-wavelength multi-data-rate optical clogcovery could be achieved and
was demonstrated for 20channels operating at 10 Gbit/s and one at 40/$bit
The combination of a birefringent resonator andlkanzer may generate mode beats
at frequency

f cnl 4n (5.1)
wherec is the speed of light and the wavelength in vacuumn is the difference of
refractive indices of the two eigenpolarization redndn is the average refractive
index [T. V. Lerver et al. 2004]. The birefringamisonator is considered as a pair of
independent resonators for two orthogonal statdmeérly polarized light, and the
polarization of the launched light is controlledexcite both polarization modes. For
the return-to-zero (RZ) modulated signal, the earaind the first sideband frequency
are tuned to match the transmission peaks of tbe¢sonators; after the birefringent
resonator, the polarizer is aligned appropriatefy using OSA to monitor two
polarization components to generate the beating/dmet the two filtered signals.
The beating frequency is proportional to the degre®irefringence f( n), and
does not depend on resonator free spectral rar§R)(F'he operation principle of
passive all-optical clock recovery using a birggent fiber resonator is shown in Fig.

5.1.
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Fig. 5.1 Operation principle of passive all-optickdck recovery using a birefringent
fiber resonator [T. v. Lerber et al. 2006]. (a) &p& decomposition of input signal at
40 and 10 Ghbhit/s. (b) Suitably tuned birefringeasanator may filter both clock
signals simultaneously. (c) Suitably polarized otitgignal beats at clock frequency.
(d) The CR device consisting of a birefringent regor and a polarizer.

Unlike in the case of former demonstrations of agtiank circuits [M. Jinno and T.
Matsumoto 1992; G. Contestabile et al. 2004], tlaecimbetween the resonator length
and the data rate is not required, and only theedegf birefringence has to coincide
with the rate of the clock signal to be extractétith this scheme the multi-optical
clock recovery becomes simple, i.e., we just ma#tehresonator free spectral range

with the DWDM channel spacing.
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Fig 5.2 Experimental setup in [T. v. Lerber et2006]. Abbreviations: MLL + MOD

— mode-locked laser with return-to-zero modulat€d Gbit/s PRBS data stream,
EDFA — erbium-doped fiber amplifier, DFB — distribd feedback laser, AWG —
arrayed waveguide grating, ISOL — optical isolatbtQD — modulator, POL —
polarizer, TF — tunable optical bandpass filter
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Fig. 5.3 Recovered 10 Ghbit/s clock Signal in [TLerber et al. 2006]. In: Input signal
consisting ones and zeros. Out: Output from on@&rtla Below: Magnified portion

of the signal.
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Fig. 5.2 and Fig. 5.3 illustrate the experimenttup and recovered 10 Gbit/s clock
signal from the optical clock recovery scheme based birefringent fiber resonator.
From Fig. 5.3 we can see the typical recoveredkcgignal has varying amplitudes
depending on the input signal pattern. The qualityecovered clock signal from

different channels varied due to the polarizatitatesvariation of different channels

and the accuracy of tuning each channel to theeE®hiator transmission bands.
5.5 Polarization insensitive clock recovery based on birefringent resonators

Although the method presented in [T. v. Lerber [et2806] introduced significant

advancements in terms of multi-wavelength and nudta-rate capabilities, it suffers
from drawbacks in terms of polarization sensitiatyd bit pattern effects.

Since the mode beating originates from the twopedeent polarization modes in the
birefringent resonator, the beating will be absénte polarization of the launched
light is along only one eigenpolarization mode lbé tresonator. Furthermore, the
varying state of polarization of the injected liglksults in amplitude fluctuations in

the beating signal [Q. Wang et al. 2007].

ISOL MOD

TUNABLE POLARIMETEF
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Fig. 5.4 Experimental set-up of the polarizatiogeinsitive all-optical clock recovery.
Abbreviations: PC — polarization controller, PB$elarizing beam splitter, POL —
polarizer, SOA — semiconductor optical amplifier.

