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ABSTRACT 

Spectroscopic properties of high concentration Er^'*^-doped phosphate glasses and 

performance of short Er^^-doped phosphate fiber amplifiers were studied and 

characterized. 

Systematic studies of cooperative upconversion of Er^^ ions in *\i^a level and 

energy transfer from Yb^"^ to Er'"^ in phosphate glasses were performed by a rate equation 

formalism. The cooperative upconversion coefficient for an Er^* concentration of 4 

X 10^° ions/cm^ was found to be l.l x 10"'* cmVs. An energy transfer coefficient of 1.1 

X 10 '® cmVs was found for an Yb^^ concentration of 6 x 10^° ions/cm^ and an Er^* 

concentration of 2 x 10^° ions/cm^. Energy transfer efficiencies from level of Yb^* 

ions to level of Er^'*' ions higher than 9S% were determined from our measurements 

under weak excitation. 

The performance of high concentration Er^'^-doped phosphate fiber amplifiers 

were characterized in terms of gain, noise figure, and signal saturation for a series of 

active fiber lengths, pump powers, signal input powers, and signal wavelengths. A net 

gain of 21 dB were achieved in a 71 mm Er^'^-doped phosphate fiber with a noise figure 

of -5.3 dB by a 980 nm pump power of 244 mW. In addition, a 10 dB net gain can be 

obtained with a pump power of 110 mW. Performance of short Er^^-doped phosphate 

fiber amplifiers demonstrates the potential for device applications. 
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Chapter 1 

INTRODUCTION 

Direct amplification of light at 1.5 fim in the communication window is a key 

function in modern all-optical communication system. Optical amplifiers (OA) can be use 

to compensate for signal attenuation during transmission as well as for splitting and 

coupling losses. Other important applications of OAs are pre-amplification to increase the 

receiver sensitivity as well as amplification after a transmitter to increase signal level In 

the past few years, optical fiber amplifiers have been quickly developed and they now 

play an important role in the telecommunication industry. 

The required characteristics of an OA depend on particular applications. For 

example, 20 dB of amplification is necessary to make the amplifiers attractive for the 

transmission lines while 3 dB of amplification is good enough to compensate the loss 

from a Y-branch. In addition, the added noise from the optical amplifiers should be as 

small as possible but the tolerable added noise may vary a lot firom an application to 

another. Furthermore, a large bandwidth with sufficiently flat gain spectrum is 

convenient for wavelength division multiplexing (WDM) applications. An amplifier with 

sufficient output saturation power is also desired for applications where high output 

power is required. In some cases, amplifiers are far from the source and the polarization 

of the Ught entering the amplifier is unknown and may fluctuate (Edagawa 1993; T. Imai 

and Matsumoto 1988). If the optical amplifiers are polarization dependent, the 

polarization fluctuations will be converted into signal power fluctuation, which is 
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undesirable for the optical transmission and detection. Moreover, the signal distortion by 

amplifiers, crosstalk between channels, and multiple reflections from the end facets of 

amplifiers should be also avoided. 

Depending on the particular applications, OAs can be grouped in different types: 

1. Power amplifiers (booster) amplify the output signal, immediately from 

generation and modulation, to a power level suitable for transmission. In this type 

of application, the booster input signal levels are already quite high (—3 dBm to 0 

dBm) and therefore the amplifier operates in the so-called saturation region. The 

obtainable signal output power is an important figure of merit for a power 

amplifier while the requirement on the added noise is less severe. 

2. In-line amplifiers are periodically inserted between two transmission fibers. 

Hence, both the input and the output power levels must be suitable for 

transmission. Both noise and gain are important in this type of applications. In 

addition, gain equalization is also important 

3. Preamplifiers are used to bring the received signal power to a level that is suitable 

for detection. They are located just before the receiver and are usually operated in 

the unsaturated region since the input signal powers are very small (< -30 dBm). 

Preamplifiers are used when the detection is critical and added noise has to be as 

low as possible. 

4. Distributed amplifiers continuously compensate the intrinsic losses of the fibers. 

5. Amplifiers used to compensate discrete losses from passive devices used for the 

optical signal manipulation, for example, in the distribution of the signal. 
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The difference between different types of amplifiers is not rigorous. Many 

applications of OAs do overlap and often the boundary between one application and 

another are not well defined. The last class of amplifiers presents a new important area of 

the market, precise equalization might not be required for this application since the signal 

dose not travel through many amplifiers before detection. 

Different approaches for realizing optical (waveguide) amplifiers were studied 

and developed. Some of popular approaches are discussed as follow; 

Semiconductor Optical Amplifier (SOA) 

SOAs have been developed before erbium-doped fiber amplifiers, and much of 

the early research done on optically amplified systems was performed with SOAs. SOAs 

have many attractive features (B. Mersali et al. 1990)-1. They can be electrically pumped 

with a current of less than 50 mA. 2. They are small (shorter than 1 mm) and exhibit large 

gain (over 30 dB) over a large bandwidth (several tens of nanometers). 3. They can be 

integrated with other semiconductor devices, and it can be fabricated for a wide range of 

wavelengths. 

However, there are some intrinsic drawbacks for SOAs. The short lifetime of the 

excited state leads to distortion and crosstalk between channels, when the amplifier is 

operated in the saturation regime. It also has a relatively large noise factor. In addition, 

because of mode mismatch between the SOA chip and the optical fiber, a significant 

coupling loss (~3 dB to S dB per facet) is introduced. As a result, both the fiber-to-fiber 
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gain and the noise factor wiU be degraded. Other problems are a polarization-dependent 

gain due to a strong asymmetrical structure and a large facet reflectivity due to large 

refractive index. To reduce the gain ripple from multiple reflections below 1 dB, the 

reflectivity at the end facets of amplifiers should be below -10^ depending on the 

magnitude of amplification. Solutions for these problems exist, but they are wavelength 

dependent and make devices complicated. Moreover, SOAs require temperature controls 

within 0.1 °C because the performance of SOAs changes significantly with environmental 

temperature (OMahony 1988). 

Raman Amplifiers 

Raman amplifiers are based on the third-order nonlinear process. The energy is 

transferred from the pump to signal by stimulated Raman scattering with the frequency 

difference between the pump and signal of -15 THz in glass. Therefore, Raman 

amplifiers are tunable by changing the pump wavelengths. Raman amplifiers exhibit a 

low noise close to the quantum limit. Raman amplifiers have recently witnessed a 

resurgence of interest in 1.3 fun (Stentz 1997) and hybrid amplifiers (Masuda 1998) due 

to the advent of high-power solid-state laser pump. However, Raman amplifiers required 

long fiber (several kilometers) and exhibit large crosstalk between different wavelength 

signals in the saturation region, which, in contrast to erbium-doped fiber amplifiers, is not 

damped by a slow population response time (P. C. Becker et al. 1999). 
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Rare-earth doped waveguide amplifier 

Er^^-doped fiber amplifiers are the common example of rare-earth doped 

waveguide amplifier. They are widely used for communication at 1.5 Jim transmission 

window of optical fibers. The Er^'*' ions store a large amount of energy due to the long 

metastable lifetime (-10 ms). This results in low distortion and low crosstalk 

characteristics, even for amplifiers operated in the saturation region. Therefore, an Er^*^ 

doped amplifier is immune to intersymbol interference and to crosstalk between channels 

in WDM systems. Fiber amplifiers have quite low fiber to fiber coupling loss and are 

practically polarization independent due to the symmetric waveguide structure. In 

addition, rare-earth doped amplifiers are thermally stable (M. Suyama et aL 1990; M. 

Yamada et al. 1990) because the amplification process is controlled by discrete atomic 

lines rather than by continuous energy bands, as in semiconductor amplifiers. Any small 

gain variations could be controlled by an automatic-gain-control function, and therefore, 

special temperature controls are practically unnecessary (Edagawa 1993). In addition, a 

gain bandwidth of a few tens of nanometers and a noise figure as small as 3 to 4 dB are 

obtainable. 

Disadvantages for doped waveguide amplifiers include: the fact that they have to 

be pumped optically, and the fact that available rare-earth concentrations are limited 

unless proper host materials are chosen. Moreover, the available wavelength bands are 

limited because amplifiers based on rare-earth ions other than erbium are much less 

mature for practical applications. In addition, the gain bandwidth is limited and gain 

flatness for doped amplifier are not as good as those for SOAs. 
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A complete and exhaustive comparison for different approaches of optical 

amplifiers is out of scope of the present work and can be obtained from several references 

(Agarwal 1989; Desurvire 1994; Edagawa 1993; T. Mukai et aL 1985). The Er^'^-doped 

waveguide amplifiers exhibit several advantages over others for 1.5 ^m applications. The 

development of reliable Er^^-doped fiber amplifiers allow long haul communk;ation 

without converting optical signal back to electrical signal, and to compensate the k>sses 

due to large splitting ratios, distributing optical signals to a large number of customers 

(Erman 1995). Because of the increasing complexity in the modem all-optical 

conununication system, there is a great interest in integrated optks devices. The 

development of short amplifiers suitable for integration becomes a great challenge in the 

field of integrated optics. Due to the small sizes, short optical waveguide amplifier 

devices are expected to be of low cost, and more importantly, they offer the promise of 

integrating passive and active functions on the same substrate. Their applications include 

integrated compact power amplifiers, preamplifiers, and the lossless splitter for fiber-to-

the home (FTTH) and fiber-to-the curb (FTTC) networks (A. M. J. Koonen et al. 1995). 

