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ABSTRACT 

Single-frequency and mode-locked silver film ion-exchanged glass waveguide lasers 

as well as all-optical clock recovery based on birefringent fiber resonators have been 

experimentally and theoretically studied. The theory, modeling and fabrication 

process of silver film ion-exchange techniques, have been discussed and presented. 

The UV-written gratings on both IOG-1 active and passive glass have been studied. 

For the first time, with a high quality narrowband grating UV-printed on the passive 

section of a hybrid glass, a DBR waveguide single-frequency laser is 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 carbon nanotubes 

(CNTs)/polymer composite were demonstrated. The saturable absorbers were utilized 

to build mode-locked fiber lasers, which were studied experimentally. A mode-locked 

ring laser utilizing an Er-Yb-codoped glass waveguide as the gain medium was also 

demonstrated. In addition, short cavity mode-locked waveguide lasers with CNTs film 

on the top were theoretically investigated, which shows a short cavity mode-locked 

waveguide laser is very promising. 

A new concept to perform multi-channel multi-rate all-optical clock recovery based 

on birefringent fiber-optic waveguide resonators was discussed. The concept has been 

advanced to polarization-insensitive operation. The experimental results, obtained as a 

proof-of-concept, agree well with numerical simulations. 
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Chapter 1 

INTRODUCTION  

1.1 Glass waveguide laser fundamentals 

Boosted by extremely fast growth of optical communications, more and more 

attention has been drawn into integrated optics, which has the goal of developing 

miniature optical components with different functionalities on a common substrate. 

Glass is considered to be a good material for passive integrated optical components 

with low cost and low propagation losses, because it can be made with excellent 

homogeneity and high purity in a variety of forms and sizes. 

Owing to its high transmission in the visible wavelength range, glass has been long 

used to fabricate various optical components, such as lenses and prisms. Furthermore 

glass can be doped with rare earth ions, high refractive index ions and 

micro-crystallites, therefore a wide range of properties can be achieved to meet 

various applications. The most fundamental building block of optical integrated 

circuits is a channel waveguide. Except optical communication fibers, on which 

nowadays telecommunication is based, lots of passive optical components are 

fabricated using silica-based optical waveguides. Those components include, arrayed 

waveguide gratings (AWG), optical add/drop multiplexer, N×N matrix switches, 

filters and so on. 
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In order to integrate active and passive devices in the same substrate, different active 

glass components such as lasers and amplifiers have been developed in last two 

decades. Since glass can be made with uniformly distributed rare-earth concentrations, 

rare-earth doped fibers have been by and large used as amplifiers in optical 

communication systems and optical sources. In addition, glass waveguide lasers are 

another interesting subject for the development of compact laser sources and amplifier 

devices. 

It’s well known that materials for laser operation need have the following properties, 

sharp fluorescent lines, strong absorption bands, reasonably high quantum efficiency 

for the fluorescent transition of interest and reasonable long fluorescent life time. 

Trivalent lanthanide ions have been the most extensively used active ions, because 

there are many fluorescing states and wavelengths to choose from among the 4f 

electron configurations. Rare-earth ions of the lanthanide series have an atomic 

number between 89 and 103. They are relatively insensitive to host materials and can 

keep their narrow atomic-like spectra. Meanwhile a large number of excited states 

that are suitable for optical pumping and subsequent decay to meta-stable states have 

high quantum efficiencies. Therefore rare-earth doped glasses are favorable for laser 

application. The most common rare-earth ions used in laser applications are 

neodymium, erbium, ytterbium, thulium, holmium, and so on.  

With these rare-earth ions doped glass, fiber lasers operating at different wavelengths 

have been built. Most important, erbium doped fiber amplifiers (EDFA) enabled 
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dramatic growth of optical fiber communication. For the rare-earth doped glass 

waveguides, they can also offer an unusual method to build compact and efficient 

laser devices, including coupled-cavity, single-frequency, tunable, Q-switched, 

mode-locked, or frequency-doubled lasers. The first report [M. V. Babukova et al. 

1985] on active glass planar waveguides was by Babukova et al. who formed 

multimode planar waveguides in highly Nd3+-doped silicate glass by K+ and Ag+ ion 

exchange and investigated their amplifying properties with transverse flash lamp 

pumping. Continuous wave laser operation was achieved at 1.05 µm with a 

Nd3+-doped silica multimode waveguide fabricated on a Silicon substrate [Y. Hibino 

et al. 1989]. The first truly single-mode glass channel waveguide laser at 1.058 µm 

was demonstrated on a Nd3+-doped BK7 substrate by using a two step K+-Na+ ion 

exchange [E. K. Mwariana et al. 1991]. In the same year the first Er3+-doped silica 

waveguide laser fabricated with the flame hydrolysis deposition (FHD) process on a 

silicon substrate was presented [T. Kitagawa et al. 1991]. Thereafter, there were many 

research works on Er3+-doped and Er3+-Yb3+-codoped waveguide lasers and 

amplifiers. Especially arrayed ion-exchanged Er3+-doped glass waveguide lasers have 

been studied and shown to have potential application in the field of sensors and in 

telecommunications [D. L. Veasey et al. 1999; P. Madasamy et al. 2002; S. Blaize et 

al. 2003]. 

The most popular technique to fabricate glass waveguide structure is ion-exchange, 

which allows as low propagation loss as 0.01 dB/cm [S. I. Najafi, 1992]. This 
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technique will be discussed in the next chapter. Flame hydrolysis deposition (FHD) 

and reactive ion etching (RIE) techniques can be used to fabricate ridge-shape 

waveguide lasers on Silicon substrate [M. Kawachi 1990; R. Tumminelli et al. 1991]. 

In addition, rare-earth ions can be locally doped into glass substrates by using ion 

implantation [D. P. Shephered et al. 1994]. 

With a active ions doped channel or ridge waveguide, to build a waveguide laser 

oscillator still needs two mirrors directly coated or butt-coupled onto the cleaved ends 

of the waveguide. One is high reflection (HR) mirror and the other is output coupler. 

A coated fiber facet is a good choice for HR mirror, because it can deliver the pump 

light or output laser signal simultaneously. However, butt coupling always suffers 

from a relative difficult alignment and is sensitive to the environmental disturbance. 

So a distributed Bragg reflectors (DBR) grating is a another choice to provide 

feedback. This type of waveguide laser was proposed by S. I. Najafi et al. and realized 

first time in [J. E. Roman et al. 1992]. A surface relief grating can be fabricated by 

RIE or Ion-milling to transfer the photoresist grating to the glass. However several 

steps of this process have to be completed in the clean room, which make it 

time-consuming and cost-ineffective. So UV-written Bragg gratings are much more 

preferred because it can not only simplify the process but also improve the laser 

efficiency without coupling light out of cavity from the waveguide surface. Another 

benefit of Bragg gratings is narrow bandwidth reflection, which enables single 

frequency waveguide lasers.  
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As the semiconductor laser diode fabrication processes become more and more 

mature, high power single-mode laser diodes (LDs) at various wavelengths are 

available while the cost is reducing. So for the waveguide lasers, high-brightness LDs 

provide compact and efficient pump sources. 

Comparing to semiconductor, waveguide lasers have some important advantages. Low noise 

and narrow line-width of glass waveguides lasers are due to the millisecond order upper state 

life time in glass materials. On the contrary, semiconductors have very short upper state life 

time (the order of nanoseconds), which results in undesirable fluctuation in intensity and 

phase. And also lower spontaneous emission rate make pulsed glass lasers have low timing 

jitter. Even in contrast to fiber lasers, glass waveguide lasers are still superior in some aspects. 

For example, waveguide lasers on glass substrates can allow integration of other passive 

optical components on the same chip. What’s more, glass waveguide lasers could be very 

short, which make a mode-locked laser with high fundamental repetition rate possible. 

1.2 Fiber resonators for optical communications 

An optical resonator, also called optical cavity, is an optical system that can allow 

light to circulate in a closed path. Resonators can be composed of either bulk optics, 

like two mirrors in the air, or optical waveguides. Of course, optical fiber itself can 

form a resonator, i.e. optical fiber resonator. Fiber resonators could be either linear or 

ring. In linear fiber resonators, which usually is a piece of fiber with a pair of plane 

parallel mirrors on both ends, light propagates in both direction, and two beams in 
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opposite direction can interfere each other to form a standing-wave pattern. Fiber ring 

resonators have no end mirror and light can circulate in two directions inside the ring. 

There are very broad applications for fiber resonators. One of the most important 

applications is to build fiber lasers, in both linear and ring cavity. Because optical 

fiber is not sensitive to environmental effects, a little change of optical properties 

inside a high finesse fiber resonator could introduce obvious alteration of the 

resonator’s characteristics, which can be used as sensors. Cavity ring-down 

spectroscopy is a very good example to measure very low level loss inside the 

resonator. Fiber ring resonators can also be used to make fiber gyroscopes, unlike 

traditional spinning-mass gyroscopes, which have no moving parts or inertial 

resistance to movement. Another important application of fiber resonators is 

frequency filtering that is due to periodic transmission properties of the resonator. 

This kind of resonator is also called as etalon or Fabry-Pérot (FP) resonator. 

Comparing to bulk-optics free space FP cavities, fiber FP resonators are much easier 

to be built, because fiber itself has very good transversal confinement, which makes 

critical free-space alignment unnecessary. Also benefiting from mature thin film 

coating technologies, FP fiber resonators can be made with very high finesse; 

correspondingly the transmission bandwidth can be very narrow in order to help select 

frequency finely. In nonlinear operation condition optical fiber loop resonators may 

be used to make an all-optical fiber bistability device. 
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A FP fiber resonator usually has two high reflection mirror at a short piece of fiber, 

and those mirrors could be dielectric mirrors, metal mirrors or fiber Bragg gratings. 

The transmission characteristics of FP fiber resonators can be derived by considering 

it as multi-beam interference process. Assume a fiber resonator has two mirrors with 

reflectivity of 1R and 2R , the fiber length ofl  and the effective refractive index ofn , 

then the resonator transmission 

)2/(4]1[

)1)(1(
2

21
2

21

21

�SinRRRR
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��
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Where 
�
�

�
nl4

�  is the round-trip phase shift, and �  is the wavelength of injected 

light in vacuum. From Eq. 1.1, we can see the transmission is the periodic function of 

round trip phase shift. When �� m2� , m  is arbitrary integer, the transmission is 

high. The period of transmission spectrum in term of frequency is called the free 

spectral range (FSR), which is described as 

nl
c

v
2

��              (1.2) 

c  is the speed of light. It’s clear that, in frequency domain, the transmission of the 

fiber resonator peaks everyv� . If RRR �� 21 , 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 reflectivityR . The larger R  is, 

the narrower the peak is. If the full width at half-maximum (FWHM) of transmission 

is v� , finesse is defined as free spectral range divided by the FWHM, i.e. 
v
v

F
�
�

�  . 

If R  is large, approximately
R
R

F
�

�
1
�

. So in order to get high finesse resonators, 

mirrors with very high reflection are required. 

Because of this transmission characteristic of FP fiber resonators, they can be used as 

frequency filters. Particularly these filters can be utilized to recover clock signals in 

optical communications. In 1990 all-optical timing extraction was demonstrated by 

using an optical tank circuit [M. Jinno et al. 1990]. The optical tank circuit actually is 
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just a free-apace FP resonator. And in that scheme, the carrier frequency coincides 

with the transmission comb of the resonator and the free spectral range (FSR) is equal 

to the data rate of the incoming optical data stream, so the clock tones of the signal 

match with the resonator transmission bands and the clock can be extracted. The main 

advantages of this method are its ultra-high speed operation and simple configuration. 

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 recovery operation was 

also discussed in [X. Zhou et al. 2001]. For multi-wavelength operation, the channel 

spacing must be several times of the resonator FSR. This means the resonator length 

has to simultaneously fulfill three independent requirements, which are carrier 

frequency, data rate and channel spacing. Therefore it’s hard to make a simple FP 

resonator work in multi-wavelength. However, a novel multi-wavelength and 

multi-data-rate clock recovery scheme based on a birefringent resonator and a 

polarizer was proposed and demonstrated [T. Lerber et al. 2006; Q. Wang 2008]. 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, studies the theory and 

the modeling of this glass waveguide fabrication technique and discusses the 

fabrication process of ion-exchange waveguides.  
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Chapter 3 first reviews the silver film ion-exchange technique and discusses building 

Er-Yb-codoped waveguide lasers. Results of the experimental characterization of a 

short cavity silver film ion-exchanged IOG-1 phosphate waveguide laser are 

presented. 

Then the UV-written gratings on both IOG-1 active and passive glass are studied. 

With a grating UV-printed on the passive section of a hybrid glass, a DBR waveguide 

single-frequency laser is demonstrated. The laser performance, including laser 

threshold, slope efficiency, maximum output power and laser linewidth, are described 

for different waveguide annealing-times and active waveguide lengths.  

Subsequently, the laser performance is improved by post-bake annealing and active 

waveguide shortening; theoretical studies and experimental results are presented. 

Chapter 4 reports a novel saturable absorber based on a fiber taper embedded in 

carbon nanotubes (CNTs)/polymer composite. The characteristics of single wall 

CNTs are discussed and the preparation of this new saturable absorber is described. 

The saturable absorbers are then utilized to build mode-locked fiber/waveguide lasers, 

which are studied experimentally.  

In addition short cavity mode-locked waveguide lasers with CNTs film on the top are 

theoretically investigated.  

Chapter 5 reviews a new concept to perform multi-channel multi-rate all-optical clock 

recovery based on birefringent fiber-optic waveguide resonators. The concept is 

advanced to polarization-insensitive operation; experimental results are presented. 
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Finally chapter 6 concludes the studies of single-frequency and mode-locked 

waveguide lasers as well as of polarization-insensitive optical clock recovery based 

on birefringent fiber-optics waveguide resonators. 
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CHAPTER 2  

ION-EXCHANGED WAVEGUIDES 

2.1 Basics of ion-exchange 

Generally speaking, ion-exchange is an exchange of ions between two substance 

containing free ions. One example is coloring glassware by the ion-exchange method. 

The reason for coloring is the fact that the ions introduced into the glass can change 

its spectral attenuation. This method can not only change the color characteristics of 

glasses over wide limits but also increase their strength, thermal-shock resistance, 

chemical stability, and microhardness at the same time [N. A. Vereshchagina et al. 

1986]. The other example is called "staining", ion-exchange between cations in the 

glass and hydronium ions (H3O+) 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 between a glass and either a molten 

salt or a metal film. In this case an ion in the glass matrix can be replaced by another 

ion with the same valence from the molten salt or thin film, with the help of an 

elevated temperature and electric field. 

The ion-exchange technique was used to fabricate Gradient Index (GRIN) materials 

[H. Kita et al. 1971]. This technique is widely used in this application because of its 

simple instruments and control processes. In [H. Kita et al. 1971] glass fibers and rods 
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with radially parabolic refractive index distributions were produced by exchanging 

potassium ions from a salt bath or a lower-index cladding glass for thallium ions in 

the glass composition. The refractive index profile is mainly determined by the 

diffusion profile of exchanged-in ions, which can be controlled by molten salt 

concentration, diffusion time, diffusion temperature and other parameters.  

Since this process can produce a gradient index profile inside glasses, for sure it can 

be used to fabricate glass waveguides. The first ion-exchanged waveguide was 

demonstrated on borosilicate glass with a combined Tl+ - Na+ and Tl+ - K+ 

ion-exchanges from molten salt [T. Izawa and H. Nakagome 1972]. In the following 

years, a lot of research focused on understanding the ion-exchange process, improving 

waveguide fabrication repeatability and characterizing waveguides fabricated with 

this technique [T. G. Giallorenzi et al. 1973; G. Steward et al. 1977; R. G. Walker et 

al. 1983; S. Honkanen and A. Tervonen 1988; S. I. Najafi 1992]. Various dopant ions, 

including Ag+, Cs+, 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 been used to build different 

passive integrated optics devices, such as waveguide couplers [S. Honkanen et al. 

1993], non-symmetric Mach-Zehnder interferometers [W. J. Wang et al. 1992], ring 

resonator gyroscopes [Carriere 2004], and UV-written Bragg gratings on 

ion-exchanged waveguides [J. Albert et al. 2005]. In addition, ion-exchanged 

waveguides fabricated in glass doped with PbS quantum dots were reported without 
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changing glass properties [J. M. Auxier et al. 2004], and this shows the potential 

application for nonlinear devices. 