In order to achieve polarization insensitivity, wese a configuration shown
schematically in Fig. 5.4. For a proof-of-conceptDFB laser, followed by an
isolator, is RZ modulated with &-2 PRBS data signal at current SONET OC-192 /
SDH STM-64 data rate (i.e. 9.95328 Gbit/s). ThaoaptRZ data signal is generated
by two Mach-Zehnder modulators. The first one isair by the system clock to get
the periodic RZ pulses, and the second one apihieesiata modulation onto the RZ
pulses. After amplification with an erbium-dopedeii amplifier (EDFA), an
additional polarization controller (PC) is utilized actively change the state of
polarization (SOP) of the test signal in order ¢oify the polarization insensitivity of
the proposed set-up. A portion (10%) of the signaltensity is tapped and sent to a
polarimeter to monitor the SOP and its changes. rEneaining power (90%) goes
into the modified OCR set-up, which is composed fiber pigtailed polarizing beam
splitter (PBS), a pair of PCs, a 3-dB coupler, gefongent resonator and a fiber
pigtailed polarizer (POL). The PBS and the two R@s used to orient the incident
state of polarization on a 45° angle with respec¢hé eigenpolarization modes of the
resonator and the 3-dB coupler combines the twa amo the resonator. With this
configuration the incoming light with arbitrary S®Fs always oriented to equally
excite the two eigenpolarization modes of the rasam The birefringent resonator

is a fiber Fabry-Perot filter (free spectral rarig@R = 49.9 GHz, full bandwidth at
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half maximum BW\wum = 645 MHz). Its birefringence is tuned to be velgse to the
data rate of the signal under investigation. Thibofong polarizer combines the
partial power of the two filtered signals (carraerd the first sideband) resulting in a
beat signal.

After amplification by an EDFA and amplitude eqaation by an SOA, the beat
signal is filtered by a tunable optical bandpadterfiand analyzed by a fast
oscilloscope. SOAs have a fast response time datlivedy low saturation output
power. Therefore they can be used to equalizant@itudes of the clock pulses [G.
Contestabile et al. 2004; K. Sato and H. Toba 2004¢ average input power to the
SOA is adjusted appropriately by the EDFA to anypliie pulses (with varying
amplitudes) to the same saturation value. Note tthiat property to perform pulse
amplitude equalization can be used only on a pamcél basis. However, one can
always recover the clock signals for differeathannels by one clock recovery unit,
then demultiplex the signals and equalize the @ogss for each channel with SOAs.
Compared with single channel clock recovery schenigis set-up still has the
advantage of parallelism in the multifirst stage signal processing.

To supplement the experiments we simulated our GERuUp by the commercial
software PHOTOSS []. In the simulations, the birgfent resonator is substituted by
two FP resonators with the same FSR but a 10 Gédguéncy shift with respect to the
transmission peaks. Since a PBS is not includédersimulation tool, we use a PC to

adjust the polarization of the incoming light to°4&ith respect to the resonator’s
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principal axes, and then divide it into two arms #&€y3-dB coupler. We have a
polarizer (at 0°) and the first FP resonator in ama, and a second polarizer (at 90°)
and the second FP resonator in the other arm.|¥itlaé two arms are combined and
sent into the analyzer under 45° incident angle fEmaining part of the simulation
set-up follows the construction of our experimergat-up shown in Fig. 5.4. The
simulation scheme of polarization-insensitive cloekovery set up on PHOTOSS is

shown in Fig. 5.5.

scilloscoped50

mm

\Polarizer_Q0193.11 FPFilter

Fig. 5.5 Simulation scheme of polarization-insewsitclock recovery setup on
PHOTOSS.

First we present the simulation results on pulseakzption with an SOA. Fig. 5.6
(left, a) shows the RZ data signal. Figs. 5.6 (lbjtand (left, c) correspond to the
recovered clock signal without and with the SOApectively. The simulation clearly
shows that the set-up can recover an adequate sligoll with equal amplitudes.
Note that the asymmetric shape of pulses in the &i§ (left, c) is due to the
limitations in SOA parameter range in the simulatsmftware, which does not fully

model the actual component.
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Fig. 5.6 Left: Simulation of the pulse equalizatiith an SOA: (a) RZ data signal,
(b) recovered clock without the SOA, (c) recoverdck with the SOA. Right:
Measured equalization of the pulse amplitudes veth SOA, printed from the
oscilloscope screen. (a) RZ data signal, (b) resalvelock without the SOA, (c)
recovered clock with the SOA.