To realize a compact device, which provides high gain within a short wavegukle, Er^*^ 

concentration higher than 10^° ion/cm^ (-1 wt% Er203), two orders higher than that in 

conventional fiber amplifiers, is required. At such high Er^*** concentration, ion-ion 

interactions are important issues for realizing efficient devices. Multicomponent glasses, 

such as silicate or phosphate, are good candidates to incorporate high rare-earth 

concentration (Rapp 1986) with minimal deleterious effects from ion-ion interactions. 
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Er^^-doped planar optical waveguide amplifiers have been demonstrated in the 

past few years and the amplification properties of the devices are being improved. The 

first rare earth doped glass waveguide was produced in 1972 by sputtering a Nd-doped 

glass on an undoped glass substrate (H. Yajima et al. 1972). The fabricated slab 

waveguide was pumped with Xe flash tube to amplify the 1.06 ^m signal light coupled to 

the waveguide by a prism. More recently, the need for a cost effective lossless splitter for 

optical networks has led to the integration of waveguide amplifiers with passive splitters 

and combiners (Y. Jaouen et aL 1999). Demonstration projects have been also performed 

using the waveguide amplifier as an inline repeater or pre-amplifier in a fiber 

communication system at 10 Gb/s (J. P. Delavaux et aL 1996). Various technologies are 

available for the fabrication of planar waveguide amplifiers: ion exchange (D. Barbier et 

al. 1998; P. Camy et aL 1996), Er^"^ ion implantation (G. N. van den Hoven et aL 1996), 

flame hydrolysis deposition (FHD) (T. Kitagawa et al. 1993; T. Kitagawa et aL 1992), 

plasma enhanced chemical vapor deposition (PECVD) (K. Shuto et aL 1993), sputter 

deposition (J. Shmulovich et aL 1999; J. Shmulovich et aL 1993; Y. C. Yan et al. 1997) 

and sol-gel process (C. Y. Li et al. 1995; X. Orignac et aL 1999). 

Waveguides made by ion exchange have been conducted intensively since 1980s 

(R. V. Ramaswamy and Srivastava 1988). The main advantage of this method is low cost 

and rather simple fabrication process. A net gain of 27 dB has been achieved with ion-

exchange techniques (D. Barbier et aL 1998). However, precise control of ion exchange 

process is difficult and good mode confinement is not easy to be obtained. Flame 

hydrolysis processes work well with silica-based glasses, for instance silica codoped with 
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P/Al. However, it is diiiicult to apply this method to multicomponent glasses, capable to 

incorporate high dopant concentration. Therefore, the waveguide length increases 

dramatically due to low dopant concentration and waveguide background loss needs to be 

reduced. 

The sol-gel method is a versatile technique. It is attractive for integration of rare-

earth doped devices with other integrated optical devices on the same substrate. The film 

composition can be varied in a relatively wide range. It allows easy incorporation of Ep* 

ions just by adding an erbium compound into the starting solutions. Low loss 

borophosphosilicate glass films have been achieved by sol-gel deposition (R. R. A. Syms 

et aL 1995). However, it is difficult to remove all OH' groups in the film. Although there 

are some difficulties in various approaches, promising results are demonstrated (see table 

5.4.1). 

Another approach is short Er^'^-doped fiber waveguide amplifiers. Short fiber 

amplifiers have several advantages when compared with planar waveguide amplifiers 

including polarization insensitivity, good mode matching, and good Er^'*' confinement. In 

addition, it is more difficult to fabricate a good quality glass planar waveguide than a 

similar fiber waveguide with a comparable glass composition (M. R. X. de Barros et al. 

1996). Short Er^'^-doped fibers (a few centimeters long) could be integrated with other 

components using the V-groove technique on silicon or glass substrates. Figure 1.1 shows 

the schematic diagram of an integrated lossless splitter. The Er^'^-doped fiber could be 

placed in the V-groove and integrated with other components in a chip which can be 

connected to a fiber network by conventional pigtafl technique. The first short Er^"*'-doped 
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EOF in V-giDove Passive Power Splitter 

Pump Laser Diode 

System Signal 

Figure 1.1. Schematic diagram of an integrated lossless splitter. 

iiber was made from phosphate by the conventional double crucible method in 1992 (T. 

Nishi et aL 1992). Internal gain of -12 dB was obtained from a 12.5 cm of Er^'^-doped 

phosphate fiber. Short fiber amplifiers were also produced using other host materials such 

as silicates (M. R. X. de Barros et al. 1996; P. Myslinski et aL 1999). In those examples, 

such optical fiber amplifiers are short when compared with traditional fiber amplifiers. 

However, the lengths of such short fiber amplifiers are longer than 10 cm, which will 

afTect the compactness of the devices. In our research, we use phosphate glass as the host 

material due to its high solubility of rare-earth ions and weak ion-ion interactions (Rapp 

1986; T. Izumitani et aL 1982). Net gains of 21 dB and 1S.5 dB are achieved in 7.1 and 

5.1 cm Er^'*'-doped phosphate fiber amplifiers. Such short lengths make Er^'^-doped fibers 

integrated with passive components in the same substrate possible. 

In this dissertation, spectroscopic properties of Er'^ doped and Er^'^/Yb^^-codoped 

phosphate glasses are investigated for active device applications. Short Er^'*'-doepd 

phosphate fiber amplifiers were fabricated and characterized. In Chapter 2, fundamentals 
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of spectroscopic properties for erbium in glasses are presented. Chapter 3 presents doped 

glass properties and fundamentals of fiber amplifiers. Doped glasses, silica, silicate, and 

phosphate glasses, are compared in terms of glass structure and spectroscopic properties. 

Gain and noise figure of fiber amplifiers are also presented. 

In Chapter 4, cooperative upconversion and energy transfer processes in new high 

and Yb^'^/Er''*'-doped phosphate glasses are investigated. Detailed studies of the 

cooperative upconversion processes of Er^"^ level are presented using different Er^^ 

concentration in Er'^^-doped and with different Yb^"^ concentration in Er''VYb^'*'-codoped 

systems. The Yb^"^ to Et^* energy transfer processes are also studied with different Yb^"^ 

concentration. The cooperative upconversion and energy transfer coefficients are 

determined by a rate equation analysis. Compared with other glass host materials, 

phosphate glasses show superior properties with low cooperative upconversion 

coeflicients and high energy transfer efficiencies (B. C. Hwang et aL 2000a). 

The performance of short Er'^-doped phosphate fiber amplifiers (B. C. Hwang et 

al. 1999; S. Jiang et al. 2000; B. C. Hwang et aL 2000b) is reported in chapter 5. The 

amplifiers are characterized in terms of gain, noise figure and signal saturation power in a 

CO-propagating pump configuration with a 980 nm pump wavelength. A net gain of 21 

dB and a gain per unit lengtti 3 dB/cm are achieved in a 71 mm Er''*'-doped phosphate 

fiber. A 10 dB net gain using only 1 lOmW pump power can be obtained. 

Conclusion and outlook are given in chapter 6. 
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Chapter 2 

SPECTROSCOPIC PROPERTIES OF ERBIUM IN GLASSES 

2.1 Introduction 

This chapter reviews some important properties of Er''^ in the solid, especially in 

the glasses. The energy levels of Er^*^ in the solids are introduced in section 2.2. The 

electron structure of Er^*^ and the crystal field introduced by the surrounding ions in the 

glass matrix make Er^'^-doped glass devices attractive. The interaction between 

electromagnetic field and Er^^ ions and Judd-Ofelt theory are described in section 2.3. 

The Judd-Ofelt theory connects the radiative lifetime and cross section with simple 

relations. The Fuchtbauer-Lademburg relation is also presented in this section. Section 

2.4 presents the McCumber theory. The emission cross section can be calculated from 

absorption cross section using the Fuchtbauer-Lademburg relation. The McCumber 

theory increases the accuracy, compared with the Fuchtbauer-Lademburg relation. 

Lifetimes, especially those contribution from multiphonon relaxation, are reviewed in 

section 2.5. The multiphonon relaxation is strongly influenced by the glass material and 

affects strongly the performance of Er^'^-doped devices. Section 2.6 presents the ion-ion 

interactions which are important in high concentration Er^'^-doped (cooperative 

upconversion) and Er^'^ATj^'^-codoped (sensitization) systems. 
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2.2 Fundamental of erbium ions in solids 

The electronic structure of Er3
+ is [Xe ]4f11

, of which the partially filled 4f shell is 

electronically shielded by the outlying filled 5s25p6 shells from the Xe configuration. The 

energy diagram for the 4f electrons of the free Er3+ ion is shown in figure 2.2.1. The 

different energy levels arise from the spin-spin and spin-orbit interactions. The energy 

levels are labeled using Russell-Saunders 2
S+

1L1 symbols, where L and S are orbital 

angular and spin momentum of the 4f electrons, and J is the total angular momentum. 

4
H1112 520 

4
S312 550 

4
F9/2 650 

4
19/2 800 

4
111/2 980 

4
113/2 1535 

Free Er3+ Er3+ in solid Transitions to ground state 

Figure 2.2.1. Schematic representation of the energy diagram without and with electron­
host interaction. 
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Because the 4f electrons interact only weakly with electrons on other ions, the 

Hamiltonian can be written for an individual rare earth ion and decomposed as 

(MiniscaJco 1993): 

^ ^atomic ^ ̂ cryaat-field H +  H i a n ^ i o n  ( 2 . 2 . 1 )  

Here is the Hamiltonian of the ion in complete isolation, the 

interactions of the ion with the host, H ̂  presents the interaction of the ion with 

electromagnetic field, and Hcontains the interactions between Er^"^ ions. 

The most important feature to note regarding the energy levels in figure 2.2.1 is 

that all the levels of a particular ion have the same electron configuration, and are 

consequently all of the same parity. Since the electric dipole matrix element between two 

states of the same parity is identically zero, electric dipole transitions between any two 

levels of the ions are totally forbidden. The transitions for free ions can occur only by the 

much weaker magnetk: dipole and electric quadnipole processes. There are important 

exceptions, including the *\\ir2 <-> transition of Er'"*^ at 1500 nm, for which the 

magnetic and electric dipole strengths are comparable. 