Driven by the rapid growth of optical communications, erbium doped waveguide 

amplifiers has drawn many researchers’ attention. Combining the ion-exchange 

technique and heavily erbium doped glass substrates makes integrated, low cost and 

compact waveguide amplifiers possible. However only modest gain can be achieved 

[P. Madasamy 2003]. These amplifiers can be used to compensate losses in the optical 

communication system. One major advantage of waveguide amplifiers over their 

fiber-based counterparts is that they can be integrated with passive elements onto a 

same substrate at an attractive cost. 

An ion-exchanged waveguide laser is another important recent research topic. This is 

mainly due to the novel phosphate glasses, in which high concentration of erbium and 

ytterbium can be co-doped without significant concentration quenching. Utilizing 

surface relief gratings, waveguide laser arrays have been demonstrated by either 

molten salt or silver film ion-exchanges [D. L. Veasey et al. 1999; 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. 2000]. Recently a single 

mode operation of an Er-Yb-codoped DBR ion-exchanged waveguide laser was 

demonstrated in a hybrid substrate utilizing a UV-written Bragg grating. 

Ion-exchanged waveguides were also reported to deliver mode-locked short pulses 

with the help of semiconductor saturable absorbers (SESAMs) [E. R. Thoe et al. 
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2000; J. B. Schlager et al. 2003]. With single wall carbon nanotubes (CNTs) 

employed as saturable absorbers, a mode-locked ring laser has been demonstrated by 

using an ion-exchanged Er-Yb-codoped planar waveguide as the gain medium [Q. 

Wang et al. 2008]. 

Except waveguide amplifiers and lasers, an active waveguide ring resonator was 

demonstrated in a neodymium-doped glass by using ion-exchange. The reason to use 

active waveguide is that the gain from pump can make the effective propagation loss 

as low as 0.013 dB/cm in the waveguide, and the finesse can be improved greatly [H. 

Hsiao and K. A. Winick, 2007]. 

2.2 Theory and modeling 

Multicomponent oxide glasses have three major constituents, classified according to 

the bond strength between citations and oxygen atoms. Network formers, like SiO2, 

B2O3, GeO2, P2O2 and As2O3, have strong bonds and high viscosities at all 

temperatures. Network intermediates, like ZnO and PbO, can strengthen the glass 

network. Network modifiers, like CaO Na2O and K2O, have loose bonds with the rest 

of the network and they are added to glasses to change certain properties. Because 

these network modifiers are ionically bound to oxygen atoms and their mobility 

increases as temperature rises, under appropriate conditions the alkali ions from 

network modifiers can be exchanged with other alkali ions from either a molten salt or 
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metal thin film. And this process is called ion-exchange, described by the chemical 

reaction 

�� �	� AOBBOA 22 22  

where 2OA  is a network modifier, and �A , �B  are two different alkali ions. For 

ion-exchanged waveguides, most time �A  is sodium ion (Na+) and �B  could be 

silver ion (Ag+) or potassium ion (K+). Because oxygen atoms in the network 

modifiers are tightly attached to the remaining glass network, after ion-exchange, the 

basic glass structure has little change but various glass properties could be modified. 

Especially the refractive index can be changed locally, because two exchanged ions 

have different size and polarizability. 

So what makes exchange happen? Basically two driving mechanisms contribute to it. 

One is thermal drive to make ions diffuse at high enough temperatures. The other is 

ions drift due to the electric potential difference across the glass surface. Usually 

thermal process is used to define relatively small mode surface guides, and 

field-assisted process can form large surface waveguides and help to bury waveguides 

inside substrate. Mostly these two forces are utilized together. By adjusting 

temperature and applied voltage the contributions from two can be varied to control 

the index-change profile. 

In order to get the index-change profile, the dopant ion concentration in the glass must 

be first calculated. Therefore it’s necessary to apply some modeling methods to ion 
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exchange process. For the electric-field assisted ion-exchange, the diffused equation is 

derived as [A. Tervonen 1992] 
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C  is relative ion concentration, which is the dopant ion concentration divided by the 

constant total concentration of mobile ions in the glass. D  is self-diffusion 

coefficient, which is assumed to be independent of the ion concentration. M  is the 

ratio of self-diffusion constants for two exchanged ions. 0J  is the total ion flux 

normalized by the total concentration of mobile ions in the glass. The flux 0J  is 

actually the average local migration velocity of the mobile cations in the glass, and 

it’s proportional to the electric current density. With appropriate boundary conditions, 

the equation (2.1) can be analytically or numerically solved in one dimension (slab 

waveguide) or two dimensions (channel waveguide). 

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

refractive index change 0n�  and the relative exchanged concentration C , 
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0V  is the volume of glass per unit weight of oxygen atoms, and 0R  is refraction per 

unit weight of oxygen atoms in the original composition. V�  and R�  are changes 

of these quantities after ion-exchange. In equation (2.2), there are two factors to cause 

the refractive index change. One is due to the change of ionic polarizability and the 

other is due to the volume change of the glass, and the latter results from the size 
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difference of the two ions. When the dopant ions have larger polarizability, the 

refractive index will increase. For Ag+ - Na+ exchange, the silver ion has much higher 

ionic polarizability than the sodium ion, so index can be increased more where the 

silver ion concentration is higher. For K+ - Na+ exchange, the potassium ion has larger 

size than the sodium ion, and there will be induced stress after ion-exchange. The 

ion-exchange results in expanding only along the normal direction to the glass surface 

and it causes compressive stress in the exchanged layer and tensile stress in the 

substrate. Eventually this effect contributes to the refractive index change by 

increasing the compressive region index and decreasing the tensile region index [A. 

Bradenburg 1986]. 

Although equation (2.2), showing how to get refractive index change from 

concentration distribution, is a simple linear relation, it has quite good accuracy 

proved by experiments. For different polarization and wavelength, the index change 

could be different. Fortunately the approximation can be applied. 

21
subsub ��



�

�
�
�

� �
�


�

�
�
�

� �
n

n
n

n
         (2.3) 

For the modeling, the equation (2.1) has to be solved. Usually we do not know two 

parameters D , self-diffusion coefficient, and M , the ratio of self-diffusion 

constants for two exchanged ions. These two parameters need to be extracted from 

experiments. Considering one dimensional slab waveguides case, the thermal change 

without external electric field turns equation (2.1) into 
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By using different techniques, such as prism coupling [P. K. Tien & R. Ulrich 1970], 

we can obtain two mode sets for a slab waveguide. Further the index profile can be 

determined with the inverse WKB (Wentzel-Kramers-Brillouin approximation) 

relation [K. S. et al. Chiang 1985; A. Belkhir 2002]. Then the obtained index profile 

can be correlated with the solution of equation (2.4). Finally various algorithms can 

be employed to extract the parameters we need with good accuracy. 

Now with the extracted parameters, we can solve the equation (2.1) for certain 

ion-exchange processes and achieve refractive index profiles for slab waveguides and 

channel waveguides. Next what we need to do is to calculate waveguide properties, 

including mode profiles, propagation constants and so on. In this step, different 

methods have been used to fulfill the goal. They are WBK analysis, effective index 

method (EIM), beam propagation method (BPM), finite difference method (FDM) 

and finite element method (FEM). 

For silver film ion-exchange, it was calculated that the self-diffusion coefficient and 

the ratio of self-diffusion coefficients in IOG-1 glass are of the order of 5×10-18 m2/s 

and 0.7 for field-assisted ion-exchange process to fabricate channel waveguides (T = 

95 ºC, Voltage = 200 V) and 3×10-16 m2/s and 0.7 for the thermal annealing (T = 230 

ºC, Voltage = 0V) [S. Yliniemi 2007]. 
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2.3 Ion-exchanged waveguide fabrication process 

The typical ion-exchange waveguide fabrication process is presented in the Fig. 2.1. 

First a thin titanium film (100-200nm) is deposited on the top of the glass substrate to 

work as a metal mask. Photoresist film is also spin-coated on the top of the titanium 

film and the desired waveguide structure can be patterned on the photoresist by 

standard photolithography. Then the waveguide structure is transferred to the titanium 

mask with etching process.  

Next is Ag+ - Na+ ion-exchange in the molten salt bath. In this step, silver ions will be 

driven into the glass substrate from molten salt by chemical potential gradient, at the 

same time sodium ions will be exchanged out to the melt. The molten salt is put into a 

crucible in a furnace. Under desired process temperature, the substrate with mask can 

be placed into the melt and the thermal exchange begins. The thermal exchange could 

only take a few seconds, so the substrate need to be taken out quickly and cooled 

down in the air. Then the residual salt on the substrate surface and the titanium mask 

is completely removed by etching. Now a diffused glass waveguide is achieved. In 

order to fine tune the waveguide mode shape and birefringence, further thermal 

annealing can be applied. Without external ion source and field, thermal diffusion 

helps the exchanged silver ions to redistribute. It’s an advantage to fabricate glass 

waveguides with ion-exchange technique, because it can relieve the stringent 

requirement for fabrication process. 
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The thermal exchange described above may also be accompanied with the external 

field. In this case, a voltage is applied across the substrate and the formed electric 

field can help to drive sliver ions deeper into the glass than the pure thermal diffusion. 

And the index profile will be more step-like, which is good to from high optical 

confinement. 

After a series of processes, the waveguide we have commonly has an asymmetric 

profile close to the glass-air interface. This can cause surface scattering because of 

glass-air interface. The asymmetric shape do not favor fiber-waveguide coupling 

because of mode profile mismatch. Also there will be a birefringence concern. The 

field-assisted burial process could eliminate these problems. In burial process, the 

substrate is placed between the anode and the cathode. With electric field applied, 

silver ions can migrate deeper into the glass and the concentration profile becomes 

more symmetric. 
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Fig. 2.1 Fabrication process for molten salt ion-exchange. 
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CHAPTER 3  

SINGLE FREQUENCY WAVEGUIDE LASER 

3.1 Introduction 

Glass waveguides offer an unusual method to realized compact and efficient active 

devices. Especially glass waveguides doped with rare earths are used to make optical 

amplifiers and lasers in telecommunication wavelength bands. For waveguide 

amplifiers, when going through the active waveguides, the signal light can be 

amplified by stimulated emission of photons from dopant ions. In this event, dopant 

ions are first excited into a higher energy level by the pump laser and they radiatively 

decay to a lower energy level in the form of stimulated emission of a photon at the 

signal wavelength. Applying appropriate resonators to waveguide amplifiers will 

result in waveguide laser oscillators. 

The benefits of waveguide lasers are compactness, relative high efficiency, narrow 

linewidth, low noise, easy coupling to optical fibers and flexibility of integration with 

other optical passive devices. Erbium doped glass waveguides have broad absorption 

band, so diode lasers are used to pump without stringent wavelength requirements. 

The broad emission band provides laser sources at a broad wavelength range and 

optical amplifiers in the entire C-band for telecommunication. The linewidth of glass 

waveguides is expected to be much smaller than that of semiconductor lasers because 
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glass has much longer excited life time, smaller cavity linewidth and smaller gain 

cross section than semiconductors. Another advantage is its low relaxation oscillation 

frequency (~500 KHz, comparing to ~1 GHz of semiconductor lasers), which enable 

low relative intensity noise. A mode-locked waveguide laser with low timing jitter [J. 

B. Schlager et al. 2003; A. Schlatter et al. 2005] was also demonstrated and this owes 

to the low spontaneous emission rate in glass waveguide lasers. 

Phosphate glass is identified as an excellent candidate to host Erbium and Ytterbium 

ions, because these two ions can be doped with very high concentration without gain 

reduction due to the up-conversion process. Around 3-4 dB/cm gain can be achieved 

from Er-Yb-codoped phosphate glass waveguides. Commercial phosphate glasses, 

containing alkali ions, are designed for ion-exchange process to fabricate channel 

waveguides. In particular, IOG-1 glass, provided by Schott, is excellent for simple 

and efficient silver thin film dry ion-exchange. 

DBR gratings can be directly photo-written on the phosphate glass, which enables the 

single frequency DBR waveguide laser. In this chapter, first the silver thin film 

ion-exchange and Er-Yb-codoped waveguides lasers are introduced. The UV-written 

gratings on phosphate glass are discussed. And utilizing these waveguides and DRB 

gratings, a single frequency Er-Yb-codoped waveguide laser on a hybrid substrate is 

demonstrated and characterized. 

3.2 Silver film ion-exchanged waveguides 
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Silver film ion-exchange technique has been extensively used in waveguide 

fabrication. It was first reported in [G. H. Chartier et al. 1978] In this single-step 

process, silver film is the ion source and external applied field drive silver ions into 

glass and they exchange with sodium ions. 

 

Fig. 3.1 Fabrication process for silver film ion-exchange. 
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potential between silver film and glass. Only with the help of eternal electric field, by 

an electrochemical reaction, silver atom can be oxidized and silver ions are 

introduced. Because of electric field assistance and exclusion of molten salt, silver 

film ion-exchange can happen under as low temperature as 90 ºC. Another difference 

is that silver ion-exchange do not need titanium deposition and titanium etching to 

work as mask, since patterned photoresist itself can be used as mask. 

In comparison with molten salt ion-exchange, silver film ion-exchange has its benefit. 

Without using salt melts and strong etchants (for titanium film etching and removing) 

it is a gentle and dry technique, preventing glass surface damage. So silver film 

ion-exchange technique simplifies the fabrication process and reduces the scattering 

loss of fabricated waveguides. It can be repeated very well and is good for mass 

production. 

For the fabrication process, photoresist is first spin-coated on the glass sample and 

mask-patterned with standard photolithography. A thin silver film (100nm-200nm) is 

directly deposited on both the top surface of the patterned photoresist and the bottom 

surface of the glass sample. Then ion-exchange takes place while applied electric field 

across the glass sample under appropriate temperature. After ion-exchange is done, 

the remaining silver film and photoresist are removed and the sample needs to be 

further annealed to fine tune the index profile. The field-assisted ion-exchange 

process can be controlled by several parameters: duration, temperature, voltage and 

silver film thickness. Longer process duration results in higher silver ion 
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concentration and larger profile. When we use certain anode potential, the resulting 

index profile mainly depends on the silver film thickness and less on temperature 

variation. The total amount of silver ions in glass can be accurately controlled by the 

electrical charge migrating into glass. By monitoring the migration current during 

ion-exchange we can control the total charge into the glass, thereafter the refractive 

index profile can be easily controlled and repeated. For the single-mode channel 

waveguide fabrication, it’s very important to control source dimensions, i.e., mask 

openings, and modifying the refractive index profile by post-annealing is also 

necessary. 

Below is the recipe for our silver film ion-exchanged channel waveguides fabrication. 

Photolithography 

1. Clean the samples in the ultrasound bath (10 min acetone + 10 min ethanol 

+ 10 min isopropanol). 

2. Rinse with DI water and blow with nitrogen. 

3. Bake samples in oven to remove the residual water at 120 � C for 10 min.  

4. Spin coat photoresist (S1813) on top of sample.  Set the spin speed to 

4000 rpm, acceleration to 4000 rpm/s and time to 60 s. 

Spinner settings: 

a) Step 1: speed = 4000 rpm, acceleration (ramp) = 4000 rpm/s, time 

(terminate) = 60 s. 

b) Step 2: speed = 0 rpm, ramp = 4000 rpm/s, time = 2 s. 
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c) Step 3: Goto step 0. 

5. Soft-bake samples at hotplate at 110 � C for 7 min. 

6. Let the samples cool down after the bakes (for 5-10 min) before next step. 

7. Expose the photoresist using mask aligner to transfer the mask pattern.  

Set time to 28 s (was earlier 6 s).  (UV-lamp: intensity = 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 150 � C 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 surfaces of the substrate. 

2. Set the oven to 98 ºC and wait for 2 hours for the oven to settle down. 

3. Remove silver from every sides of the substrate to prevent from short 

current between anode and cathode. 

4. Apply a voltage across the substrate with the waveguide surface in contact 

with anode and the other side with cathode. Wait for 30 mins to let the 

temperature stable. 

5. Applied 200 Volts on the substrate and ion-exchange duration is 2 hours. 

During the ion-exchange, the current should be monitored to make sure 

everything is going well. 
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Remove of residual silver (wet etch) and post-annealing 

1. Mix 1 part of NH4OH with 1 part of H2O2 and 6 parts of DI water. 

2. Drop samples in the mixed solution. Wait for 30-45 mins until all the 

silver and photoresist come off. 

3. Clean samples with acetone, ethanol and isopropanol for 10 mins each in 

ultrasonic chamber. 

4. Polish samples and clean them to remove slurry. 

5. Anneal the sample to tailor the mode profile. The annealing temperature 

and duration depend on the mode profile requirement. The typical 

parameters are 230 ºC and 1.5 hours. 