In the experiments, the average input power ofSBA is controlled by an EDFA.
The SOA has a small signal gain of 25 dB and apuiwgaturation power of 6 dBm.
The SOA operates at the saturation level when wwogpiately adjust the input
signal power. In this case the oscillations witictuating amplitudes can be equalized
to the same saturation value. This amplitude egjuaglicharacter of the saturated
SOA is clearly seen from the experimental resuit&ig. 5.6, where (right, a) is the
injected RZ data signal, (right, b) is the recodectock signal before the SOA, and
(right, c) is the recovered clock signal after ®@A. Note that, in contrast to the

simulations, the experimental clock pulses are sgtrimafter the SOA.
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Fig. 5.7 Extracted clock signals from input signaish different SOPs. All y-axes
range from 0 to 0.4 mW.

For the polarization independent operation, the PCie two arms are statically
adjusted as followsWhile launching unpolarized broadband incident tigive
disconnect one output of the PBS, and adjust th@®@e other arm to excite two
eigenpolarization modes of the birefringent resonaqually by monitoring the
output of the resonator with an optical spectruralyger (OSA). Two transmission
peaks (corresponding to the two eigenpolarizatiodes) with the same amplitude on
the OSA indicate that the PC is adjusted correditye same process is carried out on
the second arm. The actual measurements are peddyynchanging the SOP in front
of the PBS in steps across the entire Poincarers@ma documenting the recovered

clock signals. Fig. 5.7 shows the measurementteesu five different input SOPs.
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For each recovered clock signal, the corresponlioiglent signal SOP and Stokes
parameters Sto S are shown as well. We recorded the clock signalkttie whole
2’-1 word but for clarity, we only display 32 clockates in Fig. 5.7. By comparing
the five different signals shown on the same vartscale, we can conclude that the
modified OCR set-up is polarization insensitive.eTamplitudes of the recovered
clock signals show some fluctuations due to tentpezainstabilities. This issue is

discussed later in this section.

5.6 Clock recovery operation with highly distorted signals

During the propagation along the optical path ifib@r-optic network, the optical

signals may suffer from residual (or uncompensadéxpersion and nonlinear effects.
Therefore we investigated the effect of high disymar as well as strong nonlinear
distortions on the proposed OCR scheme. We int®diigpersion into the system by
inserting a 6-km piece of dispersion compensatiberf(DCF) with a chromatic

dispersion of D = —647 ps/nm between the modulanal the first EDFA. The effect

of the dispersion on the recovered clock signahiswn in Fig. 5.8, left: (a) and (c)
are the oscilloscope traces of the original RZ aigmd the highly dispersed signal,
respectively. The clock tones recovered from tregeals are shown in Figs. 5.8 (b)
and (d) correspondingly. The same configuratiosinsulated and the results (Fig. 5.8,
right) are in good agreement with the experimentadervations. This dispersion

tolerant behavior of the OCR scheme can be exmldiyethe fact that the recovered
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clock signal is generated by beating between theecaand the selected sideband,
which are not affected by dispersion (except fansghase shift which does not

influence the functionality at this point).

Fig. 5.8 Experimental (left) and simulation (rigigsults of dispersion (-647 ps/nm)
effect on all-optical clock recovery: (a) RZ datgmal, (b) recovered clock from RZ
data signal, (c) dispersed signal with —647 ps/(a), recovered clock from the
dispersed signal.

Finally, we gradually increased the channel avepayeer to up to 15 dBm (32 mW,
peak power is more than 100 mW) and launched ttpeakiinto a 12-km highly
nonlinear fiber (HNF) with a nonlinear coefficieniys =4  sur in order to generate
strong self-phase modulation (SPM). Fig. 5.9 shtiveseffect of SPM on the optical
spectrum of the data signal. The curves (a) an@r@}the recorded spectra when the
HNF is placed before or after the EDFA, respecyivBly comparison, it is easy to see

that the spectrum becomes broader owing to the S#ith means that the spectral
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composition of the data signal is changed and piaigncould influence the OCR

functionality.