When an erbium ion is embedded in a host glass, or a crystalline medium, it is 

subjected to electric fields, known as the crystal field, due to the neighboring atoms in the 

host lattice. A further splitting of the energy levels comes about when the ion is 

influenced by this crystal field. The environment provided by soUd hosts destroys the 
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spherically symmetric environment that rare earth ions have in the vapor phase. Thus the 

degeneracy of the 4f atomic states win be lifted to some degree. This splitting is also 

referred to as Stark splitting, and the resulting states are called Stark components. The 

electric dipole transitions become allowed due to admixing of states of opposite parity 

from higher configuration into the 4f configuration. One notable characteristK of the 

fluorescence and absorption spectra of rare-earth ion-doped media, particularly crystals, 

is the sharpness of the spectral features. This results from the fact that the optk:ally active 

electrons (Le., the partiaUy filled 4f shell) are to be found inskle the Ss^ and Sp^ shells, 

and are therefore to a certain extent shiekled from the ion's immediate environment. In 

addition of this host-dependent forced electric dipole contribution, the '*Ii3/2 

transition of Er^*^ at l.S (J.m has considerable magnetic dipole strength, which is relatively 

insensitive to the host material. By way of contrast, transition metal ion-doped media 

exhibit very broad absorption and fluorescence features due to the fact that the optically 

active d-electrons interact very strongly with the crystal fieU (France 1991). 

2.3 Interaction of Light and Judd-Ofelt theory 

In equation (2.1), H is the most important perturbed term for a luminescent 

device. The interactions between ions and electromagnetic field give rise to the 

absorption and emission of photons. The interactions include both between the electron 

charge and the electric field and between the electron spin and the magnetic fieki. The 
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radiative transition associated with a pair of levels (a, excited state and b, ground state) 

can be described by the line strength Sab, 

(2.3.1) 

where the summation is over all components of i and y in the a and b multipiets, D is the 

interaction operator, gb is the degeneracy of manifold b and is the probability for an 

ion in Stark level j of manifold b. For the dipole approximation, the electric and magnetic 

dipole interaction operators are given by 

where m and e are the electron mass and charge, r„ /, and 5, are the position, orbital, and 

spin operators, respectively, for each electron, and the sum is over all f electrons on the 

ion. 

It can be shown from quantum mechanics that the probability per unit time that an 

ion in upper manifold a will spontaneously decay to the lower manifold b is given by the 

following expression 

for electric dipole (2.3.2) 

for magnetic dipole (2.3.3) 
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(2.3.4) 

and the integrated absorption coefficient for the transition from b to a is also given by 

(2.3.5) 

where n is the refractive index of the medium, kba is the absorption coefficient, N is the 

number density of ions, Xed and Xmd are local field correction factors for electric dipole 

and magnetic dipole, and S ~d and S ;d are electric dipole transition and magnetic dipole 

transition line strengths. 

From equations (2.3.4) and (2.3.5), the radiative emission rate and integrated 

absorption coefficients (or absorption cross section) depend on the matrix element of the 

corresponding interaction Hamiltonian operator between the initial and final atomic 

states. The direct theoretical calculation for such interaction Hamiltonian operators is 

extreme difficult. In the early 1960s, Judd and Ofelt (Judd 1962; Ofelt 1962), working 

independently, developed a quantum mechanical theory of rare-earth ion-doped solid-

state media, which allow estimates to be made of the electric dipole transition strengths 

between any pair of I.SJ manifolds. The Judd-Ofelt analysis involves using the line 

strengths of all the observable transitions from the ground state to excited manifolds, and 

using these line strengths to estimate line strengths of transitions between pairs of excited 
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levels. By assuming that all the excited electron configurations were effectively 

degenerate and that all the Stark levels within a manifold were equally populated, then 

the line strength between two manifolds a and b could be expressed by 

(2.3.6) 

UtJ are reduced tensor operator components reflecting the so-called intermediate 

coupling approximation (R. R. Jacobs and Weber 1976). The squared reduced matrix 

elements, l(alju(t>l~)~ 2 , are almost independent of host materials and have been tabulated 

by a number of authors (Krupke 1966; L.A. Riseberg and Weber 1976; W. T. Camall et 

al. 1968). The host dependence is contained in the three intensity parameters nr. which 

are empirically determined for a given combination of dopants and hosts. The general 

procedure is to perform the absorption measurement and the line strength can be 

determined by equation (2.3.5), then a least-squares fit of these measured line strengths to 

the equation (2.3.6) yields the values for the three Judd-Ofelt parameters nr (Krupke 

1966; R. R. Jacobs and Weber 1976). 

In the approximation that the line strengths Sab and Sba are equal, the radiative 

transition strength and the integrated absorption and stimulated emission coefficients can 

be related to each other as: 
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(2.3.7) 

where is the cross section for the transition between levels i and j. Equation (2.3.7) is 

also referred as Fuchtbauer-Lademburg relation (J. N. Sandoe et al. 1972). The 

Fuchtbauer-Lademburg relation and the expressions derived from the Judd-Ofelt theory 

depend on the assumption that the populations of the Stark levels are similar and the local 

field correction factors are equal for both levels. The Fuchtbauer-Lademburg relation can 

also be obtained by Einstein Theory (P. C. Becker et aL 1999). Equation (2.3.7) can be 

re-written in term of radiative lifetime as: 

To find the emission cross section, the following procedure can be adopted. One 

can measure the absorption cross section with knowledge of the length of material and 

doped concentration. Then, the fluorescence spectrum is measured and scaled by the 

value obtained by integrating the absorption cross section according to equation (2.3.8). 

In early studies, the emission cross sections were obtained in this way (E. Desurvire and 

Simpson 1989; J. N. Sandoe et al. 1972; W. J. Miniscako et al. 1989; W. J. Miniscako et 

al. 1990). One can also measure emission cross section and convert to absorption cross 

section by equation (2.3.8) when obtaining absorption cross section is compkx and 

(2.3.8) 
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inaccurate (C. G. Atkins et aL 1989; E. Desurvire and Simpson 1989; M. P. Singh et aL 

1990; W. J. Miniscalco et aL 1989). However, the disagreement between the experiment 

and calculated emission cross section in this way was observed later (K. Dyfodal et al. 

1990; W. L. Barnes et al. 1991). 

2.4 McCiimber theory 

In the real case, the populations in each manifolds are determined by the 

Boltzmann distribution. The manifold widths for the *li3/2 and *\\sa states are - 300-400 

cm"' (E. Desurvire and Simpson 1990; N. E. Alekseev et al. 1983; S. Zemon et aL 1991), 

clearly lager than the average thermal energy, kT, which is ~200 cm'* in room 

temperature (where k is Boltzmann's constant and T is the absolute temperature). The 

significant differences among the thermal populations of the different sublevels were 

expected. The assumption that the Stark levels are equally populated will then be 

violated. 

McCumber theory (McCumber 1964; W. J. Miniscalco and Quimby 1991) was 

proposed as an alternative method to obtain the relation between absorption and emission 

cross sections. Originally McCumber theory was developed for the study of phonon-

terminated lasers based on transition metal ion. The assumption in McCumber theory is 

that the time required to establish a thermal distribution within each manifold is short 

compared to the lifetime of that manifold. As an example of 1.5 pm transition for erbium 

ions, this assumption is adequate because of long lifetime of *lnn level (~8 ms for 
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phosphate glasses). According to the McCumber theory, the generalized Einstein relation 

for absorption (C1ba) and emission (C1ab) cross sections is related by (McCumber 1964): 

(2.4.1) 

The cross sections are scaled with respect to each other by the temperature dependent 

parameter £, which is the net free energy required to excite one Er3+ ion from 411512 to 

411312 level at temperature T. The offset between emission and absorption is readily seen 

from equation (2.4.1). At higher frequencies (shorter wavelengths) the absorption is 

larger, while at lower frequencies (longer wavelengths) the emission is larger (see figure 

3.3.2). There is only one wavelength, A = hc/e, where absorption and emission cross 

sections are equal. If the positions of all Stark components are known, e can be calculated 

by (McCumber 1964) 

' +It2 E 
1 + '! exp - ___!!!._ 

e =- kT ln(Na J =- kT In exp(- !iEab ) ' ( kT J Nb kT 'b+l/2 Eb. 
1+ L exp --~ 

2 kT 

8E 8E 
1+exp __ b 1+exp -(Ja +112)-a 

( !iEab ) kT kT 

::::-kTln exp -IT 1+exp(-8Ea)1+exp(-(J +112)8Eb) 
kT b kT 

(2.4.2) 
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where d£ab is the separation between the lowest energy levels of each manifold, E,y is the 

difference in energy between the jth and the lowest component of level i. Due to the 

difficulty in obtaining the electronic structure for sub-levels in each manifold. Stark 

levels for each manifolds are assumed to be equal to 8Eai and SEbj, the energy difference 

between Stark levels with respect to the lowest energy level in the corresponding 

manifokl. 

In equation (2.4.2) there are three parameters that need to be determined, Le., 

AEab, 8Eai, and SEtj. According to the low temperature measurements (E. E)esurvire and 

Simpson 1990; N. E. Alekseev et aL 1983), 8Eai, and SEtj can be determined from 

the emission and absorption measurements. is consklered as the average energy of 

the absorption and emission peaks. The upper level bandwidth and lower level 

bandwidth, 65£a, and iSEbp can be determined from the high-energy half-width of the 

absorption spectrum and low-energy half-wklth of the emission spectrum, respectively, at 

room temperature (W. J. Miniscalco and Quimby 1991). 

The emission cross section (Oab) can be also determined from the relation: 

(2.4.3) 

Tab can be estimated from the measured lifetime. However, this will introduce error if the 

measured lifetime is quite different from the radiative lifetime. 
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McCumber treatment to determine the emission cross section has been 

demonstrated to be in good agreement with the experiment and the emission cross section 

determined by Einstein treatment (equation 2.3.7) could introduce the overestimate as 

high as 25% (W. J. Miniscalco and Quimby 1991). 