3.3 Er-Yb-codoped waveguide lasers 

The glass we used for silver film ion-exchange is commercially available Schott 

IOG-1 glass. IOG-1 is developed specifically for compatibility with sodium ion 

exchange technologies for fabrication of active and passive guided wave structures. 

IOG-1 glass composition is listed in Table 3.1. It is a phosphate based glass. The basic 

building blocks of crystalline phosphates are the P-tetrahedra that result from the 

formation of sp3 hybrid orbital by the P outer electrons (3s23p3). The fifth electron is 

promoted to a 3d orbital where strong p-bonding molecular orbitals are formed with 

oxygen 2p electrons. These tetrahedra link through covalent bridging oxygen to form 

various phosphate anions [R.K. Brow 2000]. Because phosphate glass is subjected to 
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surface damage during waveguide fabrication, Al2O3 is added to increase its 

durability. The alkali oxide of choice is Na2O since the sodium ion is good for 

ion-exchange with potassium or silver ions. In the Table 3.1, R2O3 stands for 

lanthanide oxides, which are generally Er2O3 and Yb2O3. The incorporation of 

lanthanide oxides contribute to improved chemical durability and desired spectral 

properties. And it also allows for variation in active ion concentration with minimal 

impact on glass properties [D. L. Veasey et al. 2000]. 

Composition Volume (mol%) 

P2O5 60 

Na2O 24 

Al 2O3 13 

R2O3 3 

Table 3.1 Schott IOG-1 glass composition 

Erbium ion has been used in different types of lasers at the telecommunication 

wavelength 1.5 µm. Ytterbium ion is often co-doped with erbium ion in active laser 

medium to improve pump absorption and laser efficiency, because Yb3+ is able to 

absorb pump light much stronger than Er3+ and the absorbed energy can be efficiently 

transferred from Yb3+ to Er3+ . Er (with atomic number 68) and Yb (with atomic 

number 70) have electronic structure of (Xe)4f126S2 and (Xe)4f146F2 respectively. 

Here (Xe) represents the electronic structure of Xe atom (with atomic number 54). 
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These two atoms can first lose two 6S2 electrons and one 4f electron and form Er3+ 

((Xe)4f11)and Yb3+ ((Xe)4f13). (Xe) has a very stable structure and 5s and 5p electrons 

shield 4f electron shell, which makes those two ions relatively insensitive to the host 

material [L. Ross 1989]. Also weak coupling between 4f electrons and crystal 

vibrations reduce nonradiative transitions. Fig.3.2 depicts the energy levels of Yb3+ 

and Er3+ in glass. For Er3+, there are various energy levels, resulting from the 

spin-spin and spin-orbit interactions. Each energy level line should be a manifold of 

broadened linewidth due to homogeneous and inhomogeneous broadening mechanism 

[P. C. Becker et al. 1999]. 

 

Fig. 3.2 Energy levels of Yb3+ and Er3+ in glass. 
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The laser transition of 1.5 µm of Er3+ corresponds to the 4I13/2 to 4I15/2 transition. 4I15/2 

is the ground state level and 4I13/2 is the upper lasing level, to which the excited ions 

on 4I11/2 quickly decay. This is a three level system. What makes this laser system 

work well is that the radiative lifetime of the 4I13/2 to 4I15/2 transition is long due to its 

“forbidden electric dipole” nature. The life time of 4I13/2 level is around 7-8 ms in 

phosphate glass [S. Taccheo et al. 1995] and 10-11 ms in silica glass [W. J. 

Miniscalco 1991]. In addition the high nonradiative transfer rate between 4I11/2 and 

4I13/2 assures the short lifetime of 
4I11/2 level. In 4I11/2 level, phosphate glass has shorter 

lifetime then silica glass. This is another advantage of phosphate glass as a host over 

silica glass because shorter life time leads to lower energy back transfer rate from 

4I11/2 to 2F5/2 level of Yb3+. 

For the pumping wavelength, 980nm and 1480nm bands are most commonly used. 

Absorption cross sections of Er3+ at the two pump wavelengths are comparable. The 

power conversion efficiency with 1480nm pump is higher because its quantum 

efficiency is higher. However the resonant pumping, with very small difference 

between absorption spectrum and emission spectrum, has its drawbacks, which are 

relative low net pump absorption and low inversion level. In contrast, 980nm pump 

can achieve high inversion level and high absorption without emission at pump 

wavelength. Another important reason for extensive use of 980nm pump is the 

availability of high power 980nm laser diodes. One disadvantage of 980nm pump, in 

comparison with 1480nm pump, is the relatively larger mode mismatch between 
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pump and signal. However, tight confined modes in ion-exchanged waveguide can 

release this problem. From Fig. 3.2, we can see that Yb3+ absorbs 980nm pump 

photons and is excited from 2F7/2 ground state to 2F5/2 state. Then excited Yb3+ can 

efficiently transfer the absorbed energy to excite Er3+ to 4I11/2 level. Since absorption 

cross section of Yb3+ at 980nm is an order of magnitude higher than that of Er3+, this 

energy transfer makes pump absorption much more efficient than directly pumping 

Er3+. 

Other things that need to be mentioned are some harmful effects, such as 

upconversion and excited state absorption (ESA), in Er-doped glass. These effects 

somehow are a limiting factor for the laser and amplifier performance. Cooperative 

upconversion is one major upconversion process in Er-doped glass. An excited Er3+ 

transfer its absorbed energy to another excited Er3+ nearby to promote the latter to a 

higher excited state and leave the former back to the ground state. Because it’s 

essentially the ion-ion interaction, it very much depends on the host materials. 

Phosphate glass has higher solubility without much ion clusters, so this effect can be 

reduced by using Er-doped phosphate glass than silica glass [T. Ohtsuki et al. 1997; 

B. C. Hwang et al. 2000]. 

The absorption and emission spectra of IOG-1 Er-Yb-codoped phosphate glass are 

characterized. The glass sample is 2mm thick and both surfaces are polished. The 

concentration of Er3+ and Yb3+ are 1×1020 ions/cm3 and 6×1020 ions/cm3 respectively. 

With the help of a Cary 5G Spectrophotometer, the absorption spectrum is measured. 
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The absorption spectrum in the NIR from 700nm to 1700nm is shown in Fig. 3.3. The 

absorption in the wavelength range of 900-1100nm is mainly due to Yb3+, because it 

has much higher absorption cross section than Er3+. The absorption band is quite 

broad and the absorption peak locates around 975nm. Because of the limit of the 

spectrophotometer resolution, the absorption coefficient (y axis) at ~975nm can not be 

characterized very accurately. The other two absorption peaks marked are from Er3+ 

transitions. 
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Fig. 3.3 Absorption spectrum of IOG-1 Er-Yb-codoped phosphate glass at NIR. 

The absorption in the visible wavelength of the same sample is shown in Fig 3.4. All 

these peaks are due to Er3+ transition and corresponding to the Er3+ energy levels 

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

The emission spectrum of the same glass sample is measured by pumping it with a 

single mode 980nm laser diode. The excited fluorescence is collected by a multimode 

fiber of 105/125 µm (core/cladding) from the side and sent into an optical spectrum 

analyzer (OSA). The measured emission spectrum from 1400nm to 1700nm is 

presented in Fig. 3.5. The emission peak is located ~ 1535nm and the whole emission 

band is as broad as 100nm. 
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Fig. 3.5 Emission spectrum of IOG-1 Er-Yb-codoped phosphate glass. 

Since cross sections of a laser material are very important parameters, here is briefly 

described how to get cross sections from the absorption and emission spectra. Cross 

sections describe the capability of an ion to absorb or emit light, calculated with 

absorbed and emitted power divided by incident light intensity. Cross sections have 

the same unit as area. From the measured absorption coefficient, it’s easy to find out 

the absorption cross section, because it is equal to absorption coefficient divided by 

the number of ions in unit volume. After we know the absorption cross section, there 

are several ways to further get the emission cross section. The first one is the 

reciprocity method by using the McCumber theory [D. E. McCumber 1964]. For 
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erbium ions, there is one equation to relate absorption and emission cross sections [W. 

J. Miniscalco and R. S. Quimby 1991]. 

]exp[
KT

hvEZL
absem

�
� ��         (3.1) 

em�  and abs�  are emission and absorption cross section respectively. ZLE  is the 

transition energy to excite one Er3+ from energy lever Z  to L  at temperature T . 

h  is the Plank constant and K  is the Boltzmann constant. When frequency 

hEv ZL /� , the emission cross section and absorption cross sections are equal. 

The emission cross section can be also calculated by using the Fuchtbauer-Ladenburg 

relationship derived from Einstein analysis, which is listed in equation (3.2). 
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Where rad�  is the radiative life time, and )(vg  is the fluorescence spectrum. This 

relation requires that either all the sublevels in a multiplet must be equally populated 

or all transition strengths between sublevels must be equal. However, for the lower 

levels of Er3+ (4I13/2 and 4I15/2), the energy spread of sublevels is larger than the 

thermal energy KT  and the transition strengths are also sensitive to the 

corresponding Stark levels. So the Fuchtbauer-Ladenburg relationship cannot be used 

to deduct the emission cross section of Erbium ions in the glass. 
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Fig. 3.6 Lifetime of Er3+ on 4I13/2 level: experimental data points and exponential 
decay fit. 

Fig. 3.6 shows the lifetime measurement of Er3+ on 4I13/2 level in the glass sample. 

The similar setup to measure emission spectrum is used here. The pump laser diode 

drive current is modulated with square waves in order to get “pump off” state. The 

collected fluorescence is detected by sensitive InGaAs detector and the fluorescence 

decay curve is read out by an oscilloscope. The red line in Fig. 3.6 is exponential 

decay fit of the collected data point, which shows the lifetime of Er3+ is around 7.55 

ms. And this life time may decrease as the concentration increases, because the higher 

concentration of Er3+ results in more cooperative upconversion. 

In order to design the waveguide devices accurately, it’s good to know the refractive 

index profile and the field distribution when light propagating in waveguide 
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structures. Fig. 3.7 shows the refractive index profile after ion-change for different 

mask-widths (2 µm, 3 µm, 4 µm and 5 µm). Here we assume the max index change 

after field-assisted ion-exchange is about 0.06. We can see the index profile can go 

deeper and wider when the mask width increases. Fig. 3.8 represents normalized 

silver ion concentration vs. depth at y=0. Similarly the concentration profile has 

changed correspondingly as the increase of mask width. Fig. 3.9 shows the index 

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

profile without ion-exchange, it grows larger and has more symmetric profile. 

Fig. 3.7 Refractive index profile after ion-exchange for different mask-widths. 
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Fig. 3.8 Normalized silver ion concentration vs. depth after ion-exchange for different 
mask-widths. 
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Fig. 3.9 Refractive index profile after thermal anneal for different mask-widths. 
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Fig. 3.10 Field distribution of TE0 and TM0 mode for mask opening of 2 µm. 
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Fig. 3.11 Power of TE0 and TM0 mode for mask opening of 2 µm. 
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Fig. 3.12 Effective refractive index of TE0 and TM0 mode for different mask-widths. 
The inset is the birefringence for different mask-widths. 

In Fig. 10, the electric field distributions of TE0 and TM0 mode is shown for the 

waveguide fabricated from 2 µm mask width. The glass substrate has the refractive 

index of ~1.51. In this particular case, the effective indexes for TE0 and TM0 mode 

are 1.5175 and 1.5166 respectively at 1550nm. Fig. 3.11 gives the intensity profiles of 

TE0 and TM0 mode for the waveguide fabricated from 2 µm mask width. For 2 µm 

mask width, the waveguide is basically single mode with only TE0 and TM0 

propagating. With 3 µm mask width, the waveguide could support more than one 

mode, however because usually the waveguide is quite short and it most probably 
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excites only one mode while lasing, it essentially works as a single-mode waveguide. 

When the mask openings become larger, several modes can lase at the same time. Fig. 

3.12 shows the effective refractive index for TE0 and TM0 modes for different 

mask-widths. As mask widths increase, the effective indexes also increase, following 

the change of concentration. The inset of Fig. 3.12 shows the birefringence for 

different mask-widths. 

With these simulations, we can get lots of useful information, like refractive index 

profile, propagation constant, waveguide mode distribution and so on. Based on these 

informations, we can perform correct devices design, such as directional coupler, ring 

resonator, multiplexer and more. 

We have fabricated various diffused waveguides on the IOG-1 passive and active 

glass substrates by using silver film ion-exchange. The fabrication process is exactly 

what is mentioned before in this chapter. The mask we use contains several groups of 

openings, in each group there are 9 openings with width from 2 µm to 10 µm. 

We first measured the waveguide coupling loss and propagation loss. The 

measurement was conducted by using 1310nm light source to avoid the absorption of 

active ions. Different methods can be used to characterize waveguide propagation 

loss, such as cut back and F-P interferometer method. What we used is quite simple. 

The light is coupled from a piece of SMF-28 into the waveguide, and measure the 

transmitted light with two ways. One is using an objective to collimate the transmitted 

light into a detector and the other is using another piece of SMF-28 to couple the 
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transmitted light from the waveguide and measure the transmitted power out of the 

fiber. With these two measurements, we obtained that the coupling loss is around 

0.7dB with good polishing and the propagation loss is in the range of 0.12-0.17dB per 

cm, which depends on the effect of fabrication defects. To further increase the 

coupling efficiency, the mode match between fiber and waveguide can be improved 

by appropriately tapering the waveguide at both ends. 

 
Fig. 3.13 Active waveguide gain measurement setup. OSA = Optical Spectrum 
Analyzer. WDM = wavelength Division Multiplexer. Filter is used to remove the 
residual pump. 

The mode profile can also be measured by imaging the out-coming light (at the 

wavelength of interest) from waveguide onto a CCD. The gain measurement setup is 

shown in Fig. 3.13. A small signal coming from a tunable laser source and the pump 

light from a single-mode 980nm diode laser are combined by a 980nm/1550nm WDM 

and coupled into the active waveguide. Then the output power is detected by a PIN 

detector or OSA after filtering residual pump. For a 3.5 cm long waveguide on the 

substrate with concentration of Er3+ 1 × 1020 ions/cm3 and Yb3+ 6.0 × 1020 ions/cm3, 

the net gain is 7dB at 1535nm and 3dB at 1550nm. 
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The waveguides with different active ions doping levels are used to build the laser. 

The typical waveguide laser setup is shown in Fig. 3.14. The cavity is composed of a 

fiber end mirror and a partial reflection dielectric mirror. The fiber end mirror is a 

broadband SiO2/TiO2 dielectric stack mirror coated on the end surface of an SMF-28. 

This mirror has high reflection (~99%) at laser signal wavelength and high 

transmission at pump wavelength 980nm. A WDM is used to deliver the single mode 

pump laser and allow the OSA to measure the laser spectrum of the leaking laser 

signal from the fiber end mirror. The output coupler is just a broadband dielectric 

mirror, and its reflection varies from 70% to 95%. In addition, the laser output power 

can be measured by collecting output light through an objective and a pump filter into 

the detector. 

 

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

Waveguides with different lengths for lasing application were characterized. Here we 

only show a sample of a short-cavity waveguide laser. This laser is constructed with a 

1-cm active waveguide, HR fiber end mirror and an output coupler with R = 87%. 

The concentration of the active waveguide is: Er3+ 1.25 × 1020 ions/cm3 and Yb3+ 6.0 

× 1020 ions/cm3. The waveguide is fabricated from a mask opening of 2 µm to ensure 

single-mode laser operation. Fig. 3.15 shows the waveguide laser output power vs. 

pump power. The output power of more than 15 mW with a pump laser power of 240 

mW was achieved. The slope efficiency and the threshold pump power are 8.3% and 

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

The waveguide laser output spectrum is shown in Fig. 3.16. The wavelength 

resolution of the OSA is 0.07 nm. The lasing wavelength is around 1534 nm, which is 

the gain peak of the Er-Yb-codoped IOG-1 glass. In order to achieve lasing at other 

wavelengths, gratings have to be used to tune the feedback spectrum. 

The reason that we demonstrate this short-cavity waveguide laser here is to show the 

possibility for a compact high-repetition-rate mode-locked laser based on this kind of 

active waveguide. Assume we can mode-lock this 1-cm waveguide laser with an 

appropriate method, ~10 GHz pulse train can be obtained from it. Because of its good 

pulse quality and excellent signal to noise ratio, it will be very useful in optical 

telecommunication. This will be discussed more in chapter 4. 
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3.4 UV-printed gratings on the IOG-1 glasses 

In waveguide lasers described above, both cavity mirrors are broad band dielectric 

mirrors. Another choice is a Bragg grating, which can provide very narrow-band 

feedback. Since the waveguide cavity is very short, it’s easy to obtain 

single-frequency operation with the help of narrow bandwidth Bragg gratings. 