Fig. 5.9 Optical spectra of the injection signalthwiand without self-phase
modulation: (a) Spectrum of the data signal wherFDi@bdule is placed before the
EDFA, (b) Spectrum of the data signal when DCF n@diplaced after the EDFA.

Fig. 5.10 Left: clock recovery with 20 dBm datgral transmitted through —1360
ps/nm DCF fiber: (a) signal after DCF module (expered dispersion and
nonlinearity), (b) recovered clock from (a).
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Right: simulation of the clock recovery experimanth 20 dBm data signal launched
into —1360 ps/nm DCF module: (c) distorted sig(d) recovered clock from (c).

In time domain, the data signal, shown in the Big0 (a), looks severely distorted.
However, the clock signal could be recovered andhiswn in Fig. 5.10 (b). To
complement the above experimental results, we noalgr simulated the
experiment: Here a 20 dBm data signal is launchexdthe HNF. Fig. 5.10 (d) shows
the simulation of the clock signal recovered frohe theavily distorted signal,
presented in Fig. 5.10 (c). Both experimental amdherical results indicate the
modified OCR scheme’s capability to extract theckldrom highly distorted data
signals. The interesting fact that the clock sigrza even be extracted from a data
signal whose spectrum has undergone strong nonlgistortions can partially be
attributed to the chromatic dispersion (D = -13&0nm) of the HNF used in the
experiments and simulations. Actually, if only thigh SPM was applied to the data
signal (with D numerically set to 0), the recovergdck signal’s quality would
decrease. The dispersion broadens the pulsesisagiiy and thus weakens the SPM,
which can be observed from the Fig. 5.11. It shdie calculated data signal
spectrum after the HNF under two conditions: (&uasng no dispersion D = 0, (b)

the dispersion is D =-1360 ps/nm.
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Fig. 5.11 Simulation of the signal spectra withd®m data signal launched into a
DCF module: (a) assuming zero dispersion, (b) whéndispersion of —1360 ps/nm.

To further investigate the effect of SPM on theckloecovery set-up, we simulated
the clock recovery and signal spectrum with differgata signal powers fed into the
HNF (but fixing the dispersion of the HNF to zerdy shown in Fig. 5.12, while the
power of the data signal increases from 0 dBm talBf, the spectrum becomes
wider and the quality of the recovered clock desesa Especially when the signal
power increases to about 15 dBm, the spectrumeofifita signal is so broad that the
new frequency components can significantly contgbto the beating signal at
different frequencies. Since the HNF used in sitnhahas four times the nonlinear
coefficient of the SMF, in real fiber transmissigystems, our clock recovery scheme

has an excellent tolerance to SPM.
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Fig. 5.12 Simulation of clock recovery and signaédra with different data signal
powers launched into HNF (with zero dispersion):@Bm, (b) 5 dBm, (c) 10 dBm,
(d) 15 dBm, (e) 20 dBm.

Above we have demonstrated a polarization insemsiill-optical clock recovery
scheme based on a birefringent fiber resonatoraapalarizer, with a semiconductor
optical amplifier acting as an amplitude equalitcerthe extracted clock signal. Our
experimental results show that the scheme workseveh with highly distorted data
signals and the results are in agreement with sitiauls.

Since the set-up is built using bulk fiber optiargmonents, temperature variations
influence its stability due to its interferometsicucture. This may result in changes of
the SOP and of the phase difference between theatms. However, this study is

significant as the groundwork for the next reseastep, in which this OCR scheme
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will be realized by using an approach as demorestrat [C. R. Doerr et al. 2000]
where by means of an optical circulator the sepdraignal components travel the
same path in opposite directions (instead of twialf paths) or alternatively by
utilizing integrated optics. By integrating the kegmponents on a single chip, the
temperature can be finely controlled and the teatpee insensitivity of the set-up,
i.e. the stability, can be greatly improved. Altgbuhere we demonstrated the set-up
for a single wavelength channel at 10 Gbit/s, thdarization insensitive OCR

scheme can simultaneously work for multiple chasaeld different date rates.