2.5 Lifetimes 

The lifetime of a level is inversely proportional to the probability per unit time of 

the exit of an ion from the excited level. There are two types of transitions, radiative and 

non-radiative transitions. Without the energy traps (such as defects) and at low dopant 

concentration, lifetime (r> can be presented as: 

= (2.5.1) 

where A"" is radiative transition rate and is multiphonon relaxation rate. For an 

ensemble of excited ions, the population in that excited level decay exponentiaUy with 

time constant equal to the lifetime. The radiative lifetime arises from the fluorescence 

from the excited level to all the levels below it. It can be calculated from the Judd-Ofelt 

analysis in section 2.3. Since the radiative transitions are forbidden to first order, 

radiative transition probabilities are low such that lifetimes tend to be relatively long. The 

lifetime of Er'"^ in "*113/2 level are -8 ms for phosphate glasses and -10 ms for silica 

glasses. 
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Due to the interaction between the vibrations of the lattice ions and the states of 

the rare earth ions, the transition from an excited state to a lower energy state can occur 

nonradiatively in solids. This nonradiative decay, multiphonon relaxation, is 

accompanied by the emission of phonons. This process strongly depends on the energy 

separation between the states and the maximum phonon energy, tto)^, of the host. The 

higher the number of phonons needed to bridge the gap, the less likely the probability of 

the transition. When the energy transfer is not the predominant mechanism, the 

multiphonon relaxation is described with the energy-gap law (C. B. Layne et aL 1977; R. 

Reisfeld and Jorgensen 1987): 

where AE is the energy gap, C and a are positive host dependent constant, p = AE/ho)„ 

is the number of phonon required to bridge the energy gap, and n(T) is the Bose-Einstein 

occupation number of the phonon mode. 

W^ = C [n(T)+ J fexp(-aAE) (2.5.2) 

n(T) = 
exp(^Ct>/ kT) — l 

(2.5.3) 

From equations (2.5.1) and (2.5.2), it is clear that the nonradiative rate will 

increase with temperature. In practice, C and a are insensitive to the rare-earth ion and 

energy levels involved. The host dependant partmeters, C, a, and fiOJ„, are documented 
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by Reisfeld and Jorgensen from measurements by a large number of authors (R. Reisfeld 

and Jorgensen 1987). The maximum phonon energies for different glasses are listed in 

table 2.5.1 (Ohtsuki 1996; R. Reisfeld and Jorgensen 1987). 

Host Borate Phosphate Silicate Germanate Tellurite Fluoride Sulfide 
^fi)„(cm') 1400 1280 1100 900 700 500 350 

Table 2.5.1. Maximum phonon energies for different glasses. 

Non-oxide glasses such as fluoride and sulfide are good for upconversion and 

long wavelength luminescence applications due to their low phonon energy. Oxides have 

larger nonradiative rates because their strong covalent bonds result in higher phonon 

frequencies (Miniscako 1993). In some cases, a higher nonradiative transition rate is 

preferred. For Er^^AT>^^-codoped system, large phonon energy reduces the lifetime of 

*l\\a level, which will reduce the population in that level Therefore, the backward energy 

transfer from Er'^ to is reduced (sec chapter 4). Due to the large phonon energy, 

nonradiative transition for borates is significant resulting in a reduced quantum 

efficiency. Considering the balance between the quantum efRciency of '*Ii3/2 and 

backward energy transfer, phosphate glasses are good hosts for Yb^*^ sensitization. 
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2.6 Ion-ion interactions 

All the preceding discussions have concerned isolated ions only. At low dopant 

concentrations, the distance over which energy can be transferred (ion-ion interaction) is 

limited. Therefore, the interaction between the rare-earth ions, Hion-ion in equation (2.2.1), 

is negligible. Since the probability of finding a neighboring ion increases with ion 

concentration, ion-ion interactions will be more important at higher dopant 

concentrations (Wright 1976). The ion-ion interactions result in the energy transfer from 

a donor to an acceptor. Conservation of energy requires the energy lost by the donor to 

match that gained by the acceptor. Therefore, if the fluorescence spectrum of the donor 

ion overlaps with the absorption spectrum of the acceptor ion, the acceptor-donor pair 

will undergo a radiationless transition. 

In the case of oxide glasses, this energy transfer can be described as an electric 

dipole interaction (N. Krasutsky and Moos 1973). The probability for energy transfer can 

be related to the overlap between the emission cross section of the donor and the 

absorption cross section of the acceptor. The transition probability per unit time between 

two nearby Er3+ ions by the electric dipole- dipole interaction is equal to (D. L. Dexter et 

al. 1969): 

(2.6.1) 
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where Qa is the integrated absorption cross section of the acceptor ions, R is the 

separation between the donor and acceptor, n is the refractive index of medium, Xo is the 

lifetime without energy transfer, and and f/E) are normalized line-shape function 

of the absorption and emission spectra, respectively. 

There are several types of energy transfer processes for rare-earth in solids (L. A. 

Riseberg and Weber 1976). Three main types of phenomena are discussed, which are 

energy migration, cooperative upconversion, and sensitization. 

Energy migration 

Donor Acceptor 

Figure 2.6.1. Schmatic of the resonant energy migration. 

Resonant energy migration, shown in figure 2.6.1, is the relaxation of one donor 

ion to the ground level promoting a neighboring acceptor ion into the excited state. In 

turn, the acceptor becomes a donor with respect to another neighboring ions, resulting in 

the spatial migration and random walk of the excitation energy through the host. This 

energy transfer proceeds until the excitation reaches a donor close enough to an acceptor 

to complete the final step of the transfer process. If there are different type of acceptors 
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exist in the system, such as Er^'*' in Yb^'*'-Er^'*'-codoped system, the energy migration could 

be beneficial (E. Snitzer and Wooddcock 1965; J. G. Edwards and Sandoe 1974). By 

using the large absorption of high Yb^'*' concentration, the effective energy transfer from 

Yb^^ to Er^^ improves the absorption of Er''^ ions (see chapter 4). If there is a trap such as 

a hydroxyl group, energy migration is a dissipative process that results in the loss of 

excitation (Y. Yan et aL 1995). 

Cooperative upconversion 

Donor Acceptor 

Figure 2.6.2. Schmatic of the cooperative upconversion process. 

Cooperative upconversion (figure 2.6.2) is believed to be the dominant process 

causing the ineRiciency of the Er^'^-doped devices. The process can occur in a single step 

in which the particular donor ion that absorbs the photon transfers its energy to a nearby 

acceptor. After promoted to higher excited state, the acceptor could relax radiatively to 



40 

ground state, relax by the multiphonon relaxation back to the original excited state, or 

relax by the combination of above processes depends on the branch ratio. 

Equation (2.6.1) describes the energy transfer between isolated pairs of ions. If 

the excitation diffusion is sufficiently large, excitation is delocalized over the entire 

donor and acceptor system. In order to describe the ensemble-average system, a rate 

equation with an average transfer rate can be used (Grant 1971 ). In a rate-equation 

analysis, homogenous cooperative upconversion of the metastable level of Er3+ can be 

included in the rate equation with a C N; term, where C is the cooperative upconversion 

coefficient and Ne are the excited state population. 

This upconversion quenching process is a material host related property, since it 

is caused by the ion-ion interactions in the host. Therefore, choice of an efficient rare­

earth ion host is a crucial issue for active devices. However, cooperative upconversion 

can be beneficial if the energy difference between the ground state and higher excited 

state is greater than the pump photon energy because there exists the possibility of an 

upconversion laser if the proper glass hosts are chosen (Auzel1973; C. C. Ye et al. 1997; 

J.P. Vander Ziel et al. 1986; L. F. Johnson et al. 1972). 

Sensitization 

For sensitization, a donor ion (also called sensitizer) transfers its energy to an 

acceptor ion (also called activator) as shown in figure 2.6.3. The donor and acceptor are 

different type of ions. Sensitized luminescence with Er3+ as the acceptor has been 
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demonstrated in the and Tm^'*'-Er^* pairs (E. Snitzer and Wooddcock 1965; J. 

G. Edwards and Sandoe 1974; R. Reisfeld and Eckstein 1973). In the Yb^'^/Er^"*'-codoped 

system, the energy transfer processes between Yb^^ (donor) and Er^"*^ (acceptor) are 

important in terms of the pump efiHciency. The energy transfer processes are bi­

directional including: 1) forward energy transfer (Yb^"^ to Er^"*^, 2) backward energy 

transfer (Er^^ to Yb^*). 

Donor Acceptor 

Figure 2.6.3. Energy transfer in sensitization process. 

The forward energy transfer must be efficient. To ensure the high efficiency, each 

donor ion should be able to transfer energy to an acceptor. This can be achieved by the 

energy migration within the donor sub-system. The energy migrates until it is located at a 

donor ion that is sufficiently close to an acceptor to transfer energy to it. Rapid energy 

migration among the donors is ensured by a sufficiently high donor concentration. To 

avoid the backward energy transfer, large phonon energy host can be used (see chapter 

4). 
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Chapter 3 

DOPED GLASS PROPERTIES AND FUNDAMENTALS OF FIBER 
AMPLIFIERS 

3.1 Introduction 

This chapter reviews some basic properties of active glasses and the fundamentals 

of amplifiers, in terms of gain and noise. In section 3.2, three different types of glass 

structure, silica, silicate, and phosphate are discussed and compared. Ion clustering is also 

introduced in this section. Phosphate glasses do show the advantage for incorporating 

high concentration rare-earth dopants and this is very important for constructing compact 

active devices. Section 3.3 presents the spectroscopic characteristics of erbium-doped 

phosphate glasses based on the fundamentals described in chapter 2. The simplest 

method-rob in tube to fabricate active fiber is presented in section 3.4. The erbium doped 

phosphate fibers used in our experiments were also produced in this way. Section 3.S 

presents the fundamentals of fiber amplifiers. Gain and noise are introduced starting with 

the light absorption and emission. Section 3.6 compares two different possible pump 

wavelengths for the erbium doped fiber amplifiers. The 980 nm pump wavelength was 

used in our experiments as will be discussed in chapter S. 
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3.2 Doped glass structures and properties 

Silica and silicate glasses 

A glass is an amorphous material that has been formed from material cooled so 

rapidly from the liquid phase that crystallization has been prevented. Glasses have only 

short-range atomic order and form a three-dimensional network matrix, while crystalline 

materials have uniformity, symmetry and long-range periodicity. 