Fiber optics has greatly benefited from the emergence of the fiber Bragg grating 

(FBG). The first fiber Bragg grating was demonstrated in 1978 [K. O. Hill 1978]. 

Initially, the gratings were fabricated using a visible laser propagating along the fiber 

core. Later on, it was demonstrated that FBG could be written from the side of the 

fiber with holographic technique by using the interference pattern of UV light [G. 

Meltz et al.1989]. FBGs have been extensively used in sensors, dispersion 

management, filtering and for optical feedback in fiber lasers. FBGs are formed due 

to the photosensitivity of silica-based fibers to UV-irradiation. Photosensitivity means 

that the refractive index of the material changes while it is exposed to UV light, with 

the amount of change depending on the exposure intensity and duration. There are 

two ways to write Bragg gratings: i) holographic interference and ii) interference by 

using a phase mask. The former is utilizing interference of two split UV beams to 

create a periodic intensity distribution, which then is inscribed into the material. The 

latter is using phase mask to diffract the incoming UV light into two beams and these 
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two beams can interfere with each other to form the periodic intensity pattern. The 

Bragg condition is  

�� effnm 2�           (3.3) 

where effn  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 used in various applications, such as 

integrated optical add-drop multiplexers [D. F. Geraghty 2001]. In previous 

demonstrations, the Bragg gratings required for the optical feedback have been used 

in the glass waveguide lasers [D. L. Veasey 1999; P. Madasamy 2002; S. Blaize 

2003]. For the Bragg grating fabrication process, a photoresist film is deposited and 

patterned with standard photolithography, then Bragg gratings are etched into glass 

with Ar ion-milling. This process is quite complicated and has to be carried out in a 

clean room. UV-written Bragg gratings with a phase mask are preferred because they 

can significantly simplify the fabrication process and introduce less loss in the 

waveguide, resulting in high lasing efficiency. 

It’s a very mature technique to make UV-written Bragg gratings on silica-based glass, 

however, it has turned out to be difficult to expose UV-written Bragg gratings in 

phosphate glass. Although photosensitivity of phosphorous-doped silicate-glass was 

reported in 1994 [B. Malo 1994], phosphorous-doped silicate glass is very different 

from phosphate glass. Recently it was demonstrated that irradiation with KrF laser 

light in slab waveguides made by silver ion exchange in Er-doped IOG-1 phosphate 
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glass can introduce refractive index change [S. Pissadakis 2004]. In this work, the 

estimated refractive index modulation of a thin surface grating operation in 

Raman-Nathan region was 2×10�3  over a depth of 3 µm. And the index change 

obtained was 2 orders of magnitude larger in the ion-exchanged region than in a 

pristine substrate glass alone. The index change was tentatively attributed to 

photo-induced silver ion migration and photo-ionization of Ag0 and Ag+ species. 

However this kind of surface gratings would not act as a mirror in waveguide lasers. 

Surface grating could couple out the close-to-surface 980nm pump laser at the pump 

input side, the overlap between the grating and the guided mode is too small and a 

surface grating with a relatively low index modulation is not able to provide enough 

optical feedback for lasing.  

We have studied the photosensitivity in phosphate glass [Yliniemi 2006; Yliniemi 

2008]. Our own experiments with Schott IOG-1 glass have confirmed the same 

observations as in [S. Pissadakis 2004]. We have written narrow-band high 

reflectance waveguide gratings into the IOG-1 passive glass. We also found that it is 

rather difficult to fabricate efficient UV-written gratings in active (i.e. 

Er/Yb-codoped) IOG-1 glass. 

In previous work the IOG-1 active glass with silver ion-exchanged slab waveguide on 

it was exposed by KrF excimer laser. On the contrary, we first tried to irradiate the 

IOG-1 undoped glass (without ion-exchange) with ArF excimer laser. The reason to 

choose undoped IOG-1 glass (without ion-exchange) is that the large absorption 
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associated with the presence of silver particles can be avoided. What’s more, a pulsed 

ArF excimer laser (193nm) is used instead of a pulsed KrF excimer laser (248nm) due 

to the larger absorption at a wavelength of 193 nm in undoped IOG-1 glass.  

 

Fig. 3.17 UV transmission spectra for passive IOG-1 (undoped, dash dotted line) and 
active IOG-1-7 (Er-Yb-codoped, dashed line), and for silver ion-exchanged passive 
IOG-1 (solid line) glass substrates. 

The UV transmission spectra are shown in Fig. 3.17 for undoped and Er-Yb-codoped 

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

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

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

wavelengths is very high and all the UV irradiation below 230 nm is absorbed in a 
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thin surface layer. Therefore, 248nm UV irradiation should be used to write gratings 

on the Er-Yb-codoped glass. Nevertheless, for the undoped glass, it’s better to use 193 

nm UV irradiation, because the transmission at the wavelength of 248 nm is already 

too high. Finally the absorption of silver ion-exchanged IOG-1 glass is quite large at 

both wavelengths, so gratings have to be written on pristine glass samples directly. 

We chose to focus on UV irradiation experiment with the undoped IOG-1 glass. The 

phase mask used had a periodicity of 1065 nm, corresponding to the Bragg grating 

period of 532.5 nm in glass. The ArF excimer laser was emitting 100 pulses per 

second with a fluence of 300 mJ/cm2. With these exposure conditions volume gratings 

were written on the undoped IOG-1 glass. To show this we have fabricated 

waveguides by electric-field-assisted silver film ion-exchange on exposed samples. 

Fig 3.18 shows the reflection and transmission spectra of a UV-written grating in a 

silver ion-exchanged waveguide. The measurement was performed with a polarized 

light. This grating was only 4 mm long and the exposure duration was about 5 

minutes. The calculated reflectance from the spectrum is 44% and the corresponding 

index modulation is 1.0 × 10-4 if the grating is deep enough to cover the whole 

waveguide. Since the phase mask period we used is 1065 and the effective index of 

the waveguide is around 1.51, the reflection peak locates at 1608nm.  
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Fig. 3.18 (a) Reflection and (b) transmission spectrum of a UV-written grating in a 
silver ion-exchanged waveguide. The measurement was done with polarized light. 

It is worth mentioning that the grating is strong enough to survive the thermal 

processes involved in waveguide fabrication (90 minutes annealing at 225 ºC). Before 

waveguide fabrication, the inspection of the grating revealed that the grating is a 

volume grating operating in Bragg regime. Fig. 3.18 (a) also shows no coupling to the 

cladding modes. There is a small side lobe observed on the long wavelength side of 

the main peak. It should result from a slight non-uniformity in the UV-writing beam 

along the length of the grating. It is important to note that these gratings were 

fabricated in a passive IOG-1 glass and the wavelength is not inside the gain spectrum 

of erbium ions, so they are not good for DBR waveguide laser experiments. However, 

these results show that it is possible to write high quality Bragg gratings into passive 

IOG-1 glass, and reflectivity could be high enough for waveguide laser applications, 

which would be achieved by increasing the grating length. 
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The UV-written gratings were also tried on the active IOG-1 glass. UV-writing was 

performed by KrF excimer laser (248nm) mentioned before. The excimer laser has a 

fluence of 250 mJ/cm2 and the writing duration was 30 minutes. The highest grating 

reflectance that could be achieved was only 15%, corresponding to an index 

modulation of 1.5 × 10�5  and the grating length is 13 mm. The reflection peak 

wavelength difference between two polarizations was equal to 0.02 nm, which 

matches with the expected waveguide birefringence of the order of 10�4. Although 

the grating operates in Bragg regime, the index modulation is too low to provide 

enough feedback for waveguide lasers. Comparing to the grating written on the 

undoped IOG-1 glass, the grating on the active IOG-1 glass has one order smaller 

index modulation. This might be due to the poorer coherence properties of the 

excimer laser system at 248 nm. Another possible reason is that absorption at 248 nm 

is weaker in Er-Yb-codoped glass than that in undoped glass at 193 nm. It’s worth 

trying to use ArF excimer laser (193nm) to write gratings on the active glass because 

absorption at 193 nm is much higher. 

3.5 Ion-exchanged DBR waveguide laser 

In order to make a DBR waveguide laser with UV-written waveguide gratings, we 

have made gratings in the passive section of a hybrid IOG-1 glass. In a hybrid glass, 

there are both Er-Yb-codoped and undoped parts bonded together on the same 

substrate [S. D. Gonzone et al. 2001; P. Madasamy et al. 2003]. The hybrid glass 
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sample we used include 20 cm long passive part and 30 cm long active part with 

Er-Yb-concentrations of 1.0 ×1020 and 6.0 ×1020 ions/cm3, respectively. The Bragg 

grating was successfully written to the undoped part of the hybrid substrate through a 

phase mask with an ArF pulsed excimer laser. Unlike in the case of the fabrication of 

the grating with reflectivity of 44%, here beam expanders were used to help write 

wider grating to facilitate the waveguide fabrication along the grating. This resulted in 

improved spatial coherence but reduced the fluence to 140 mJ/cm2. The exposure 

duration was 30 minutes and the laser repetition rate was still 100 pps. A new phase 

mask with was designed so that the Bragg grating in IOG-1 glass would have a peak 

reflectance at about 1535 nm corresponding to the gain maximum of Er-doped glass. 

After the grating writing, the waveguides were fabricated along the grating across the 

whole hybrid glass substrate as shown in Fig. 3.20. 

The grating transmission spectra on this hybrid sample were measured separately for 

quasi-TE and quasi-TM polarization modes and are shown in Fig. 3.19. At the Bragg 

wavelength the grating transmission is around 20 % for both polarizations. Because of 

the surface waveguide birefringence, the Bragg wavelengths for the TE- and the TM- 

modes are different. Repectively for the TE- and TM-mode they are 1534.71 nm and 

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

In laser experiments, a fiber end mirror like the one mentioned before (HR at 1535 nm 

and AR at 980 nm) was butt-coupled onto the active edge of the waveguide sample. 

The grating acted as the output coupler with ~80% reflectivity. Two 980 nm pumps 

from fiber-pigtailed semiconductor diode lasers were delivered through two 980 

nm/1550 nm WDMs. The waveguide length in active region is 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 laser experiments for different 

post-bake annealing times. In the beginning, the waveguide sample was annealed for 

45 minutes and 60 minutes, and in both cases, the lasing was not observed because the 

waveguide profile was not optimized and the propagation loss and coupling loss were 

still too high. 

After 75 minutes post-bake annealing, we started to observe the lasing operation from 

this DBR waveguide laser with the laser threshold of 280mW. The output laser power 

is 293 µW with the maximum coupled pump power of 315 mW from the two laser 

diodes. The slope efficiency is only 0.8%. The sample was further annealed for 

another 15 minutes and the total annealing time is 90 minutes. The laser threshold 

decreased to 255 mW and the maximum output power is 586 µW with the slope 

efficiency of ~1%. It seems that the post-bake annealing can optimize the waveguide 

profile shape and decrease the propagation loss in order to increase the lasing 

efficiency. 

LD1 

WDM1 WDM2 Filter Detector 

OSA 

Fiber End Mirror 
UV-written 

Grating 
LD2 



 75

3.6 Characterizing Single-frequency DBR waveguide laser and improving laser 

performance by post-bake annealing 

For the same sample, another 10 more minutes of annealing was added and the active 

waveguide length was cut short to 19 mm from 24 mm. After 100 minutes annealing, 

the lasing efficiency was improved dramatically. In this laser experiment, we only 

used one pump laser diode. The output laser power vs. pump power is shown in Fig. 

3.21. This time the pump threshold decreased to 148 mW and the slope efficiency was 

as high as 6.1%. The maximum output power was 3.8 mW with 200 mW pump 

power. Comparing to the case of 90 minutes annealing and 24 mm long active 

waveguide, the slope efficiency improved by a factor of 6. It was deduced from the 

green light emission (due to ESA) that all available pump power was consumed in a 

length shorter than the waveguide length (25 mm) in the Er-Yb-codoped part of the 

substrate, the rest of the Er-Yb-codoped part of the waveguide being under-pumped 

and adding to losses. Therefore cutting short to 19 mm greatly helped to increase 

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

The output laser spectra are presented in Fig. 3.22. The solid line and the dashed line 

refer to TM and TE polarization mode respectively. By adjusting the polarization of 

the 980nm pump laser, the waveguide laser can operate in either TM or TE 

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

1535.17nm. The difference of 0.2nm is due to the birefringence. 
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Fig. 3.22 Spectra of the DBR waveguide laser after 100 minutes annealing. The solid 
line and the dashed line refer to TM and TE modes respectively. 

 
Fig. 3.23 The scheme of scanning F-P spectroscopy measurement. SA-91 Etalon is a 
confocal spherical cavity with mirror radius of r. 
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In order to check whether this DBR waveguide laser was working in single frequency, 

a scanning F-P spectrometer (EXFO Burleigh Products Group) was used to further 

characterize the waveguide laser output with high resolution. The setup of scanning 

F-P spectroscopy measurement is depicted in Fig. 3.23. The laser signal was sent into 

the SA-91 Etalon, which is a confocal spherical cavity with FSR of 8 GHz. RG-91 

ramp generator provided a ramp signal to drive one mirror of the etalon. Since the 

waveguide laser FSR is smaller than 3 GHz, if there is more than one longitudinal 

mode, we should see at least two transmission peaks during either ramp up or ramp 

down. 

Fig 3.24 shows the waveguide laser spectrum analysis result with scanning F-P 

spectrometer. Ramp signal is shown on the top and the transmission through the 

confocal spherical cavity is shown below. Obviously there is only one transmission 

peak during the ramp up, which means that within 8 GHz there is only one 

longitudinal mode. Since the FSR of the waveguide laser is less than 3 GHz, our DBR 

waveguide laser is a single-frequency laser. According to the digital oscilloscope, the 

ratio between the period of the ramp signal and the FWDM of the transmission peak 

is around 200. This implies that the linewidth of the laser MHzFSRv 40200/ ��� . 

However this measurement was definitely limited by the resolution of the scanning 

F-P spectrometer. 
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Fig. 3.24 The waveguide laser spectrum analysis result with scanning F-P. 

Homodyne spectrum measurement was used to further characterize the linewidth of 

the waveguide laser. The scheme of the measurement setup is depicted in Fig. 3.25. 

The incident laser signal was first split into two paths by a 90/10 splitter. One (90%) 

went through a 10 Km fiber spool as well as a polarization controller and the other 

(10%) was frequency-shifted by an Acoustic-optical (AO) modulator with 200MHz 

offset. Then these two arms were combined by a 50/50 fiber coupler and the detected 

signal could be analyzed by the electric spectrum analyzer. With 10 Km fiber spool, 

the linewidth resolution of this setup is at least 0.1 MHz. 
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Fig. 3.25 Scheme of homodyne measurement of the waveguide laser. AO modulator 
shifts the laser frequency 200 MHz away. 

Fig. 3.26 shows the typical homodyne spectrum of the DBR waveguide laser. The 

measurement frequency span is 10 MHz, the resolution bandwidth of the spectrum 

analyzer is 1 KHz. From the spectrum, we can know our DBR waveguide laser has a 

linewidth less than 1 MHz. This result is already better than that for commercial DBR 

lasers, which usually have 10 MHz linewidth. The limiting factor for the linewidth is 

probably the butt-coupling between the fiber end mirror and the waveguide, which is 

easily affected by environmental disturbance. The narrower linewidth is expected 

with the end mirror directly coated on the waveguide substrate facet or using another 

HR UV-written grating to replace fiber end mirror on the passive-active-passive 

hybrid glass substrate. 
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Fig. 3.26 The homodyne spectrum of the DBR waveguide laser. 

Previously we showed the experimental results of our DBR waveguide laser for 

different post-bake annealing times (75, 90 and 100 minutes). To find out the effect of 

the annealing time on the laser performance, we have done more laser experiments 

with longer annealing time. Fig. 3.27 shows the measurement results of output power 

vs. pump power for those three cases. Note that the active waveguide was cut short to 

14 mm from 19mm before the last measurement (120 minutes annealing). 
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Fig. 3.27 Output power vs. pump power for different post-bake annealing time. Black 
rectangular dots refer to 100 minutes annealing, red round dots refer to 100 minutes 
annealing and green triangular dots refer to 120 minutes annealing time. For the first 
two results, the active waveguide has the length of 19 mm. However the last one 
corresponds to the length of 14 mm. 