5.7 Stress measurement based on birefringent resonators

The fiber pressure sensor structure was reportesgdo@n different techniques,
including fiber Fabry—Perot interference [C. Lai03D and fiber Bragg gratings [B.
Peng 2005]. In 2004, C. Wang et al. presented aepinally new approach: a fiber
loop ringdown to develop a fiber pressure sensorViang et al. 2004]. With this
technique, pressure measurements are achievetinre alomain by measurement of
ringdown times. However, this method did not dgtiish both eigenpolarizations in
a single mode fiber, and different polarizatiortestehave different effective refractive
indexes and decay time constants. Moreover, thesumeent accuracy depends on
how accurate the cavity ringdown time can be eighc

In 2004, conceptual studies of minute birefringenseng ringdown beat frequency

have been reported [T. v. Lerber et al. 2004]. pitweciple is basically similar to what
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we have used in clock recovery scheme. The beajudérecy between two
eigenpolarization out of the fiber resonator ispamdional to the phase mismatch of

two modes, i.e. birefringence between two modess iBhdescribed in Equation 5.1.

Fig. 5.13 Scheme of stress measurement basededringent resonators.
Experimental setup, shown in Fig. 5.13, is compasfeal light source, a polarization
controller, a modulator, an RF generator, a singtede fiber FP cavity, a strain
inspector, an EDFA, a bandpass tunable filter barfpigtailed polarizer, an optical
spectrum analyzer, and a digital communication yaresl During the measurement
first we need properly adjust the wavelength of tilneable laser to the transmission
wavelength of the FP resonator, and tune the pel@on controller to excite two
eigenpolarization modes in the resonator. Therothiput polarizer is rotated to filter
out both polarization modes to maximize the beasignal. Finally the beating
frequency can be read on the oscilloscope, whiamasitoring the ringdown beating.
Utilizing this setup, we measured the parasiticefbingence of a fiber based

resonator. The measured results are shown in Fig. Fhe output signal from the
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resonator shows the ringup and ring down beatiltgpagh the ring down beating
contrast is not high. The simulated output signatanes well with measured results.

Parameters of this FP resonator are listed in &alile

fB = 403 MHz and n = 3.06e-006

I
Output ‘

| - |

f o ] |
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Fig. 5.14 Measurement of the parasitic birefringeata fiber based resonator. Blue:
input signal; Green: output signal with ring up aimd) down beat; Red: simulation of
output signal.

Reflectivity of a single mirror| R 0.99

Wavelength of light 1550 nmr

Resonator free-spectral range/, 50 GHz

Beat frequency fg 403 MHz

Degree of birefringence n 3.06 10°
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Resonator time constant 535 ps

Resonator loss factor RV 0.981t (incl. reflection and absorption)

Table 5.1 Parameters of the measured FP resofafectivity, wavelength and FSR
are given parameters. The remaining parametersiiesre measured.

We have also measured the ringdown beating of ex #tl® resonator applied with
stress. The typical ringdown beating is shown ig. B.15. From this measured
results, we know the beat frequency is 4.2 GHzesponding to the birefringence of

3.2 x 10°.

Normalized intensity

2.5

Time (ns)

Fig. 5.15 Typical ringdown beating measurement fi@mP resonator with external
force applied.

Optical fibers in practice always exhibit some fiirgence generated in fabrication,

so we can divide the beat frequency into two terms
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fo f, f (5.2)

ext

Where f, is the eigen-beating frequency caused by eigegirlsigence of the

resonator itself, andf_, is the beat frequency induced by strain birefriragefrom

ext

applied external force. When an external force iagdplo a section of the fiber [Y.

Namihira et al. 1977], the induced birefringence is

. 8AF

ext (5 3)
r

Where F is the applied force per unit length, is the fiber radius, and A is the
stress-optic coefficient, given by

A 2En(p, po)1 V) (5.4)
Where E is the Young's modulus of the fiber materigh, and p,, are two
components of the elasticity-optic tensor, and thésPoison’s ratio.

The stress induced normalized birefringence isrgbse

g 1 B8lAlL (5.5)
n 2nr
Now we have

fp, —ee C8IAIL (5.6)

oN o 2 nr

0
f, iéﬂ %Fé) (5.7)

N 2nr §

Equation (5.7) shows that the cavity ringdown begfrequency is proportional to the
externally applied force. Without any external fr¢he intercept of the curve at

beating frequency axis corresponds to the eigetidgedrequency f,, which

characterizes the FP resonator’s eigen-birefringenc
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Fig. 5.16 Cavity ringdown beating frequency vs.legapforce.