Considering the oxide glasses in more detail, the simplest oxides are made up 

from just two elements (called network former): a glass-forming atom and oxygen. 

According to the suggestion by Zachariasen (S. P. Craig-Ryan and Ainslie 1991), typical 

network formers of oxide structure are SiC^, GeOa. P2O5, and 820)3. Multicomponent 

structures can be made by modifying the network structure and either introducing a 

modifier atom to alter the basic structure or adding an element to directly replace some of 

the glass-forming atoms in the matrix. 

The simplest and well-known glass structure of vitreous silica (SiC)2) is shown in 

Rgure 3.2.1 (S. P. Craig-Ryan and Ainslie 1991). The silicon atom in the center is 

covalently bonded to four oxygen atoms which are arranged tetrahedrally around the 

silicon atom. Each tetrahedron is tightly bonded to four others via silicon-oxygen bonds. 

Therefore, the oxygen atoms in the lattice are predominantly bridging, Le. linking one 

tetrahedron to another. Unlike crystalline form of silica, this structure, being slightly 

more random, leads to the lack of long-range periodicity or symmetry. Due to the tight 

bonding structure, silica glass is mechanically and chemically stable (Schoize 1990). At 
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the same time, it is this rigid network structure makes incorporation of rare-earth ions 

rather difFicult, resulting in microscopic clustering when rare-earth concentration 

increases (Arai 1986). When rare-earth ions are incorporated into glasses they do so as 

network modifiers and break up the covalently bonded glass structure (Patek 1970). Since 

the rare-earth ions are incorporated in the trivalent state, there must be charge 

compensation within the network from the oxygen atoms which are non-bridging (S. P. 

Craig-Ryan and Ainslie 1991). [f the concentration of rare-earth is low, then the ion will 

be in an isolated site and there will be little or no effect from other rare-earth ions. As the 

concentration is increased, then the distance between ions will become smaller and 

clusters could result with rare earth ions, such as Er''*' ions. 

Figure 3.2.1. Schematic of three-dimensional tetrahedral arrangement in fused silica 
glass. 

The formation of clusters has been explained as follows (Arai 1986; Arai 1987): 

rare-earth cations such as Er^"^ have large cationic fieki strength 7Jr. where Z is the 
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valence and r the ionic radius, so that they require co-ordination of a sufficiently high 

number of non-bridging oxygens for screening the electric charge of the cation. However, 

Er^'*' ions introduced into a rigid glass network cannot sufficiently co-ordinate non-

bridging oxygens and are in a high enthalpy state. Therefore, they tend to gather to form a 

cation-rich phase so as to reduce excess enthalpy by sharing non-bridging oxygens 

among clustering cations. 

In chapter 4, the ion-ion interactions are assumed uniformly distributed in the 

medium. However, Er^^ ions could be in pairs and closely spaced. Clusters of ions can 

form in one region whereas another region might have isolated ions (Ainslie 1991; B. J. 

Ainslie et aL 1990). The interaction inside each pair called pair-induced quenching is 

similar to that described in section 2.6 of homogenous cooperative upconversion. The 

major difference of pair-induced quenching from homogenous cooperative upconversion 

is that two ions in clusters are so closely coupled that they can never both be 

simultaneously excited to the '*1(3/2 level (E. Delevaque et al. 1993). That means the 

energy transfer between the two ions are so strong that the energy transfer rate will be on 

the time scale significantly faster than that of the pumping rate. The energy transfer rate 

in cluster has been estimated to be in the range of 5 to 50 ^s (E. Delevaque et al. 1993) or 

I p.s (H. Masuda et aL 1992). In this way, the pump is unable to keep both ions excited at 

the reasonable pump power. For the ion-ion interaction of homogeneous cooperative 

upconversion, ions are assumed to be independent in the sense that if a given ion is in the 

excited state then this dose not prohibit one of its neighbors from also being excited to the 

same excited state. However, the ions are no longer considered independent in the case of 
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clustering. Since the ion-ion interaction is so strong, only two states exist in each pair: 

both ions are in the ground state or one in ground state and the other one in the excited 

state. There is no possibility for both ions at the same excited state. To describe the 

behavior of pair-induced quenching, the CN2 term (section 2.6 and Chapter 4) in the rate 

equation is no longer adequate. One needs to consider the system as two parts: one made 

up of isolated ions and the other made up of pairs. In fact, the clustering is not necessary 

containing only two Er3+ ions. It could be consist of two or more ions in a group. The 

deleterious effect of pair-induced quenching on the Er3+-doped fiber amplifier 

performance has been studied and reported by several groups [J. L. Wagener, 1993 #161; 

R. S. Quimby, 1994 #160]. 

@ Modifier ion 

Q Oxygen 

• Silicon 

Figure 3.2.2. Schematic of silicate glasses. Non-bridge oxygens present due to 
introducing modifier ions. 

Alumina (Al20 3) has been used for Er3+-doped silica fiber to increase the rare-

earth solvability since the aluminium charge deficiency being equilibrated by the Er3+ ion 

(B. J. Ainslie et al. 1988). However, it is still a significant problem for Er3+ 
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concentrations in the range required for compact short waveguide amplifiers (G. Nykolak 

et aL 1993; J. Nissson et aL 1993; P. Blixt et aL 1991; T. Kitagawa et al. 1992). 

By introducing network modifiers, such as alkali or alkaline earths, into silica, a 

basic silicate structure could be formed. Network modifiers break the network and results 

in a looser network structure, facilitating the incorporation of Er''^ ions. The structure of a 

typical silicate glass is illustrated in Figure 3.2.2 in a two-dimensional representation. 

Non-bridging groups are formed which allow ionic bonding with other species. Some of 

the silicon-oxygen brklging bonds will have been broken thus increasing the number of 

non-bridging oxygens present, and the spare negative charges on the oxygen ions are 

used to compensate for the positive charge of the metal ion. A primary site for Er''*' in 

basic silicate glass has been investigated by low temperature spectroscopy of Stark levels 

(Robinson 1974a; Robinson 1974b). It was confirmed that Er''^ is placed in the cage of 

the three dimensional silicate network on the vicinity of nonbridging oxygen (Snitzer 

1973). 

Phosphate glasses 

Instead of introducing network modifiers, multkromponent glass structures can 

also be formed using other glass-forming atoms than silicon atom in the matrix. Figure 

3.2.3 (a) shows the network former of phosphate glasses (S. P. Craig-Ryan and Ainslie 

1991). The phosphate glass system is also based on tetrahedral, with four oxygen atoms 

being bonded to each phosphorus atom (Doremus 1973). However, because phosphorus 

has a valency of 5, one oxygen has a double bond to the phosphorus. This reduces to 
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MO 

(b) 

Hgure 3.2.3. (a) Schematic of phosphate glass network former. Note that the double bond 
between one oxygen and the phosphounis. (b) A phosphate glass structure. M presents 
the modifiers. 

three tetrahedras that can bond to any one tetrahedron and significantly increases the 

number of non-bridging oxygens. A phosphate glass structure incorporated with Er''*' ions 

is shown in Figure 3.2.3 (b). As shown in the figure, phosphate glasses tend to be formed 

by two dimensional network chains. This chain structure has large flexibility, the 

structure of oxygens surrounding rare-earth ions can be easily deformed and the degree of 

symmetry in the ligand field decreases considerably. As a result, transition probabilities 

between 4f electron states become larger in phosphate glasses than that in silica or silicate 

glasses (T. Izumitani et aL 1982). However, this flexible chain structure results in 

chemical instability and weak mechanic properties compared with silica glass. The 

phosphate glasses are widely used for active applications due to their excellent 

spectroscopic characteristics including a large emission cross section and a weak 
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interaction among rare-earth ions (Rapp 1986). These properties are consequences from 

the two dimensional chain structure of the phosphate glasses (T. lzumitani et al. 1982). 

3.3 Spectroscopic characteristics of phosphate glasses 
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Figure 3.3.1. Absorption spectrum of Er3
+ -doped phosphate glass. 

Figure 3.3.1 shows an absorption spectrum of a phosphate glass sample measured 

by a spectrophotometer, Varian Cary 5G. The 1.5 J.tm band corresponds to the transition 

of 411512 ~ 
411312 and 2.7 J.tm band (Spiereings 1983) corresponds to the absorption of OH-

fundamental stretching mode in the host. Short wavelength cut-off around 400 nm is due 

to the electron absorption from valance band to conduction band. 
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Since the Judd-Ofelt parameters, ^^2. and are useful for spectroscopic 

characteristics, they were determined from the experimentally measured absorption 

spectra by a least-square fitting approach. Eight ground state absorption bands, 980, 800, 

656, 523, 485, 449, 407, and 379 nm bands, were used for the calculation due to their 

nature of electric dipole transitions. The 1500 nm band was not used for the fitting 

because the magnetic dipole transition involves in this band. Table 3.3.1 shows 

spectroscopic parameters of phosphate glasses, including Judd-Oflet parameters, electric 

dipole Aed and the magnetic dipole Ami« at 1.5 |Xm band. The measured lifetime, multi-

phonon relaxation rate, and quenching rate are also listed in the table. The fluorescence 

lifetime was measured by 100 ^sec pulse at 980 nm under weak excitation. The 

quenching (Wquench) could be from the OH impurity. It has been suggested that OH 

groups are serious quenchers of the photoluminescence of Er^*^ ions in phosphate glasses 

(N. E. Alekseev et aL 1983; V. P. Gapontsev et aL 1989). A possible two phonon 

quenching mechanism by OH groups is suggested (A. J. Bruce et aL 1992) because the 

second harmonic of the OH stretching vibration is close to the energy of "*113/2 —> ^Ii5/2 

transition. This energy transfer process (OH quench) is extremely efficient (V. P. 