Table 3.2 lists laser performance, including threshold, slope efficiency and maximum 

output power for various annealing-times and active waveguide lengths. From the 

table we can see the laser threshold decrease significantly every time the active part of 

waveguide is cut short. This is due to the fact that our sample contained a very high 

concentration of ytterbium, which caused rapid pump energy depletion and longer 

active waveguide would experience under-pumping and reabsorb the laser signal. 

Post-bake annealing can make the silver ions diffuse further into glass. After 

annealing the mode size increases and the refractive index profile become smoother, 
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in the result of reducing coupling and propagation losses. What’s more, annealing 

improves the mode overlap between the pump and the signal. The slope efficiency 

and maximum output power increase all the way while sample shortening and sample 

annealing. However, once the annealing time is more than 130 minutes, the slope 

efficiency would decrease instead because waveguide modes 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 waveguide parameters. 

Fig. 3.28 shows that the grating reflectivity changes with the annealing time for both 

TE and TM modes. The grating strength seems to degrade as the annealing time 

increases. However, when annealing time changes from 90 minutes to 120 minutes, 

the grating reflectivity has ~7.5% change, which is totally acceptable. From Fig. 3.29, 

we find that the grating center wavelength decreases from 1534.71 nm to 1534.55 nm 

for TE mode and from 1534.52 nm to 1534.43 nm for TM mode. This is because the 

effective index of the propagating mode decreases due to smaller maximum refractive 

index difference. 
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Fig. 3.28 Grating reflectivity vs. annealing time for TM and TE modes. 
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Fig. 3.29 Grating center wavelength vs. annealing time for TM and TE modes. 
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We have demonstrated narrowband UV-written volume gratings in passive Schott 

IOG-1 phosphate glass. Grating reflectivities larger than 80 % were measured for both 

TE and TM modes after channel waveguide fabrication. The grating was able to 

survive a 2-hour-long heat treatment at 225 ºC with a small degradation. With a 

hybrid glass we constructed a DBR laser using a UV-written grating on passive part 

as an output coupler. This DBR waveguide laser worked in single-frequency mode 

with the linewidth of less than 1 MHz. The maximum output power was 9 mW with a 

slope efficiency of 13.8 %. This kind of DBR waveguide laser shows good enough 

performance for the application in optical communication. 
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CHAPTER 4 

FEMTOSECOND MODE-LOCKED FIBER/WAVEGUIDE LASERS 

UTILIZING CARBON NANOTUBES 

4.1 Introduction 

Optical short pulses delivered from passively mode-locked lasers can serve various 

applications in optical communications, material processing, nonlinear frequency 

conversion, metrology, and in medicine. A crucial component in a passively 

mode-locked laser is the saturable absorber, which introduces optical loss with an 

intensity-dependent response to enable short pulse generation. Semiconductor 

saturable absorber mirrors (SESAMs) have been extensively used in most passively 

mode-locked fiber lasers. However SESAMs have several drawbacks, such as a 

complex and costly fabrication process, a bulky and reflective device hard to be 

integrated into an all-fiber configuration cavity, and suffering from a low optical 

damage threshold. Recently single-wall carbon nanotubes (CNTs) have attracted a lot 

of attention in the mode-locking application. 

In this chapter we first review the mode-locked fiber and waveguide lasers. Then the 

characteristic of CNTs is introduced. A saturable absorber based on a fiber taper 

embedded in carbon nanotubes/polymer composite is described. With these saturable 

absorbers based on CNTs both linear and ring cavity fiber mode-locked lasers are 

demonstrated. The mode-locked laser and output pulses are experimentally studied 
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and characterized. An ion-exchanged Er3+-Yb3+-codoped planar waveguide is also 

shown to be mode-locked in a ring cavity configuration with similar saturable 

absorbers. Short cavity mode-locked waveguide lasers with CNTs film on the top are 

theoretically investigated. At the end of this chapter, some preliminary experimental 

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

4.2 Mode-locked fiber/waveguide lasers 

There are two way to generate short optical pulses from lasers. They are known as 

Q-switching and mode-locking. Q-switching is a technique to create short pulses from 

a laser by modulating the losses inside the cavity, thus the Q-factor of the laser 

resonator. The pulse duration obtained from a Q-switched laser typically is in the 

range of nanosecond and the pulse repetition rate is typically less than several 

megahertz. In order to get either shorter pulse (like picoseconds, even femtoseconds) 

or higher repetition rate, mode-locked lasers have to be resorted to. 

Mode-locking is a technique to induce a fixed phase relation between the longitudinal 

modes of a laser cavity, and then interference between these modes results in a train 

of pulses from the laser cavity. Assume we have 12 �N  longitudinal modes inside 

the laser cavity, and the total optical field can be expressed as the sum of the field of 

each mode [G. P. Agrawal 2007]. 

�
��

��
N

Nn
nnn tiiEtE )exp()( ��    4.1 
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where nE , n�  and n�  are the field amplitude, phase and frequency of the nth 

mode. If there is no fixed phase relation between each mode, which means they are 

independent from each other, then the intensity will be simply the sum of the 

intensity of each mode, because the interference term in 
2

)(tE  will be zero. 

However, the situation will be different when the phase difference between two 

neighboring modes is fixed, like nn ��� �� � 1 . We also assume each longitudinal 

mode has the same amplitude0E . In this case, the total intensity turns into 

2
02

2
2

)2/(sin
]2/)12[(sin

)( E
vt

vtN
tE

��
��

��
���

�    4.2 

Here v�  is the FSR of the laser cavity. We assume there are 11 modes ( 5�N ), 

the total intensity is shown in Fig. 4.1. What we can see is not a continuous wave 

any more but a pulse train. Each pulse has the peak intensity of 121 ( 2)12( �N ) 

times of the intensity of the continuous wave. The separation of two neighboring 

pulses is equal to the reciprocal of FSR, i.e. 
v�

1
. This can be explained as a single 

pulse circulating in the laser cavity and emitting a pulse every time it hits on the 

output coupler. And the more longitudinal modes are locked, the higher the pulse 

intensity is, and the shorter the pulse is. So if we want short pulses from a 

mode-locked laser, the gain spectrum of the laser gain medium should be as broad as 

possible. 
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Fig. 4.1 Pulse train formed from mode-locked 11 longitudinal modes. 

There are two ways to realize mode-locking in a laser cavity, active mode-locking or 

passive mode-locking. Active mode-locking depends on an external modulation at 

the frequency equal to the mode spacing (FSR). The modulation could be either on 

the cavity loss or the gain of the laser medium. The former can be realized by 

inserting an acousto-optical crystal inside the laser cavity and the latter by using 

another pulse source to pump the laser medium. Both methods can relate the phase 

of all the longitudinal modes inside the gain band to achieve mode-locking. In 

comparison, passive mode-locking requires a saturable absorber inside the cavity to 

produce the pulses. A saturable absorber has an intensity-dependent transmission. In 

the mode-locked laser, the saturable absorber has high transmission for high 
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intensity light and low transmission for low intensity light. If there is a noise spike in 

the cavity, when going through the saturable absorber the spike peak experiences 

less attenuation than the spike wings. Then this can result in the amplification of the 

high-intensity spikes and the absorption of the low-intensity light as the light 

oscillates in the cavity [Irl N. Dulling 1995]. After certain round trips, a train of 

pulses is generated and mode-locking of the laser is obtained. Below passive 

mode-locked fiber and waveguide lasers are reviewed. 

The shortest pulses obtained from fiber lasers are based on passive mode-locking. 

There are several methods to produce passive mode-locking fiber lasers. The first 

mode-locked fiber laser was reported by using transient color centers produced by 

flash lamp [M. I. Dzhibladze et al. 1983]. Semiconductor saturable absorber is the 

most widely used saturable absorber, which produce saturation absorption through 

real carrier generation and provide fast recovery time. The first mode-locked fiber 

laser with a semiconductor saturable absorber is reported in [M. Zirngibl et al. 1991]. 

As optical semiconductors became more sophisticated, the multiple quantum well 

(MQW) saturable absorber integrated with a Bragg reflector became more and more 

popular in mode-locked fiber lasers. Nevertheless SESAMs hardly allow an all-fiber 

configuration. Nonlinear fiber-loop mirrors utilized Sagnac interferometers to 

provide power-dependent transmission, just like a saturable absorber and the 

mode-locked fiber laser based on this technique are also called as the figure eight 

laser. Although it permits an all-fiber configuration and generation of short pulses, 
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the drawback is the instability; the repetition rate sometimes can vary from time to 

time. Another kind of mode-locked fiber laser relies on nonlinear polarization 

rotation, with which the mode-locking can be accomplished within a single fiber 

ring. When a single pulse circulates inside a fiber ring, the orthogonally polarized 

components of this pulse can experience different intensity-dependent phase 

modulation (SPM and XPM), resulting in intensity-dependent changes in the state of 

polarization. With a polarizer and polarization controllers inside the fiber cavity 

together, the pulse narrowing mechanism forms. 

In 1998, a mode-locked soliton fiber laser with using an Er-doped planar glass 

waveguide as the gain element was reported [D. J. Jones et al. 1998]. This ring laser 

employed nonlinear polarization rotation to get the mode-locking. The main 

advantage to use the waveguide amplifiers in the laser was shorter cavity length, 

allowing high repetition rate. Another benefit is the possibility to integrate the active 

waveguides and pump couplers on a chip to realize compact mode-locked lasers. 

Er-Yb-codoped waveguide mode-locked laser was also demonstrated with the help 

of a SESAM [E. R. Thoen et al 2000]. In this work, wavelength tunable picosecond 

pulses were obtained from 1534 to 1553 nm. Picosecond pulses at 1.53 µm with low 

residual jitter are generated from a passively mode-locked erbium/ytterbium 

codoped planar waveguide laser in an extended cavity configuration [J. B. Schlager 

et al. 2002]. This demonstrated the low-residual jitter optical pulses, which could be 

used in high-data-rate communication systems and optical sampling systems. Later 
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ultra-low jitter (14 fs) pulse trains were produced from a passively mode-locked 

waveguide laser by using high-bandwidth feedback control to act on the physical 

cavity length and optical pump power [J. B. Schlager et al. 2003]. This result shows 

the waveguide mode-locked laser can be well suited for high speed optical sampling 

in photonic A/D converters, in which low jitter over the entire Fourier frequency 

range is very critical. 

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

composite 

The saturable absorption property of SWCNTs was first reported and their potential 

application in nonlinear optical devices was proposed in [Y. C. Chen et al. 2002; Y. 

Sakakibara et al. 2003]. Thereafter they have been investigated for various fiber and 

solid state mode-locked lasers in the near-infrared wavelength region [3-10]. Comparing 

to SESAMs, saturable absorbers based on SWCNTs offer the following advantages: 

ultra-fast recovery time (< 1 ps) [S. Tatsuura et al. 2003], high damage threshold, 

mechanical and environmental robustness, broad working wavelength range, and 

flexibility to be integrated into laser cavities. 

A carbon nanotube is a hexagonal network of carbon atoms formed into a seamless 

cylinder with diameters of the order of nanometers. The length of a carbon nanotube 

could be from several microns to hundreds of microns. The cylindrical nanotube 

usually has at least one end capped with a fullerene molecule. There are two different 
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carbon nanotubes, single-walled and multi-walled carbon nanotube. The structure of a 

SWCNT has only a one-atom-thick layer of graphite, called grapheme, wrapped into a 

seamless cylinder. In comparison a MWCNT is composed of several layers of 

grapheme.  

A SWCNT can be semiconducting, metallic or semimetallic, which depends on its 

chirality [J. W. G. Wildoer et al. 1998]. Exitonic absorption in semiconducting 

SWCNTs is the main mechanism for their saturation absorption properties. It was 

speculated that the ultrafast recovery time is due to the presence of metallic 

nanotubes, serving as recombination centers, having the similar function as the 

defects in SESAM created by low-temperature growth or ion-implantation [S. Y. Set 

et al. 2004]. These CNTs have diameters on the order of nanometers, which determine 

CNTs’ peak absorption wavelengths. With ~1.2 nm diameter, CNTs have the optical 

absorption peak at 1.5 � m [S. Y. Set et al. 2004]. In order to control the SWCNTs’ 

absorption peak, the nanotube growth conditions can be tuned, like furnace 

temperature and the type of metal catalysts used in the fabrication process [H. Kataura 

et al. 2000]. Fig. 4.2 shows the absorption spectrum of SWCNTs we used in 

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

Different methods to realize mode-locking with SWNTs have been proposed. The 

early CNTs saturable absorbers use a quartz plate on which CNTs thin films are 

deposited, then the plate can be inserted into the laser beam inside the cavity. CNTs 

can also be directly synthesized onto substrates or fiber facets [S. Yamashita et al. 

2004], and in latter case a thin film between two fiber connectors can be a very simple 

mode-locker. Thin films have been fabricated by mixing CNTs into different polymer 

matrices [T. Schibli et al. 2005; M. Nakazawa et al. 2006; A. G. Rozhin et al. 2006]. 

Such films possess good optical quality and uniformity because individual CNTs are 

mostly dispersed in nanoscale adequately smaller than the wavelength of light. This 

CNTs-polymer film can be integrated between a pair of fiber connector ends, which 
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improves the efficiency of the nanotubes’ functionality by reducing additional loss 

and solving alignment problems due to free space coupling. However, this method 

could damage CNTs by physical contact. A new scheme of CNTs saturable absorber 

was proposed, in which CNTs interact with the evanescent field of the propagation 

light in D-shaped fibers [Y. Song et al. 2007-OL]. The advantages of this scheme are a 

long interaction length between light and CNTs, all-fiber format and low CNT-density 

required for mode-locking. A similar idea is to deposit CNTs on the tapered fiber to 

realize interaction between CNTs and evanescent field [Y. Song et al. 2007-APL]. 

Although, comparing to D-shaped fibers scheme, it is polarization insensitive, its 

drawback is the significant scattering loss resulting from directly spraying CNTs on 

the taper waist. Therefore an alternative method of achieving the interaction between 

CNTs and the evanescent field of the fiber tapers was proposed and demonstrated in 

[K. Kieu and M. Mansuripur 2007]. 

The SWCNTs used in the saturable absorber are commercially available and made by 

a high pressure CO process. They are mixed with a low-refractive-index silicone 

elastomer (Polydimethylsiloxane, Dow Corning) and adequate stirring insures that 

CNTs are uniformly dispersed into the polymer matrix. Then the CNTs/polymer 

composite is placed surrounding a fiber taper fabricated by using standard flame 

brushing technique, and the composite becomes solid with the help of the cure agent, 

which can be implemented in a V-groove in order to make the saturable absorber 

compact and robust. In this saturable absorber, the loss of the light propagating 
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through the taper is mainly due to the absorption of the evanescent field by the CNTs 

evenly distributed in the polymer matrix, because the polymer itself has low index 

(~1.4) and no absorption. The scattering loss should be quite small considering the 

CNTs/polymer composite. The strength of interaction between CNTs and the 

evanescent field can be easily tailored by the taper waist size, the taper length and the 

density of CNTs in the polymer. The saturable absorbers with different absorption can 

be fabricated and the measured modulation depth can be higher than 10%. The inset 

of Fig.1 is a sketch to describe that pulses propagating through the fiber taper see the 

saturating absorption and become narrower. 

We measured the saturation absorption of a fiber taper embedded in a CNTs/polymer 

composite saturable absorber we made. A signal from a pulsed laser was first split into 

two parts by a 90/10 fiber splitter. 10% port was used to monitor how much light was 

launched into the saturable absorber. 90% light was sent through the saturable 

absorber and the transmitted power was measured. The transmission vs. the average 

power of the input light is shown in Fig. 4.3. The transmission increasing as the input 

power shows the obvious saturation absorption behavior. A modulation depth 

(absorption change due to saturation) larger than 5% was obtained from this 

measurement. The background loss of this saturable absorber was around 25% due to 

the non-saturable absorption and scattering loss. The data points start bending down 

when the average power of input pulse become large, which might be due to the fact 
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that the pulse width of the mode-locked laser we made become wider when the 

average power is larger . 
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Fig. 4.3 Transmission measurement of a fiber taper embedded in a CNTs/polymer 
composite saturable absorber with pulsed laser input. 
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Fig. 4.4 The layout of the ring cavity Er-doped fiber mode-locked laser. 

Fig. 4.4 shows the layout of the ring cavity Er-doped fiber mode-locked laser, in 

which the mode locker is just a fiber taper embedded in CNTs/polymer composite. 