Fig. 5.16 shows a typical measured beating frequemesus applied forces. The
applied forces are in the range 0 - 140 N. Therelgeefringence of this FP resonator
can be easily derived from the eigen-beating fraqu@®f 0.52 GHz. The linear fitting

shows the beating frequency linearly depends onliegbpexternal force by

fy 052336 0.1119.

There is an up-limit for the birefringence measwatmby cavity ringdown beating

frequency. Because when the round-trip differentethe two eigenpolarization

modes is larger than, the measurement redundancy appears. So it lingt t
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application of this technique ton) /4l . Generally speaking, this scheme has the

high sensitivity and accuracy.
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CHAPTER 6

SUMMARY AND OUTLOOK

This dissertation presents studies on both sinmglggency and mode-locked glass
waveguide lasers as well as all-optical clock recgvbased on birefringent fiber
resonators. Since glass waveguides used in aliestadle fabricated with silver film
ion-exchange techniques, we first studied the themd the modeling of this glass
waveguide fabrication technique and discussed thbridation process of
ion-exchange waveguides. In particular, fabricatparameters for the silver film
ion-exchanged waveguide on the I0G-1 phosphates glabstrate were given. The
following are highlights of the achievements irstbissertation

Silver film ion-exchanged waveguides with the losk 0.13-0.17 dB/cm were
fabricated constantly. A short cavity (1 cm) silfiém ion-exchanged Er-Yb-codoped
phosphate waveguide laser were built and charaetériThe output power was as
high as 15 mW and very stable.

The UV-written gratings on both 10G-1 active and$ge glass have been studied.
For the first time, UV-printed waveguide gratingsthwhigh quality and narrow
bandwidth on the I0OG-1 glass were achieved. Witgrating UV-printed on the
passive section of a hybrid glass, a DBR wavegsogle-frequency laser is

demonstrated. This DBR waveguide laser workednglsifrequency mode with the
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linewidth less than 1 MHz. The maximum output powe&rs 9 mW with a slope

efficiency of 13.8 %. This kind of DBR waveguidesén shows good enough
performance for the application of optical commatimn. In addition, the laser

performance, including laser threshold, slope igfficy, maximum output power and
laser linewidth, are described for different wavdguannealing-times and active
waveguide lengths.

Novel saturable absorbers based on a fiber tapéredded in carbon nanotubes
(CNTs)/polymer composite were demonstrated. Tharabke absorbers were then
utilized to build mode-locked ring and linear caviiber lasers, which are studied
experimentally. We generated 2 nJ, ~690 fs pulsgs10 MHz repetition rate from a

linear cavity mode-locked Er-doped fiber laser withe saturable absorber. A
mode-locked ring laser utilizing an Er-Yb-codopeldsg waveguide as the gain
medium was also demonstrated. In addition, shoritycanode-locked waveguide

lasers with CNTs film on the top were theoreticatiyestigated, which shows a short
cavity mode-locked waveguide laser is very prongsin

A new concept to perform multi-channel multi-rateogtical clock recovery based

on birefringent fiber-optic waveguide resonatorsswhscussed. The concept was
advanced to polarization-insensitive operation. $iiewed how it can handle data
signals which have undergone distortion due tostrassion over dispersive and
nonlinear fiber-optic propagation paths and whiome in with arbitrary polarization

orientation. Bit-pattern dependent amplitude flatitons of the recovered clock signal
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are equalized by means of a semiconductor optivgliher operated in saturation.
The experimental results which, as a proof-of-cphcenvere obtained from
single-wavelength channel 10 Gbit/s return-to-zéata agree well with numerical
simulations.

The future research could focus on the followingeass. Either DBR or DFB
waveguide laser could be achieved with gratingsatly UV-printed on the active
IOG-1 phosphate, which would provide low noise,yvetable laser sources. With
appropriate CNTs/polymer films deposited on the ¢dpvaveguides, short cavity
mode-locked waveguide lasers would be achieved watly high repetition rate. It
would be very interesting to realize multi-wavelgngnulti-rate all optical clock

recovery scheme based on birefingent resonatohsimiggrated optics.
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