Gapontsev et al. 1989). 

04 ^6 Aed 
(s') 

Amd 
(s-') (s-*) 

"^rad 
(ms) 

^measured 
(ms) 

^^quendi 
( S i  

Phosphate 5.14 1.38 0.76 66.4 33.8 0.63 9.98 7.90 25.8 

Table 3.3.1. Spectroscopic parameters for ^Iis/2 level of phosphate glasses. 
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Figure 3.3.2. Absorption and emission cross section of ^Ii3/2 level calculated by 
McCumber theory. The vertical dash line indicates one of possible pump wavelength. 
Note the finite emission cross section at this pump wavelength (-0.5. x 10"^' cm^). 

In order to calculate the emission cross section, the absorption and emission 

spectra at the 1.5 fim band of Er^"*" were measured. The emission cross section was 

calculated from the absorption cross section based on the McCumber theory described in 

section 2.4. Figure 3.3.2 shows the absorption and emission cross section of a phosphate 

glass at 1.5 ^m. Note that the vertical dash line at 1480 nm, a possible pump wavelength, 

shows the finite emission cross section at that wavelength (see section 3.6). The cross 

section peaks locate at a longer wavelength of -1535 nm. Phosphate glasses emit and 
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absorb at longer wavelengths (peak at ~1535 nm) compared to more ionic ones, such as 

fluoride glasses (Miniscaico 1993). 
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Figure 3.3.3. Comparison of emission cross sections between phosphate and silicate 
glass. Note that the emission cross section of phosphate is clearly larger than that of 
silicate. 

Figure 3.3.3 shows the comparison of emission cross section between the a 

phosphate and a silicate (Li2C)-2Si02) glass. Silicate glasses are also widely used for the 

high Er''^ concentration device applications. It is clear that the absorption cross section of 

in phosphate is large than that in silicate glass. The effective bandwidth (AXctr = 

J<j{k)dX /(7^^ , where <^eak is the peak value of emission cross section) of the transition 

of phosphate (~ 46 nm) is larger than that (~3S nm) of silicate. The phosphate glasses 
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have higher indices of refraction than the silica-based glasses. This contributes to a large 

radiative cross section, from the local field effect, and thus reduces the lifetime for the 

4I1312• (Rapp 1986). 
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Figure 3.4.1. Schematic of fiber fabrication by rod in tube method. 

3.4 Fiber fabrication-Rod in tube 

Most of fabrication methods for the telecommunication fibers are based on the 

vapor phase techniques, which produce high purity silica fiber (Li 1985). In fact, the first 

optical fibers were made by drawing a perform assembly made of a core rod and cladding 

tube of the proper dimension and indices (Snitzer 1961 a; Snitzer 1961 b)-rod in tube 

method. In 1989, fibers based on the phosphate glasses have also been reported 
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(Yamashita 1989) by this simply technique. It consists of a core laser glass rod 

surrounded by a cladding glass tube and drawing the whole assembly into fiber with the 

core-clad interface forming a meniscus in the hot zone of the furnace, as shown in Figure 

3.4.1 (S. P. Craig-Ryan and Ainslie 1991). This method is probably the most applicable 

for fabricating fibers from multicomponent glasses, soft glasses, because drawing can be 

performed at fairly modest temperature with conventional furnaces to be used. However, 

this very simple method for fiber making was not pursued to make low loss fibers for a 

number of reasons including problems with interface scatter between the core and 

cladding glass and OH impurity (S. P. Craig-Ryan and Ainslie 1991). 

hv 

hv 

( a) 

(1 ̂ ) 

hv 

hv 

t 

hv 

(c) 

Figure 3.5.1. (a) Absorption of a photon, (b) Stimulated emission, (c) Spontaneous 
emission. The energy difference between two level is AE = hv. 
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3.5 Fundamental of fiber amplifier: gain and noise 

Interaction between electromagnetic energy and atoms includes the following 

processes (B. E. A. Saleh and Teich 1991; Verdeyen 1989): 

1. Absorption: If the atom is initially in the lower energy level and the radiation 

mode contains a photon, the photon may be absorbed, thereby raising the atom to 

the upper energy level This transition is a transition induced by the photon. It can 

occur only when the mode contains a photon with energy equal to the difference 

between two energy levels shown in figure 3.5.1 (a). 

2. Stimulated emission: If the atom is in the upper energy level and the radiation 

mode contains a photon, the photon may be stimulated to emit another photon into 

the same mode shown in figure 3.5.1 (b). It is the inverse process of absorption. 

The emitted photon has the precisely the same characteristics as the original 

photon such as frequency, phase, and direction of propagation. 

3. Spontaneous emission: If the atom is in the upper energy level, it may decay 

spontaneously to the lower energy level and release its energy in the form of a 

photon. The photon energy hv is added to the energy of electromagnetic mode. 

The emitted photon can have different directions or polarizations. Therefore, more 

than one mode can have the same frequency shown in figure 3.5.1 (c). 
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An atom can absorb or emit a photon by transitions between its energy levels as 

described above. According to the energy conservation in the process, the interaction of 

light and atoms can be described by equation: 

where <p is the photon flux in the mode (number of photon per unit area), N,- is 

population in the level i, B21. 8/2. and A21 are the Einstein's A and B coefficients for 

stimulated emission, absorption, and spontaneous emission, respectively, gi/v) is the 

normalized lineshape for the transition from level i to j, and p(v) is the radiation density 

(energy per unit volume). Equation 3.5.1 can be re-written in terms of photon number 

density in the mode Np^ cross section Oij, and number of modes per unit volume per unit 

frequency interval m. 

Assume that the distance, L is very short and the signal Np is also small, N2 and Ni can be 

considered as a constant in the interval of L, Le., no population depeletion caused by 

signal. We can solve equation 3.5.2 to find the relation between input and output photon 

number density with above assumption. 

d(p= [ N2B2lg2l(v)p(v) - NiBl2gl2(v)p(v) + N2A2lg2i(v) ] dz (3.5.1) 

dNp = [ (N2O21 — NiOn) Np + mN2<T2i 1 dz (3.5.2) 

N p ( L )  =  G N p ( 0 )  +  m n s p ( G - l )  (3.5.3) 
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With the relation of 

G = expiNzOz! - Niai2)L (3.5.4) 

^2 (3.5.5) 

where G is the overall gain in the interval L and risp is the inversion parameter or 

spontaneous factor. Equation 3.5.3 includes the important parameters for a amplifier, gain 

(G) and noise (mn,p(G-l)). In equation 3.5.3, the first term on the right side is the 

amplified signal and the second term is the amplified spontaneous emission output. The 

noise output power (PASE) in the bandwidth Av, around the frequency where the gain of 

the amplifier is G: 

As mentioned, m presents the number of modes. There two polarization modes (m = 2) in 

a signal mode fiber amplifier. However, m could be a larger number in multimode or 

double clad fibers. 

PASE = mnsp(G-l )hvAv (3.5.6) 
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Figure 3.5.2. Gain versus wavelength of Ep* at 1.5 band for different values of the 
average fractional populations (N2/N). Emission and absorption cross sections are 
based on the values in figure 3.3.2. 

Gain 

An understanding of the net amplifier gain G, can be derived from an analysis of 

the gain from individual "slices" along the fiber. A fiber amplifier is actually a 

concatenation of many amplifiers of incremental length Az. The net gain, G, is composed 

of the contributions of all gain elements, g(z) along the amplifier fiber: 



L J g(z)dz 
G= 1im{es<z1>Az ·es<z2 >Az ·····es<z.=L>Az}=eo 

Az--+0 

59 

(3.5.7) 

Equation 3.5.4 indicates that the gain is a function of the shape of the inversion along the 

length of fiber. However, gain can be presented by the average populations along the 

fiber by a simple relation as: 

(3.5.8) 

where a; and a; are used for the emission and absorption cross sections for the signal 

wavelength, respectively, rs is the overlap factor for the signal wavelength, and N 1 and 

N 2 are the average lower-state and upper-state populations, respectively. The average 

populations and the overlap factor are defined as following. 

- 1 L 

N1 =-J N1 (z)dz 
Lo 

(3.5.9) 

(3.5.10) 

(3.5.11) 



60 

where I'(r) is the normalized transverse mode intensity profile for signal and is the 
N 

normalized erbium ion distribution, which is one in our case. Figure 3.5.2 shows gain 

versus wavelengths of Er^"' at 1.5 ^m band for different values of the average fractional 

^Ii3/2 populations (N2/N). Emission and absorption cross sections are based on the values 

in figure 3.3.2 and calculation is based on equation (3.5.8). 

Noise Figure 

Equation 3.5.3 suggests that when a signal travels through the gain medium, 

output includes the amplified signal, in phase with input signal, and amplified 

spontaneous emission. The amplified spontaneous emission acts as noise together with 

signal. Therefore, the output signal to noise ratio decreases as signal travels through the 

fiber amplifier. A figure of merit to present the degradation for signal to noise ratio is 

noise figure. The noise figure (NF) is defined as the ratio of the signal to noise ratio at the 

input to that at the output. 

NF= (3.5.12) 

The major noise sources are shot noise, signal-spontaneous beat noise, spontaneous-

spontaneous beat noise, and reflection noise (multipath interference) (Baney 1998). 