The Er-doped fiber is around 1.5 m and its basic parameters are listed in Table 4.1. 

Pump laser diode operating at 980nm is coupled into the active fiber by a 980/1550 

WDM fiber coupler. Laser output comes out from one splitting port of 50/50 fused 

fiber coupler. The isolator in the ring is used to ensure the unidirectional laser 

circulation. Polarization controller is used to adjust polarization state of the light 

within the cavity to optimize the mode-locking. 

Fiber type Liekki LF 1200 Er-doped fiber 

Cladding diameter     (µm) 125 

MFD at 1550nm      (µm) 6.6 

MFD at 980nm       (µm) 3.9 

NA 0.20 

Index difference 13.6 × 10-3 

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 turn into self-starting mode-locking 

from CW operation. It was observed that the laser can stay mode-locked for several 

days. Pulses have been obtained with varied absorptions (20%, 30%, 58%, 80% and 
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90%) of saturable absorbers. By changing the length of SMF inside the cavity, the 

repetition rate varies from 5 MHz to 20 MHz. The typical spectrum in logarithmic 

scale is shown in Fig. 4.5. Sidebands in the spectrum are due to the periodic 

perturbation of the laser cavity and they are well expected in the soliton fiber laser [G. 

P. Agrawal 2007]. Fig. 4.6 shows the typical pulse train displayed on the oscilloscope, 

measured with a fast detector connected to an oscilloscope. When the laser delivers 

only a single pulse per round trip, the maximum average laser output power is ~ 15 

mW. The pulses start splitting due to the pulse energy limit of soliton lasers when the 

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

With the fiber taper embedded in CNTs/polymer composite, we also constructed a 

passively mode-locked linear cavity fiber laser. The laser configuration is shown in 

Fig. 4.7. A piece of 1.5 m long Erbium-doped fiber is used as gain medium. The HR 

mirror is high reflection dielectric mirror directly coated on the fiber end surface. The 

single-mode 980 pump light is injected into the active fiber by a fused 980/1550 nm 

WDM. The mode-locker here is just the saturable absorber described above, which is 

directly spliced into the cavity. A 2 × 2 coupler, with two output ports spliced together, 

works as a fiber loop mirror to provide the cavity feedback. By adjusting the 

polarization controller, the reflectivity of the loop mirror and the output coefficient 

can be modified. The output fiber port is angle-cleaved to prevent deleterious 

reflection, which is critical to obtain stable mode-locking operation. 
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Fig. 4.7 Scheme of the mode-locked linear cavity fiber laser. 

The absorption of the mode-locker used in the experiments is around 88% (obtained 

with small signal transmission measurement of 1550 nm CW laser through the taper). 

Because the output coefficient of this laser is higher than 70%, the high modulation 

depth is preferred, resulting in the use of the saturable absorber with high absorption. 

The laser starts lasing in CW mode and the mode-locking self-starts when the pump 

power reaches 45 mW. It keeps mode-locking output at the fundamental rate as the 

pump power increases. When the pump power exceeds 300 mW, multiple pulses (in 

the single round-trip) appear; this means the pulse begins splitting into several pulses 

because the pulse energy reaches its energy limit in this specific cavity [A. B. 

Grudinin et al. 1992].  

Fig. 4.8 presents the curve of the output power vs. the pump power and the laser 

output spectrum is shown in the Fig. 4.9. The measured spectral FWHM is around 5.8 

nm with the output average power being 20 mW. Fig. 4.10 presents the output laser 

pulse train recorded with a digital oscilloscope, which shows the repetition rate is ~10 

HR fiber end mirror 

WDM 

Mode locker 

Output 

P. C. 

Fiber loop mirror 
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MHz. According to these measured results, the pulse energy 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 of the mode-locked linear cavity fiber 
laser. 
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Fig. 4.9 Laser output spectrum of the mode-locked linear cavity fiber laser. 
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Fig. 4.10 Oscilloscope trace of the pulse train from the mode-locked linear cavity 
fiber laser. 

In order to characterize the pulse width of this mode-locked fiber laser, an 

inteferometric autocorrelator, utilizing collinear configuration [C. Rulliere 2005], was 

built to record the autocorrelation trace of the mode-locked laser pulses. From Fig. 

4.11, we can read that the pulse width is around 690 fs if assuming it has a Sech2 

pulse shape. The time-band-product is ~0.49, which indicates further dispersion 

management inside the cavity can lead to even shorter pulses. 
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Fig. 4.11 Autocorrelation trace of mode-locked laser pulses with 260 mW pump. 

4.5 Mode-locked waveguide lasers utilizing CNTs 

The Er-Yb-codoped phosphate glass waveguide can provide high gain (3-4 dB/cm) in 

a short length with relatively low loss (0.15 dB/cm). We have demonstrated a short 

cavity (1 cm long) waveguide laser [S. Yliniemi et al. 2007]. With appropriate 

mode-locking scheme, high repetition rate pulses could be obtained from these short 

waveguide lasers. With the same saturable absorber described above, we have built a 

mode-locked ring laser utilizing an Er-Yb-codoped glass waveguide as the gain 

medium. 
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The waveguide was fabricated on a Schott IOG-1 phosphate glass substrate by using 

silver film ion-exchange technique, as described in Chapter 2. This glass is doped 

with high concentration of Erbium (1� 1020 ions/cm3) and Ytterbium (6� 1020 

ions/cm3). In silver-film ion-exchange process, silver ions are released from a thin 

film deposited on the glass surface and then driven into glass with an electric field. 

Meanwhile they replace sodium ions in the glass and locally increase the refractive 

index, thus forming a waveguide. Standard photolithography can be used to make a 

diffusion mask. After silver film ion-exchange process and thermal annealing, which 

redistribute the silver ions to modify the waveguide index profile, low loss channel 

waveguides are achieved.  

 

Fig. 4.12 Scheme of a mode-locked waveguide ring laser. 

The laser scheme is shown in Fig. 4.12.  Two WDMs are used to couple two 980nm 

laser diodes to pump the active waveguide from both ends. The mode locker is just 

the similar saturable absorber we used for the fiber laser. A fused fiber coupler 

couples small amount of the cavity power out. An isolator is used to ensure 

Mode 

locker 
Pump1  Er-Yb-codoped waveguide 

Output 

Coupler P.C. 
WDM1 WDM2 

Pump2 

ISOL. 
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unidirectional light propagation. The polarization state of the light inside the cavity is 

adjusted by a polarization controller to help realize the stable mode-locking operation. 

Index matching oil is applied on two butt-couplings (between fiber and waveguide) to 

prevent any detrimental reflection, which can result in mode-locking instability. With 

the help of index matching oil, the FP filtering effect (reducing lasing bandwidth) at 

butt-couplings can also be prevented. In the beginning, the laser could not be 

mode-locked without index matching oil applied. The waveguide used in this 

experiment is only 3.5 cm long. 

First we tried a saturable absorber with small signal absorption of 71% and the output 

coupling of 2%. When the total pump power was around 150 mW, the CW lasing 

started. With pump power increased to 184 mW, mode-locking operation was 

observed with the output power of 30 µW. With the maximum pump power of 315 

mW, the maximum average power of the mode-locked laser is only 270 µW. 

In order to increase the output power, we used another saturable absorber with 22% 

absorption and a 10/90 fiber coupler. This time the CW lasing threshold decreased to 

114 mW. Mode-locking operation self-started with the pump reaching 138 mW. 

Between CW and mode-locking regimes, no Q-switching operation was observed. 

With 290 mW pump power, the single-pulse mode-locking has the average output 

power of 2 mW. Further increasing the pump power, the laser went into either 

multiple-pulsing regime or noise-like pulse regime. In the former case, there are 

multiple pulses circulating in the cavity and these pulses can be distributed evenly 
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(like harmonic mode-locking) or randomly (sometimes just several pulses closing 

together). In the latter case, several short pulses can collapse together to form a long 

pulse with the duration of tens of picoseconds. 

 
Fig. 4.13 Spectrum of mode-locked waveguide laser. The inset is the corresponding 
pulse train. 

Fig. 4.13 shows the spectrum of output laser measured by an optical spectrum 

analyzer with 0.06 nm resolution bandwidth. The inset is the pulse train recorded by 

an oscilloscope. The pulse repetition rate is ~ 20 MHz. 

At 2 mW output, the measured pulse duration from a non-collinear autocorrelator 

(using two photon absorption) is ~ 3 ps. The autocorrelation trace is shown in Fig. 

4.14. Since the coupling loss between fibers and the waveguide is relatively high, the 
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peak wavelength is ~1534 nm, where the gain peak is. The mode-locked fiber laser 

usually operates with the center wavelength at ~1560nm, where the gain spectrum is 

much flatter than that at 1535 nm. Therefore in this mode-locked waveguide laser, the 

laser spectrum bandwidth is not very broad (FWHM is ~ 1.25nm), which results in 

longer pulses than those delivered by the mode-locked fiber laser. The 

time-bandwidth product is 0.461, much larger than the value of the transform-limited 

Sech2 pulse, 0.315. Careful dispersion management must be used to reduce the pulse 

duration. The pulse with duration of 3 ps is perfect for the high-speed optical 

communication, because it is short enough to satisfy the requirement of 100 GHz 

transmission and not too short to cause strong nonlinear effects in the transmission 

fiber.  
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Fig. 4.14 Autocorrelation data point of the waveguide mode-locked laser. The red line 
is Sech2 fit. 

However the repetition rate of this waveguide mode-locked laser is too low because 

the cavity length is too long. With the long cavity, the way to obtain the pulse train 

with high repetition rate is to use harmonic mode-locking, which could be hundreds of 

times of the fundamental rate. However the harmonic mode-locking hardly produces a 

stable pulse train and the spacing between two adjacent pulses can vary from time to 

time. So the right way to solve the problem is to shorten the cavity length to increase 

the fundamental repetition rate. 
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To shorten the cavity length, we can remove all the fibers as well as fiber components 

and integrate the active waveguide and the mode locker together to build a short linear 

cavity waveguide laser. The question is how to integrate the saturable absorber with 

the short waveguide together. One method we propose is to directly coat a thin 

CNTs/polymer composite film on the top of the Er-Yb-codoped ion-exchanged 

waveguide. 

 

Fig. 4.15 Scheme of short cavity mode-locked waveguide laser. 

The scheme of the proposed method is shown in Fig. 4.15. The laser cavity feedbacks 

are provided by a fiber end mirror (HR) and a partial reflection dielectric mirror 

(O.C.). The mirrors are butt-coupled to the two ends of an Er-Yb-codoped 

ion-exchanged waveguide. The pump can also be delivered by the fiber.on the 

left-hand side. On the top of the waveguide there is a film of CNTs/polymer. The light 

propagating in the waveguide can have part of its field distributed in this film and see 

the saturation absorption of CNTs in the film. This simple approach can integrate the 

gain medium and the saturable absorber together and should provide a compact short 

cavity mode-locked waveguide laser. If the waveguide is only 1 cm long, which we 

Fiber End Mirror 

O.C. 

CNTs/polymer film 
Ion-exchanged waveguide 
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have already demonstrated (CW operation) [S. Yliniemi, 2007], after mode-locking 

the fundamental repetition rate is around 10 GHz. In addition the waveguide laser 

itself benefits from the low noise and low jittering, so this kind of short cavity 

mode-locked laser could be an excellent and cost-effective return-to-zero (RZ) pulse 

source for optical transmitters. 

We have theoretically studied the effects of the polymer thickness and refractive 

index on the waveguide characteristics. With the CNTs/polymer composite film on 

the top of the waveguide, we would like to know how much field of the propagation 

light distributes in the polymer film. Then we can know how much the light 

propagating through the waveguide can interact with CNTs in the film. For this 

purpose we have simulated the mode properties of this structure for various film 

thickness and refractive index by using the modeling software we mentioned in 

chapter 3. 
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Fig. 4.16 Power of the TEM00 mode in the polymer vs. the refractive index of the 
polymer for 1 µm cover film on the top of the waveguide with 3 µm mask opening. 

 
(a) n = 1.47 (b) n = 1.52 (c) n = 1.56 
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Fig. 4.17 Mode profiles for 1 µm polymer film on the top of the waveguide with 3 µm 
mask opening for different polymer refractive indexes. (y = 0 is the interface between 
polymer film and air.) 
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Fig. 4.18 Power of the TEM00 mode in the polymer vs. the refractive index of the 
polymer for 2 µm cover film on the top of the waveguide with 3 µm mask opening. 
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Fig. 4.19 Mode profiles for 2 µm polymer film on the top of the waveguide with 3 µm 
mask opening for different polymer refractive indexes. 

Fig. 4.16 shows power of the TE0 and TM0 modes in the polymer vs. the refractive 

index of our waveguide structure. In particular the cover film has the thickness of 1 

µm and the ion-exchanged waveguide is fabricated from 3 µm mask opening. The 

substrate index is 1.51 and the max index change is 0.06. As the refractive index of 

the polymer increases from 1.47 to 1.56, the powers for TE and TM mode inside the 

film increase from 1.5% to 16% and 15% respectively. Fig. 4.18 shows the same 

pattern for the 2 µm polymer film covered waveguide structure. Comparing to the 

case of 1 µm cover film, there is more power distributed in the polymer. Fig. 4.17 and 

Fig. 4.19 show mode profile (constant field contours) for waveguide structures with 1 

µm and 2 µm polymer film on the top respectively. These all draw the following 

conclusions. In order to make the propagating light field in the waveguide to interact 

with the CNTs, the polymer refractive index should be higher than that of the 

(a) n = 1.47 (b) n = 1.52 (c) n = 1.56 
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substrate to have quite a large portion of light distributed in the film. And how much 

of the field is inside the polymer film depends on both the refractive index and the 

thickness of the film. 

The small index polymer can have only little light in the film, however the large index 

film can have too much power in the film and the mode profile is altered significantly. 

In addition too much power in the polymer makes it difficult to couple the light back 

from the waveguide with cover film to the waveguide without cover film. Fig. 4.20 

shows power of the TEM00 mode in the polymer vs. the thickness of the polymer for 

waveguide structure (3 µm mask opening) with n = 1.55 cover film on the top. Here 

we choose the refractive index of the polymer film as 1.55 according to previous 

simulations. The power of TEM00 mode in polymer film increases very fast as the 

thickness of the film becomes larger. However the film thickness should be thin 

enough to prevent the film layer itself supporting a guided mode. Fig. 4.21 shows 

effective index of the TEM00 mode vs. the thickness of the polymer for n = 1.55 

cover film on the top of the waveguide with 3 µm mask opening. Effective indexes of 

this waveguide structure are raised by the higher polymer index. 



 117

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

0

10

20

30

40

50

60

 

 

Thickness of Polymer film (um)

F
ie

ld
 o

f T
E

M
00

 in
 p

ol
ym

er
 fi

lm
 (

%
)

 TE
 TM

 
Fig. 4.20 Power of the TEM00 mode in the polymer vs. the thickness of the polymer 
for n=1.55 cover film on the top of the waveguide with 3 µm mask opening. 
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Fig. 4.21 Effective index of the TEM00 mode vs. the thickness of the polymer for n = 
1.55 cover film on the top of the waveguide with 3 µm mask. 
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Refractive index of 
the polymer film 

Film thickness 
for TE cutoff (µm) 

Film thickness 
for TM cutoff (µm) 

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, we have calculated cutoff film 

thickness for the guided mode of the polymer film layer. The software used actually 

calculates mode solutions for a given 3-layer structure (substrate is glass with n = 

1.51, center layer is polymer film itself and the top layer is air cladding).Table 4.2 

lists the film thickness cutoff for different values of film refractive index. It means the 

film is not allowed to be thicker than the cutoff value; otherwise there will be a guided 

mode in the film layer itself. 

At the cutoff condition, 0.9 µm thick film (n = 1.55) has 12.6% of TE and 7.84% of 

TM power located in the film; and 0.78 µm thick film (n = 1.56) has 13% of TE and 

7% of TM power in the film. These two sets of polymer film parameters could be 

good choices for the short cavity waveguide mode-locked laser. 

Further we may not cover the whole waveguide with the polymer film if we want to 

control the absorption of CNTs in the film by tailoring the interaction length and 

reduce the coupling loss at both waveguide ends. Then the coupling between 
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waveguide with film and waveguide without film should be studied. The tapering of 

film thickness can be used to help mode transferring and reducing loss and the 

minimal length of an adiabatic taper is the key point here.  

If we just taper the polymer film, the ion-exchanged waveguide needs to support a 

fundamental mode. It is likely that, with high-index film added, waveguide will have 

additional modes. Light is not substantially coupled to these additional modes in a 

taper structure, but this might cause some problems in the laser structure. One way to 

solve this possible problem is to taper also the ion-exchanged waveguide width down 

(by narrowing down the mask strip opening width) with the up-tapering of film 

thickness.  In this case the simulation of taper gets quite complicated, as very many 

different ion exchange profiles need to be included in the taper. 

We have theoretically studied the tapering by Photon Design tools [Photon Design 

2008]. The glass substrate refractive index of 1.5151 and maximum index increase of 

0.06 were used. Thin cover film was studied, targeting high portion of mode power 

confined into film, but with waveguide structures limited to guide only fundamental 

TE and TM modes. TE mode has higher confinement, so focus was on it. Selected 

cover film refractive index was 1.552, and the thickness was 0.94 µm. Source width 

for diffused waveguide with cover film on the top is selected as 2 µm. 

Coupling between waveguides with and without cover film were done by tapering. As 

cover film thickness is tapered down to zero, the diffused waveguide needs to be 

tapered up to maintain the fundamental guided mode. We increased the source width 
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to 5 µm for waveguide without cover film. A 100 µm long taper (linear tapering of 

thickness from 0.94 µm to 0 µm and source width from 2 µm to 5 µm) was modeled. 

Fig. 4.22 shows the modeling of optical propagation in top and side views. 

 

Fig. 4.22 Modeling of optical propagation in top (top) and side (bottom) views. 

 

Fig. 4.23 Fundamental mode power calculated along taper (100 µm long). 
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Fig. 4.23 shows the fundamental mode power calculated along the taper. About 1% of 

the light power is lost after 100 µm long taper. This value can be selected for the final 

taper length. 

 

Fig. 4.24 (a) Mode effective indices along taper for TE00 (blue), TM00 (green) and 
TE01 (red); (b) Mode power fractions confined in cover film along taper for TE00 
(blue), TM00 (green). 

From Fig. 4.24(a), we can confirm the single-mode operation. Fig. 4.24 (b) shows that 

the mode power confined in the film dropped from 23.6% for TE mode and 19.1% for 

TM mode to zero, indicating the tapering is excellent for mode transition. 

With all the theoretical studies we have done above, we find it’s feasible to design and 

build a waveguide structure using ion-exchanged waveguides with CNTs/polymer 

composite film on the top, which can provide solid single-mode propagation with low 

loss and strong enough interaction between propagating light field and CNTs in the 

polymer film. Together with the simulations presented, the demonstrated 

(a) (b) 
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mode-locked waveguide laser and short cavity waveguide laser, we can conclude that 

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

ALL-OPTICAL CLOCK RECOVERY BASED ON BIREFRINGENT 

RESONATOR 

5.1 Introduction 

Optical fiber communication technology has enabled the high-speed, long-distance 

transport capacities in today’s telecommunications networks. These networks still rely 

heavily on electronics, however, and the optical signals are converted into the 

electrical domain at each network node. Pushing the frontiers of all-optical parallel 

signal handling from its current domain of “transmission” (i.e. dense wavelength 

division multiplexing, DWDM) towards new edges in “processing” will be a further 

step to perform more operations optically and avoid cost intensive, power and space 

consuming Optical-to-Electronic-to-Optical (O-E-O) conversions. One of the key 

functions for these future all-optical networks to be implemented in receivers and 

regenerators is all-optical clock recovery (OCR). 

In this chapter first all-optical clock recovery is introduced. All-optical clock recovery 

based on fiber-optical waveguide resonators is discussed. Then we study the 

characteristics of a birefringent fiber resonator and review the multi-channel 

multi-rate all-optical clock recovery based on such a birefringent resonator. 
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Subsequently we introduce a polarization insensitive scheme for all-optical clock 

recovery based on the birefringent resonator and demonstrate how it works not only 

under ideal conditions but also with data signals highly distorted by chromatic 

dispersion and by self-phase modulation. We show how it can handle data signals 

which have undergone distortion due to transmission over dispersive and nonlinear 

fiber-optic propagation paths and which come in with arbitrary polarization 

orientation. Bit-pattern dependent amplitude fluctuations of the recovered clock signal 

are equalized by means of a semiconductor optical amplifier operated in saturation.  

The experimental results which, as a proof-of-concept, are obtained from 

single-wavelength channel 10 Gbit/s return-to-zero (RZ) data agree well with 

numerical simulations. 

The same scheme, beat signal generation based on a birefringent element, is then 

utilized in a different way: a birefringent fiber resonator using optical heterodyne and 

working as a pressure sensor is studied theoretically and experimentally at the end of 

this chapter. 

5.2 All-optical clock recovery 

An optical communication system consists of a transmitter, a transmission channel 

and a receiver. There is usually a long distance between the transmitter and the 

receiver and it is impossible for the receiver to directly obtain the transmitter clock 

signal. It’s also not cost-effective to transmit the clock signal in a separate channel, so 
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clock recovery is necessary to be implemented by the receiver to obtain the clock 

signal directly from the incoming flow of data. 

In an optical receiver, the clock recovery section isolates a spectral component at the 

frequency of data rate from the received signal and then provides bit slot (one over 

data rate) information to the decision circuit as well as helps to synchronize the 

decision process [G. P. Agrawal 2002]. In telecommunication systems, the clock has 

traditionally been recovered by electrical circuits, which first convert optical signals 

to electrical signals and recover the clock electrically. However this optical-electrical 

conversion is not necessary and desirable at most locations in telecommunication 

systems. Therefore it is better to keep the signal in the optical domain and realize the 

clock recovery optically. In addition the limited speed of electrical circuits prevents 

these systems from being used in future ultralfast optical telecommunication systems 

where the single-channel data rate will exceed 100 Gbit/s. Optical clock recovery 

systems can overcome this limitation by using ultrafast optical processes to replace 

complex electronic components. 

Generally speaking there are two main ways to realize optical clock recovery, active 

pulsating and passive filtering [T. v. Lerber 2007]. Active pulsating techniques utilize 

an optoelectronic oscillator loop or a self-pulsating laser, which can be locked to the 

incoming signal bits. The self-pulsating laser could be a passive mode-locked laser 

that has been discussed at the end of Chapter 5. Passive filtering techniques try to 

separate the clock frequency component from the incoming signal in frequency 
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domain. The former usually provides high quality clock as well as high cost and 

complexity. On the contrary the latter has simple configuration and low cost at the 

price of reduced signal quality. 

For active pulsating, either optical phase-locked loops (PLL) or self-pulsating lasers 

are employed. Optical PLL, similar to electrical PLL in functionalities, synchronize 

an internal signal oscillator with the incoming data bits and obtain frequency and 

phase information of the signal. Optical PLL can be realized by using optical gain 

modulation [S. Kawanishi and M. Saruwatari 1993; E. S. Awad et al. 2002] or 

amplitude modeluated optical gates, based on a nonlinear optical loop mirror [Y. M. 

Jhon et al. 2003], an optically gated electroabsorption modulator [E. S. Awad st al. 

2003] or a LiNbO3 modulator [H. Dong et al. 2004]. In optical PLL, the cross 

correlation of the local oscillator and the incoming signal can be performed by some 

nonlinear prosesses, such as four-wave mixing [T. Saito et al. 1994] and two-photon 

absorption [R. Salem and T. E. Murphy 2004]. Injecting the incoming signal into a 

self-pulsating laser can make it locked to the data rate of the signal, resulting in the 

clock recovery. These self-pulsating lasers include mode-locked self-pulsating diode 

lasers [M. Jinno et al. 1988], self-pulsating multisection diode lasers [C. Bornholdt et 

al. 2000; I. Kim et al. 2005] and self-pulsating mode-locked lasers with fiber loop 

feedback [K. Smith and J. K. Lucek 1992]. 

Passive filtering techniques are also used to filter out the desired spectral components 

from the incoming signal to recover the clock. FP resonators have period transmission 
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spectra with periodicity depending on their lengths. And the transmission peak can be 

very narrow, depending on its finesse. So they can be used to select the clock tone of 

the incoming signal. Other filtering techniques include stimulated Brillouin scattering 

filters [D. L. Butler et al. 1995; C. Johnson et al. 1999] 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 free space FP resonator was first 

demonstrated in [M. Jinno et al. 1990]. In this work a FP resonator, with free spectral 

range (~2 GHz) equal to the clock frequency of the incoming optical data stream, was 

utilized as the optical tank circuit to extract the clock. Because of its fully passive 

structure, ultrahigh bit rate operation (Tb/s) is possible through decreasing the 

resonator length. Later on G. Contestabile et al. experimentally demonstrated a 

40-GHz all-optical clock recovery circuit using a simple scheme made of a high 

finesse (F=270) FP filter and an SOA. The SOA acts as an optical amplitude 

equalizer. A good quality recovered clock signal, having 0.5% residual amplitude 

modulation and less than 497-fs rms time jitter, was obtained. Recently there are also 

some optical clock recovery demonstrations based on FP resonator filtering [Z. Zhu et 

al. 2006; Z. Pan et al. 2006]. 

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

output clock signal amplitudes have strong dependence on FP resonator time constant 
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and data patterns of the input signal. The amplitude equalization can be achieved by 

different techniques, such as nonlinear response of SOA [E. Kehayas et al. 2005] and 

Mach-Zehnder interferometric switches [P. Bakopoulos et al. 2005]. 

By increasing FP resonator finesse, the photon life time in the resonator become 

longer, resulting in less dependence on the pattern effect. Thus the clock signal can be 

extracted from a signal with more consecutive low-level bits. However, a larger 

finesse means a narrower transmission bandwidth, which is directly related to the 

signal wavelength fluctuation tolerance. For instance, if we want to resolve 10 

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

wavelength tolerance is about ± 0.5 GHz [T. v. Lerber 2006]. 

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

resonators 

Most of reported methods for optical clock recovery operate only for one � -channel at 

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

and P. Bayvel 2001; D. V. Kuksenkov et al. 2005] have been reported. None of the 

published concepts has been shown to handle multiple data rates simultaneously. In 

[T. v. Lerber et al. 2007], a parallel OCR scheme based on heterodyne beats of an 

optical sideband-filtered signal was investigated. The clock signals were recovered 

when the filtered sidebands were combined with a stable local oscillator. The scheme 

was demonstrated for 23 simultaneous wavelength (� ) channels at a 100 GHz DWDM 
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grid, each hosting a data stream of 10 Gbit/s. In [T. v. Lerber et al. 2006] we 

eliminated the need for the local oscillator by applying a homodyne concept based on 

a simple device consisting of a birefringent resonator and a polarizer. For the first 

time multi-wavelength multi-data-rate optical clock recovery could be achieved and 

was demonstrated for 20 � -channels operating at 10 Gbit/s and one at 40 Gbit/s. 

The combination of a birefringent resonator and a polarizer may generate mode beats 

at frequency 

� �0/f c n n�� �           (5.1) 

where c is the speed of light and � �  the wavelength in vacuum, � n is the difference of 

refractive indices of the two eigenpolarization modes and n is the average refractive 

index [T. V. Lerver et al. 2004]. The birefringent resonator is considered as a pair of 

independent resonators for two orthogonal states of linearly polarized light, and the 

polarization of the launched light is controlled to excite both polarization modes. For 

the return-to-zero (RZ) modulated signal, the carrier and the first sideband frequency 

are tuned to match the transmission peaks of the two resonators; after the birefringent 

resonator, the polarizer is aligned appropriately by using OSA to monitor two 

polarization components to generate the beating between the two filtered signals.  

The beating frequency is proportional to the degree of birefringence (f �  � n), and 

does not depend on resonator free spectral range (FSR). The operation principle of 

passive all-optical clock recovery using a birefringent fiber resonator is shown in Fig. 

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

Unlike in the case of former demonstrations of optical tank circuits [M. Jinno and T. 

Matsumoto 1992; G. Contestabile et al. 2004], the match between the resonator length 

and the data rate is not required, and only the degree of birefringence has to coincide 

with the rate of the clock signal to be extracted. With this scheme the multi-�  optical 

clock recovery becomes simple, i.e., we just match the resonator free spectral range 

with the DWDM channel spacing. 
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Fig 5.2 Experimental setup in [T. v. Lerber et al. 2006]. Abbreviations: MLL + MOD 
– mode-locked laser with return-to-zero modulated 40 Gbit/s PRBS data stream, 
EDFA – erbium-doped fiber amplifier, DFB – distributed feedback laser, AWG – 
arrayed waveguide grating, ISOL – optical isolator, MOD – modulator, POL – 
polarizer, TF – tunable optical bandpass filter 

 

Fig. 5.3 Recovered 10 Gbit/s clock Signal in [T. v. Lerber et al. 2006]. In: Input signal 
consisting ones and zeros. Out: Output from one channel. Below: Magnified portion 
of the signal. 
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Fig. 5.2 and Fig. 5.3 illustrate the experimental setup and recovered 10 Gbit/s clock 

signal from the optical clock recovery scheme based on a birefringent fiber resonator. 

From Fig. 5.3 we can see the typical recovered clock signal has varying amplitudes 

depending on the input signal pattern. The quality of recovered clock signal from 

different channels varied due to the polarization state variation of different channels 

and the accuracy of tuning each channel to the FP resonator transmission bands. 

5.5 Polarization insensitive clock recovery based on birefringent resonators 

Although the method presented in [T. v. Lerber et al. 2006] introduced significant 

advancements in terms of multi-wavelength and multi-data-rate capabilities, it suffers 

from drawbacks in terms of polarization sensitivity and bit pattern effects. 

Since the mode beating originates from the two independent polarization modes in the 

birefringent resonator, the beating will be absent, if the polarization of the launched 

light is along only one eigenpolarization mode of the resonator. Furthermore, the 

varying state of polarization of the injected light results in amplitude fluctuations in 

the beating signal [Q. Wang et al. 2007]. 
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Fig. 5.4 Experimental set-up of the polarization insensitive all-optical clock recovery. 
Abbreviations: PC – polarization controller, PBS – polarizing beam splitter, POL – 
polarizer, SOA – semiconductor optical amplifier. 

In order to achieve polarization insensitivity, we use a configuration shown 

schematically in Fig. 5.4.  For a proof-of-concept a DFB laser, followed by an 

isolator, is RZ modulated with a 27-1 PRBS data signal at current SONET OC-192 / 

SDH STM-64 data rate (i.e. 9.95328 Gbit/s). The optical RZ data signal is generated 

by two Mach-Zehnder modulators. The first one is driven by the system clock to get 

the periodic RZ pulses, and the second one applies the data modulation onto the RZ 

pulses. After amplification with an erbium-doped fiber amplifier (EDFA), an 

additional polarization controller (PC) is utilized to actively change the state of 

polarization (SOP) of the test signal in order to verify the polarization insensitivity of 

the proposed set-up. A portion (10%) of the signal’s intensity is tapped and sent to a 

polarimeter to monitor the SOP and its changes. The remaining power (90%) goes 

into the modified OCR set-up, which is composed of a fiber pigtailed polarizing beam 

splitter (PBS), a pair of PCs, a 3-dB coupler, a birefringent resonator and a fiber 

pigtailed polarizer (POL). The PBS and the two PCs are used to orient the incident 

state of polarization on a 45º angle with respect to the eigenpolarization modes of the 

resonator and the 3-dB coupler combines the two arms into the resonator. With this 

configuration the incoming light with arbitrary SOPs is always oriented to equally 

excite the two eigenpolarization modes of the resonator.  The birefringent resonator 

is a fiber Fabry-Perot filter (free spectral range FSR = 49.9 GHz, full bandwidth at 
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half maximum BWFWHM = 645 MHz). Its birefringence is tuned to be very close to the 

data rate of the signal under investigation. The following polarizer combines the 

partial power of the two filtered signals (carrier and the first sideband) resulting in a 

beat signal. 

After amplification by an EDFA and amplitude equalization by an SOA, the beat 

signal is filtered by a tunable optical bandpass filter and analyzed by a fast 

oscilloscope. SOAs have a fast response time and relatively low saturation output 

power.  Therefore they can be used to equalize the amplitudes of the clock pulses [G. 

Contestabile et al. 2004; K. Sato and H. Toba 2001]. The average input power to the 

SOA is adjusted appropriately by the EDFA to amplify the pulses (with varying 

amplitudes) to the same saturation value. Note that this property to perform pulse 

amplitude equalization can be used only on a per-channel basis. However, one can 

always recover the clock signals for different � -channels by one clock recovery unit, 

then demultiplex the signals and equalize the amplitudes for each channel with SOAs. 

Compared with single channel clock recovery schemes, this set-up still has the 

advantage of parallelism in the multi-�  first stage signal processing. 