Among those spontaneous-spontaneous beat noise can be significantly reduced by 
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placing an optical filter before the photodetctor and reflection noise can be reduced by 

using the fusing splice, angle physical contact (APC), or index matching ofl at each fiber 

connections. Therefore, only two noise contributions are considered, shot and signal-

spontaneous beat noise. According to equation 3.5.12, the noise figure for single mode 

fiber can be presented as (P. C. Becker et aL 1999): 

NF= + — (3.5.13) 
G G 

In the right hand of equation 3.5.13, the first term is the dominant tenn 

contributed from signal-spontaneous beat noise and the second term is shot noise 

contribution. When G » 1, the noise figure is equal to 2n,p. If ions are highly inverted, 

n,p will be close to 1, a minimum value. Therefore, the minimum noise figure with above 

assumption is 2 (i.e., 3 dB). It is usually quoted as 3 dB noise figure limit. However, 

noise figure could be lower than 2 (3 dB) when the gain is low and ions are highly 

inverted. This is the case when fiber amplifiers are short but highly pumped (Desurvire 

1994). In addition, the NF will be never lower than 1, reflecting the property that optical 

amplifiers can not improve the optical signal SNR. An ideal, noise-fiee amplifier actually 

violates Heisenberg's uncertainty principle (Heffher 1962). The noise figure can be 

written in terms of the ASE power exiting the fiber in a bandwidth Av. Considering 

equations 3.5.6 and 3.5.13, the noise figure can be presented as: 
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^ASE - 1 NF=—2^ + — (3.5.14) 
/ivAvG G 

Validity of the two-level approach 

As shown in Figure 3.3.1 (absoq>tion spectrum), there are several possible pump 

bands available for amplifier operating at 1.5 ^m, Le., 532, 660, 800, 980, and 1480 nm. 

The large phonon energy of phosphate glasses causes the nonradiative decay dominated 

for levels higher than The excited ions of higher levels fast decay to the metastable 

C*Ii3/2) with minimum population lost. The cases where absorption bands are higher than 

^Ii3/2 level can be considered as a two-level system by assuming the emission cross 

section at the pump wavelength to zero. This corresponds to the case that the population 

at pump level is equal to zero. Therefore, three level system can simplified as two level 

system. In the case of existing excited state absorption and cooperative upconversion at 

^Inn. level, the upconversed ions, again, fast decay to the original state. 

Considering the compactness of devices, only 800, 980, and 1480 nm laser diode 

pumping have potential applications. In addition, the pump excited state absorption 

(ESA) in the level Chza —> 2H|i/2) significantly increases the required 800 nm 

pump power (B. Pedersen et al. 1992a). In the following section, only two pump 

wavelengths, namely 980 and 1480 nm, will be discussed. 
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3.6 Pump wavelengths 

1480 nm pump band 

Snitzer et al. first demonstrated that ISOO nm amplifiers and lasers can be 

excited directly into the metastable state by pumping near 1480 nm (E. Snitzer et al. 

1988). The signal ESA band for the '*Ii3/2 —> *\9n. transition lie near 1670 nm, a 

wavelength too long to effectively pump the ''I13/2, was determined in both silica (J. R. 

Armitage et aL 1989) and phosphate glasses (A.-F. Obaton et aL 1999). Accordingly, the 

signal ESA is not a concern for ISOO nm devices. Despite being in the short wavelength 

tail of the absorption band (figure 3.3.2), the cross sections are comparable to those at 

980 nm (~1.6 x 10'^' cm^). As shown in figure 3.3.2, the incomplete offset between 

emission and absorption spectrum is the main disadvantage for resonant pumping. Figure 

3.3.2 shows that the stimulated emission cross section is appreciable at all wavelengths 

for which the absorption cross section is large enough to be useful The stimulated 

emission at pump wavelength reduces pump absorption and prevents full population 

inversion from being obtained at any pump power. Although, high gain can still be 

achieved for small signal amplifiers by increasing the fiber length, the restriction on 

inversion results in some penalty in signal to noise ratio (Le., noise figure). In the limit of 

high pump power, parameters such as the spontaneous and stimulated emission rates, 

signal power, and waveguide parameters are not important and drop out of the expression 

for the maximum achievable excited state fiction T|max 
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(3.6.1) 

where n is the total Er+ concentration, n2 is population of the 411312 level, and O"a(VpJ) and 

ue(vp) are the absorption and emission cross sections at the pump wavelength, 

respectively. Considering the high gain limit and solving equation 3.5.13 and 3.6.1, one 

can obtains the minimum noise figure in terms of the cross sections: 

NF= 2 

1_ C1a(vs) <1e(vp) 
(3.6.2) 

C1e(vs) <1a(vp) 

In fact, because the pump and signal frequencies are just different points in the 

same absorption and emission band, one can applied both equations 2.4.1 and 3.6.2 such 

that the noise figure depends only on the temperature and the difference in energy 

between the pump and signal photons (Miniscalco 1993). The noise figure for 1480 nm 

pump will be higher than 4 dB, depending on the signal wavelengths. One advantage for 

using 1480 nm pump is its high power conversion efficiency due to the smaller energy 

difference between pump and signal photons, compared with other pump wavelengths (B. 

Pedersen et al. 1992a). For distributed or remote pumped amplifiers, 1480 nm pumping is 

necessary for applications because a low pump power attenuation is required. 
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980 nm pump band 

For short fiber amplifiers, 980 nm pumping, generally, provides the higher 

inversion than 1480 nm pumping does and results in a higher gain. Amplifiers pumped at 

this band have achieved 3 dB noise figure limit due to the short lifetime for the m state 

and the absence of ESA from the '*Ii3/2 at this wavelength (R. I. Laming and Payne 1990; 

Yamada 1990). The short lifetime for the '*Iii/2 level results in the negligible stimulated 

emission at the pump wavelength and free from pump ESA from this level C^Iu/z —> 

^^7/2). Initially there had been concern that the narrowness of the 980 nm pump band 

would require tight tolerances on the wavelengths of the pump lasers. A series of 

investigations has revealed that high gains can still be obtained for pump wavelengths 

well away from the peak of the absorption band (M. Wada et al. 1991; P. C. Becker et al. 

1990; R. M. Percival 1991). Pumping away from the peak of a band with high cross 

section can be equivalent to pumping at the absorption peak of a band with a low cross 

section. Therefore, low absorption cross sections can be compensated by increasing the 

fiber length. Pederson et al. have pointed out that the noise figure of an amplifier will 

increase as the pump wavelength is moved away from the peak of the absorption band, 

particularly if the fiber length is increased to maintain gain (B. Pedersen et al. 1992b; B. 

Pedersen et al. 1992c). 

The 980 nm pumping has less power conversion efficiency compared with 1480 

nm pumping. However, the quantum efficiency of 980 nm laser diodes is approximately 

twice that of 1480 nm laser diodes (I. Mito and Endo 1991). The 980 nm laser diodes will 

require less drive current to provide the same output power from the booster amplifier (B. 
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Pedersen et aL 1992a). Comparisons of the electrical power consumption of 980 nm and 

1480 nm semiconductor pump lasers lean in favor of 980 nm pumpng. 

It is worth to mention that amplifiers pumped by 980 nm are not suitable for 

amplification at 1.5 ^im with low phonon energy glass such as fluoride. The decay of the 

'*In/2 state is dominated by radiative relaxation directly to the ground state. In addition, 

the ESA from *l\\n level C*Iii/2 —* *^10) decreases the pump efficiency because the 

population in the level "^Ii 1/2 is not negligible. 
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Chapter 4 

COOPERATIVE UPCONVERSION AND ENERGY TRANSFER OF NEW HIGH 
Er^"  ̂AND Yb^/Er**-DOPED PHOSPHATE GLASSES 

4.1 Introduction 

Erbium doped and erbium-ytterbium codoped glass amplifiers and lasers at 1.5 

have received great attention in the past few years because of their uses as gain media 

and laser sources for optical conmiunications and in eye-safe laser applications (B. C. 

Hwang et aL 1999; D. Barbier et aL 1998; E. Snoeks et al. 1993; G. G. Vienne et aL 

1998; J. Nilsson et aL 1994; S. Jiang et aL 2000; S. Taccheo et al. 19%; T. Ohtsuki et aL 

1995; W. L. Barnes et aL 1995; Y. C. Yan et al. 1997). Recently, there have been 

intensive studies on short optical amplifiers fabricated by different techniques (B. C. 

Hwang et aL 1999; D. Barbier et aL 1998; E. Snoeks et al. 1993; T. Ohtsuki et aL 1995; 

Y. C. Yan et aL 1997). These studies are motivated by the need of integrated optics to 

fabricate active and passive components in a small substrate. To achieve high gain within 

a few centimeters of length, high Er^"*" doping concentrations (>10^° ions/cm^) without 

serious ion clustering are required. Because of the high solubility for rare-earth ions in 

phosphate glass (S. Jiang et al. 1998a; V. P. Gapontsev et al. 1989), high Er'^ 

concentrations can be doped into phosphate glass without serious ion clustering. The 

main loss channel that limits gain performance in the high Er^'^ doped phosphate glasses 

is the cooperative upconversion process. Cooperative upconversion is an energy transfer 

process between two excited Er^"*" ions in close proximity that interact in the 
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manifold (Wright 1976), as shown in figure 4.1.1. One excited Er''*' ion (donor) transfers 

energy to the other excited ion (acceptor) causing the acceptor to be promoted to the *\^n. 

manifold and the donor to be deexcited to the ground state (Le. *\\5a manifold) 

nonradiatively. The excited Er''^ ions in the *\9a manifold will nonradiatively decay to the 

^Ii3/2 manifold. This reduces the Er''*' population in the I13/2 manifold. The cooperative 

upconversion rate depends strongly on the host materials (D. C. Yeh et al. 1991; E. 

Snoeks et al. 1995; P. Blixt et aL 1991; W. Q. Shi et al. 1990). In silica waveguide 

amplifiers, Er''^ ion concentrations higher than 4.4 x lO'^ ions/cm^ cause a significant 

increase in the loss of the metastable level (the ^Ii3/2 excited level for Er^*^ ions) owing to 

the cooperative upconversion processes. This plays an important role for the gain 

reduction for these devices (T. Kitagawa et aL 1992). 