To supplement the experiments we simulated our OCR set-up by the commercial 

software PHOTOSS []. In the simulations, the birefringent resonator is substituted by 

two FP resonators with the same FSR but a 10 GHz frequency shift with respect to the 

transmission peaks. Since a PBS is not included in the simulation tool, we use a PC to 

adjust the polarization of the incoming light to 45º with respect to the resonator’s 



 135

principal axes, and then divide it into two arms by a 3-dB coupler. We have a 

polarizer (at 0º) and the first FP resonator in one arm, and a second polarizer (at 90º) 

and the second FP resonator in the other arm. Finally, the two arms are combined and 

sent into the analyzer under 45º incident angle. The remaining part of the simulation 

set-up follows the construction of our experimental set-up shown in Fig. 5.4. The 

simulation scheme of polarization-insensitive clock recovery set up on PHOTOSS is 

shown in Fig. 5.5. 

 

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

First we present the simulation results on pulse equalization with an SOA. Fig. 5.6 

(left, a) shows the RZ data signal. Figs. 5.6 (left, b) and (left, c) correspond to the 

recovered clock signal without and with the SOA, respectively. The simulation clearly 

shows that the set-up can recover an adequate clock signal with equal amplitudes. 

Note that the asymmetric shape of pulses in the Fig. 5.6 (left, c) is due to the 

limitations in SOA parameter range in the simulation software, which does not fully 

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

In the experiments, the average input power of the SOA is controlled by an EDFA. 

The SOA has a small signal gain of 25 dB and an output saturation power of 6 dBm. 

The SOA operates at the saturation level when we appropriately adjust the input 

signal power. In this case the oscillations with fluctuating amplitudes can be equalized 

to the same saturation value. This amplitude equalizing character of the saturated 

SOA is clearly seen from the experimental results in Fig. 5.6, where (right, a) is the 

injected RZ data signal, (right, b) is the recovered clock signal before the SOA, and 

(right, c) is the recovered clock signal after the SOA.  Note that, in contrast to the 

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

For the polarization independent operation, the PCs in the two arms are statically 

adjusted as follows: While launching unpolarized broadband incident light, we 

disconnect one output of the PBS, and adjust the PC on the other arm to excite two 

eigenpolarization modes of the birefringent resonator equally by monitoring the 

output of the resonator with an optical spectrum analyzer (OSA). Two transmission 

peaks (corresponding to the two eigenpolarization modes) with the same amplitude on 

the OSA indicate that the PC is adjusted correctly. The same process is carried out on 

the second arm. The actual measurements are performed by changing the SOP in front 

of the PBS in steps across the entire Poincare sphere and documenting the recovered 

clock signals. Fig. 5.7 shows the measurement results for five different input SOPs. 
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For each recovered clock signal, the corresponding incident signal SOP and Stokes 

parameters S0 to S3 are shown as well. We recorded the clock signal for the whole 

27-1 word but for clarity, we only display 32 clock cycles in Fig. 5.7. By comparing 

the five different signals shown on the same vertical scale, we can conclude that the 

modified OCR set-up is polarization insensitive. The amplitudes of the recovered 

clock signals show some fluctuations due to temperature instabilities. This issue is 

discussed later in this section. 

5.6 Clock recovery operation with highly distorted signals 

During the propagation along the optical path in a fiber-optic network, the optical 

signals may suffer from residual (or uncompensated) dispersion and nonlinear effects. 

Therefore we investigated the effect of high dispersion as well as strong nonlinear 

distortions on the proposed OCR scheme. We introduce dispersion into the system by 

inserting a 6-km piece of dispersion compensation fiber (DCF) with a chromatic 

dispersion of D = –647 ps/nm between the modulator and the first EDFA. The effect 

of the dispersion on the recovered clock signal is shown in Fig. 5.8, left: (a) and (c) 

are the oscilloscope traces of the original RZ signal and the highly dispersed signal, 

respectively. The clock tones recovered from these signals are shown in Figs. 5.8 (b) 

and (d) correspondingly. The same configuration is simulated and the results (Fig. 5.8, 

right) are in good agreement with the experimental observations. This dispersion 

tolerant behavior of the OCR scheme can be explained by the fact that the recovered 
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clock signal is generated by beating between the carrier and the selected sideband, 

which are not affected by dispersion (except for some phase shift which does not 

influence the functionality at this point).  

 

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

Finally, we gradually increased the channel average power to up to 15 dBm (32 mW, 

peak power is more than 100 mW) and launched the signal into a 12-km highly 

nonlinear fiber (HNF) with a nonlinear coefficient  HNF = 4 �   SMF in order to generate 

strong self-phase modulation (SPM). Fig. 5.9 shows the effect of SPM on the optical 

spectrum of the data signal. The curves (a) and (b) are the recorded spectra when the 

HNF is placed before or after the EDFA, respectively. By comparison, it is easy to see 

that the spectrum becomes broader owing to the SPM, which means that the spectral 
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composition of the data signal is changed and potentially could influence the OCR 

functionality.  

 

Fig. 5.9 Optical spectra of the injection signal with and without self-phase 
modulation: (a) Spectrum of the data signal when DCF module is placed before the 
EDFA, (b) Spectrum of the data signal when DCF module is placed after the EDFA. 

 

 

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

In time domain, the data signal, shown in the Fig. 5.10 (a), looks severely distorted. 

However, the clock signal could be recovered and is shown in Fig. 5.10 (b). To 

complement the above experimental results, we numerically simulated the 

experiment: Here a 20 dBm data signal is launched into the HNF. Fig. 5.10 (d) shows 

the simulation of the clock signal recovered from the heavily distorted signal, 

presented in Fig. 5.10 (c). Both experimental and numerical results indicate the 

modified OCR scheme’s capability to extract the clock from highly distorted data 

signals.  The interesting fact that the clock signal can even be extracted from a data 

signal whose spectrum has undergone strong nonlinear distortions can partially be 

attributed to the chromatic dispersion (D = -1360 ps/nm) of the HNF used in the 

experiments and simulations. Actually, if only the high SPM was applied to the data 

signal (with D numerically set to 0), the recovered clock signal’s quality would 

decrease. The dispersion broadens the pulses significantly and thus weakens the SPM, 

which can be observed from the Fig. 5.11. It shows the calculated data signal 

spectrum after the HNF under two conditions: (a) assuming no dispersion D = 0, (b) 

the dispersion is D = –1360 ps/nm. 
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Fig. 5.11 Simulation of the signal spectra with 20 dBm data signal launched into a 
DCF module: (a) assuming zero dispersion, (b) with the dispersion of –1360 ps/nm. 

To further investigate the effect of SPM on the clock recovery set-up, we simulated 

the clock recovery and signal spectrum with different data signal powers fed into the 

HNF (but fixing the dispersion of the HNF to zero). As shown in Fig. 5.12, while the 

power of the data signal increases from 0 dBm to 20 dBm, the spectrum becomes 

wider and the quality of the recovered clock decreases. Especially when the signal 

power increases to about 15 dBm, the spectrum of the data signal is so broad that the 

new frequency components can significantly contribute to the beating signal at 

different frequencies. Since the HNF used in simulation has four times the nonlinear 

coefficient of the SMF, in real fiber transmission systems, our clock recovery scheme 

has an excellent tolerance to SPM. 
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Fig. 5.12 Simulation of clock recovery and signal spectra with different data signal 
powers launched into HNF (with zero dispersion): (a) 0 dBm, (b) 5 dBm, (c) 10 dBm, 
(d) 15 dBm, (e) 20 dBm. 

Above we have demonstrated a polarization insensitive all-optical clock recovery 

scheme based on a birefringent fiber resonator and a polarizer, with a semiconductor 

optical amplifier acting as an amplitude equalizer for the extracted clock signal. Our 

experimental results show that the scheme works well even with highly distorted data 

signals and the results are in agreement with simulations.  

Since the set-up is built using bulk fiber optic components, temperature variations 

influence its stability due to its interferometric structure. This may result in changes of 

the SOP and of the phase difference between the two arms. However, this study is 

significant as the groundwork for the next research step, in which this OCR scheme 
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will be realized by using an approach as demonstrated in [C. R. Doerr et al. 2000] 

where by means of an optical circulator the separated signal components travel the 

same path in opposite directions (instead of two parallel paths) or alternatively by 

utilizing integrated optics. By integrating the key components on a single chip, the 

temperature can be finely controlled and the temperature insensitivity of the set-up, 

i.e. the stability, can be greatly improved. Although here we demonstrated the set-up 

for a single wavelength channel at 10 Gbit/s, this polarization insensitive OCR 

scheme can simultaneously work for multiple channels and different date rates. 

5.7 Stress measurement based on birefringent resonators 

The fiber pressure sensor structure was reported based on different techniques, 

including fiber Fabry–Perot interference [C. Lai 2003] and fiber Bragg gratings [B. 

Peng 2005]. In 2004, C. Wang et al. presented a conceptually new approach: a fiber 

loop ringdown to develop a fiber pressure sensor [C. Wang et al. 2004]. With this 

technique, pressure measurements are achieved in a time domain by measurement of 

ringdown times. However, this method did not distinguish both eigenpolarizations in 

a single mode fiber, and different polarization states have different effective refractive 

indexes and decay time constants. Moreover, the measurement accuracy depends on 

how accurate the cavity ringdown time can be extracted. 

In 2004, conceptual studies of minute birefringence using ringdown beat frequency 

have been reported [T. v. Lerber et al. 2004]. The principle is basically similar to what 
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we have used in clock recovery scheme. The beat frequency between two 

eigenpolarization out of the fiber resonator is proportional to the phase mismatch of 

two modes, i.e. birefringence between two modes. This is described in Equation 5.1. 

 

Fig. 5.13 Scheme of stress measurement based on birefringent resonators. 

Experimental setup, shown in Fig. 5.13, is composed of a light source, a polarization 

controller, a modulator, an RF generator, a single mode fiber FP cavity, a strain 

inspector, an EDFA, a bandpass tunable filter, a fiber-pigtailed polarizer, an optical 

spectrum analyzer, and a digital communication analyzer. During the measurement 

first we need properly adjust the wavelength of the tunable laser to the transmission 

wavelength of the FP resonator, and tune the polarization controller to excite two 

eigenpolarization modes in the resonator. Then the output polarizer is rotated to filter 

out both polarization modes to maximize the beating signal. Finally the beating 

frequency can be read on the oscilloscope, which is monitoring the ringdown beating. 

Utilizing this setup, we measured the parasitic birefringence of a fiber based 

resonator. The measured results are shown in Fig. 5.14. The output signal from the 
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resonator shows the ringup and ring down beating, although the ring down beating 

contrast is not high. The simulated output signal matches well with measured results. 

Parameters of this FP resonator are listed in table 5.1. 
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Fig. 5.14 Measurement of the parasitic birefringence of a fiber based resonator. Blue: 
input signal; Green: output signal with ring up and ring down beat; Red: simulation of 
output signal. 

Reflectivity of a single mirror 0.99R �  

Wavelength of light 1550 nm� �  

Resonator free-spectral range fsr 50 GHz! �  

Beat frequency 403 MHzBf �   

Degree of birefringence 63.06 10n �� � �  
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Resonator time constant 535 ps� �  

Resonator loss factor 0.9815RV �  (incl. reflection and absorption) 

Table 5.1 Parameters of the measured FP resonator. Reflectivity, wavelength and FSR 
are given parameters. The remaining parameters have been measured. 

We have also measured the ringdown beating of a fiber FP resonator applied with 

stress. The typical ringdown beating is shown in Fig. 5.15. From this measured 

results, we know the beat frequency is 4.2 GHz, corresponding to the birefringence of 

3.2 × 10-5. 
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Fig. 5.15 Typical ringdown beating measurement from a FP resonator with external 
force applied. 

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

so we can divide the beat frequency into two terms  
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extB fff �� 0           (5.2) 

Where 0f  is the eigen-beating frequency caused by eigen-birefringence of the 

resonator itself, and extf  is the beat frequency induced by strain birefringence from 

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

Namihira et al. 1977], the induced birefringence is: 

r
AF

ext �
"

8
�            (5.3) 

Where F  is the applied force per unit length, r  is the fiber radius, and A is the 

stress-optic coefficient, given by 
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Where E  is the Young’s modulus of the fiber material, 11p  and 12p  are two 

components of the elasticity-optic tensor, and v is the Poison’s ratio. 

The stress induced normalized birefringence is given by 
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Equation (5.7) shows that the cavity ringdown beating frequency is proportional to the 

externally applied force. Without any external force, the intercept of the curve at 

beating frequency axis corresponds to the eigen-beating frequency 0f , which 

characterizes the FP resonator’s eigen-birefringence. 
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Fig. 5.16 Cavity ringdown beating frequency vs. applied force. 

Fig. 5.16 shows a typical measured beating frequency versus applied forces. The 

applied forces are in the range 0 - 140 N. The eigen-birefringence of this FP resonator 

can be easily derived from the eigen-beating frequency of 0.52 GHz. The linear fitting 

shows the beating frequency linearly depends on applied external force by   

Ff B 1119.052336.0 �� . 

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

frequency. Because when the round-trip difference of the two eigenpolarization 

modes is larger than � , the measurement redundancy appears. So it limit the 
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application of this technique to ln 4/�)� . 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 single-frequency and mode-locked glass 

waveguide lasers as well as all-optical clock recovery based on birefringent fiber 

resonators. Since glass waveguides used in all studies are fabricated with silver film 

ion-exchange techniques, we first studied the theory and the modeling of this glass 

waveguide fabrication technique and discussed the fabrication process of 

ion-exchange waveguides. In particular, fabrication parameters for the silver film 

ion-exchanged waveguide on the IOG-1 phosphate glass substrate were given. The 

following are highlights of the achievements in this dissertation 

Silver film ion-exchanged waveguides with the loss of 0.13-0.17 dB/cm were 

fabricated constantly. A short cavity (1 cm) silver film ion-exchanged Er-Yb-codoped 

phosphate waveguide laser were built and characterized. The output power was as 

high as 15 mW and very stable. 

The UV-written gratings on both IOG-1 active and passive glass have been studied. 

For the first time, UV-printed waveguide gratings with high quality and narrow 

bandwidth on the IOG-1 glass were achieved. With a grating UV-printed on the 

passive section of a hybrid glass, a DBR waveguide single-frequency laser is 

demonstrated. This DBR waveguide laser worked in single-frequency mode with the 
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linewidth less than 1 MHz. The maximum output power was 9 mW with a slope 

efficiency of 13.8 %. This kind of DBR waveguide laser shows good enough 

performance for the application of optical communication. In addition, the laser 

performance, including laser threshold, slope efficiency, maximum output power and 

laser linewidth, are described for different waveguide annealing-times and active 

waveguide lengths. 

Novel saturable absorbers based on a fiber taper embedded in carbon nanotubes 

(CNTs)/polymer composite were demonstrated. The saturable absorbers were then 

utilized to build mode-locked ring and linear cavity fiber lasers, which are studied 

experimentally. We generated 2 nJ, ~690 fs pulses with 10 MHz repetition rate from a 

linear cavity mode-locked Er-doped fiber laser with the saturable absorber. A 

mode-locked ring laser utilizing an Er-Yb-codoped glass waveguide as the gain 

medium was also demonstrated. In addition, short cavity mode-locked waveguide 

lasers with CNTs film on the top were theoretically investigated, which shows a short 

cavity mode-locked waveguide laser is very promising. 

A new concept to perform multi-channel multi-rate all-optical clock recovery based 

on birefringent fiber-optic waveguide resonators was discussed. The concept was 

advanced to polarization-insensitive operation. We showed how it can handle data 

signals which have undergone distortion due to transmission over dispersive and 

nonlinear fiber-optic propagation paths and which come in with arbitrary polarization 

orientation. Bit-pattern dependent amplitude fluctuations of the recovered clock signal 
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are equalized by means of a semiconductor optical amplifier operated in saturation.  

The experimental results which, as a proof-of-concept, were obtained from 

single-wavelength channel 10 Gbit/s return-to-zero data agree well with numerical 

simulations. 

The future research could focus on the following aspects. Either DBR or DFB 

waveguide laser could be achieved with gratings directly UV-printed on the active 

IOG-1 phosphate, which would provide low noise, very stable laser sources. With 

appropriate CNTs/polymer films deposited on the top of waveguides, short cavity 

mode-locked waveguide lasers would be achieved with very high repetition rate. It 

would be very interesting to realize multi-wavelength multi-rate all optical clock 

recovery scheme based on birefingent resonators with integrated optics. 
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