The energy levels of the Er^"* ions for optical amplification at 1.5 |J.m form a three-

level system, which requires a high pump rate to achieve population inversion. In 

addition, the low absorption cross section of Er^**" ions limits the pump efficiency. 

Ytterbium ions exhibit not only a large absorption cross section but also a broad 

absorption band between 8(X) and 1100 nm (X. Zou and Toratani 1995). Furthermore, the 

large spectral overlap between Yb^* emission (^F7/2 —> and Er^"*" absorption C*Ii5/2 —» 

'*Ii3/2) results in an efficient resonant energy transfer from Yb^^ to Er'"^ in the Yb^* /Er^^ 

CO-doped system (V. P. Gapontsev et aL 1989). For these reasons, Er'"^ codoped with 

Yb^"^ is often used. The energy transfer mechanism in an Yb^'^'/Er'"*" co-doped system is 

similar to that of cooperative upconversion processes in an Er^*^ doped system. However, 

interactions are between Yb^"^ (donor) and Er'"^ (acceptor) ions instead of between two 
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excited Er^ ions. The schematic energy level diagram of an co-doped system 

in phosphate glasses is shown in figure 4.1.2. Compared with that in silicate glasses, the 

larger phonon energy in the phosphate host increases the transition probability for ^Ii \a 

relaxation which prevents the back energy transfer from Er^* to Yb^* (E. F. 

Artemev et al. 1981). This makes phosphate glass an kleal host for an Yb^'^/Er^'*' co-doped 

system. 

Many studies have been performed to design and optimize the Er^^ and Yb^'^/Er^"' 

doped amplifiers and lasers (A. Shooshtari et aL 1998; C. Lester et al. 199S; J. Nilsson et 

aL 1994). However, the parameters used in the modeling, such as cooperative 

upconversion and energy transfer coefficients, were not experimentally determined. 

Previous studies related to energy transfer efficiency to optimize the Er''^ and Yb^'*' 

concentrations were performed by a Nd:YAG laser or a flash lamp pump (E. Townsend 

et aL 1991; J. G. Edwards and Sandoe 1974; V. P. Gapontsev et aL 1989). The waveguide 

configuration and the development of 980 nm laser diodes make high Yb^*^ concentration 

unnecessary for device optimization (J. E. Roman et al. 1995). To date, systematk: studies 

on both cooperative upconversion and energy transfer in phosphate glasses are limited (S. 

Taccheo et aL 1999). Therefore, the measurement of these parameters is essential to 

optimize device performance. 

In this chapter, detailed experimental studies for cooperative upconversion and 

energy transfer of newly developed Er'^ and YT>^^/Er^'^ doped phosphate bulk glasses (S. 

Jiang et al. 1998b) are presented. The cooperative upconversion and energy transfer 

coefficients were determined by luminescence decay measurements at l.S and 0.976 fxm 
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with rate equation analysis. For Er^'^-doped samples, the spontaneous emission lifetime 

and cooperative upconversion were determined at low and high pump intensities, 

respectively. For Yb^"^ lE^* codoped samples, the energy transfer coefficients and 

efficiencies were deduced at low pump intensity and cooperative upconversion 

coefficients were determined at a higher pump intensity. The experimental results can be 

used to optimize active device performance. 

4.2 Rate equation analysis 

doped system 

Figure 4.1.1 shows the Er^'*' energy diagram. Considering the 980 nm pump 

wavelength and the cooperative upconversion, the rate equations can be written as: 

— ^E13^E1 ^ElZ^EX ^E2l^E2'^^^E2  
dt 

~ ~ ̂ £12 ̂ El ~ ̂ El\ ̂ E2 ~ ̂ E2l ^E2^E32^E3 ~ 2CA^£2 
dt 

dt 

dt 

Nei + Ne2 + ^E3 + f^E4 = NE (4.2.1) 

where NE is the Er^^ concentration in the samples. NEI, NEI, NEJ and NE4 are Er^"^ 

populations in the energy levels *l\sa (El), *\\in. (E2), ^\\\a (E3) and *lqa (E4), 
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respectively. Re 13 is the pump rate of ions for the 980 nm pump wavelength. We 12 

and We2i are the absorption and stimulated emission rates at the signal wavelength. 

and are the nonradiative decay and spontaneous radiative rates between levels Ei and 

Ej. C is the homogeneous upconversion coefficient. 

Because of the small energy gaps between levels *\\\a and '*Ii3/2, and between 

and "*111/2 and because of the large phonon energy for the phosphate glass host, decay 

from levels and ^In/2 is dominated by fast nonradiative transitions, which are 3.6x10^ 

and 3.5 xlO* s ', respectively (T. Ohtsuki et aL 1997). However, decay from level is 

predominantly radiative. Since the decay for levels ^Iii/2 and '*[9/2 is fast compared with 

the pump rate Reis, the populations at both levels are negligible. This is confirmed by 

calculation of the steady state populations with the measured parameters in this study. 

The maximum populations in the levels 1/2 and *lt)r2 are less than 0.2% and 10^% of the 

concentration for the highest Er^"" (ER4) concentration sample with 100 mW pump 

power. The pump excited state absorption (ESA) from level "*1(3/2 is negligible because 

pump wavelength (980 nm) does not match any of the transitions to higher levels 

(Miniscalco 1993). Furthermore, the pump ESA for level "*11 m is neglected because of the 

negligible population in this leveL In the spontaneous emission measurements without 

signal reabsorption and stimulated emission, Wei2 and We2i are neglected, and the rate 

equations can be simplified as: 
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dt dt (4.2.2) 

A^a+A^£2 

When the lifetime is measured under weak excitation (i.e., Ne2 « )« the quadratic 

term corresponding to the cooperative upconversion can be neglected. The population in 

the excited level becomes a single exponential decay with a lifetime of (r^ = y AI21) 

after the pump switches off. When the pump power is increased, the cooperative 

upconversion effects should be considered and the population in the excited level can be 

solved from equation (4.2.2) as: 

where NeziO) is the excited Er^^ ions at r = 0 (Le., steady-state in this case) and depends 

on the pump power. By solution of equation (4.2.2) in the steady-state condition, 

can be solved as; 

The only unknown parameter is C, which can be found by fitting of the luminescence 

decay curves with Eqs. (4.2.3) and (4.2.4). 

(4.2.3) 

(4.2.4) 
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Yb^*/Ei^*-codoped system 

An energy diagram including energy transfer and cooperative upconversion 

processes of an Yb^'^/Er^'^ co-doped system is shown in figure 4.1.2. Because of the fast 

non-radiative decay in the levels '*Iti/2, ^hn. and in phosphate glasses, both the 

populations in these levels and back energy transfer [Er^"^ C*Iii/2 - —> Yb^"^(^F7/2 -

^Fs/2)] are negligible. The rate equations can be simplified (without a signal) as; 

= -̂  ̂= -RyzxNYI-KuNy .  -K^N^^Ny^-KcN^^Ny .  
at at 

=  =  -CNl i  (4.2.5) 
at at 

N ̂  — N £ 
NY\ ~ 

where Ny is the Yb^"^ concentration in the sample. Nri and Ny2 are Yb^"^ populations in the 

energy level ^F^f2 (Yl) and ^Fsa (Y2). Rm and Ry2j are the pump and stimulated emission 

rates between level Yl and Y2 of Yb^"*" ions. i4*,, is the spontaneous radiative rate of 

level ^F5/2. Kf is the (forward) energy transfer coefficient from Yb^^ to Er^* ions and Kc is 

the the cumulative transfer coefficient from Yb^"*" to excited Er'"^ ions [Yb^'^(^F5/2 - ^Fj/2) 

—> Er^"^ C*I|3/2 - ^F9/2)]-

After the pump is switched off, the rate equations can be rewritten as: 
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dNy .  Ny .  
dt dt 

^E2  
dt dt 

f^F^El^ri E2^Y2 ~ 
Nr2  

(4.2.6) 

where Xy = —^ and Tk is the measured lifetime. Values of 5.2 x 10'^' and 6.8 x 10'^' 
^>-21 

cmVion were used for the absorption cross section and the stimulated emission cross 

section at 980 nm, respectively; a value of 2.2 ms was used for the Yb^"^ lifetime () in 

the samples without Er^"^ doping (U. Griebner et aL 1996). To retrieve KF the following 

procedure was adopted. For low pump intensities, the population in the level *l\m is 

small and both the cooperative upconversion and the cumulative energy transfer effects 

for the ions are negligible. Moreover, during the 250 ^s after the pump was switched 

off, the population of level **113/2 could be considered constant because of the long lifetime 

of the Er^*^ ions in the metastable level Therefore, the spontaneous emission decays of 

Yb^^ ions were measured and fitted between 20 and 250 Assuming NEI constant, the 

energy transfer coefficients were calculated from the forward energy transfer rate {Wf = 

KfNei) and the Er^*^ ground state population at low pump intensity. The cooperative 

upconversion of Er^^ ions of an Yb^'TEr'"^ co-doped system can be found by fitting 

luminescence decay of Er^*^ ions at 1.5 |im with equation (4.2.3) at a higher pump 

intensity. However, Ne2(0) needs to be solved numerically and the fitting process is 

somewhat iterative. 
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4.3 Experiment 

Samples Er^^ concentration 
(ions/cm' ) 

Yb^* concentration 
(ions/cm^ ) 

ERl 2.0 X 10^" 0 
ER2 3.0 X 10^" 0 
ER3 3.5 X 10^° 0 
ER4 4.0 X 10^° 0 
YEl 2.0 X 10^° 2.0 X 10^" 
YE2 2.0 X 10^® 4.0 X ltf° 
YE3 2.0 X 10^° 6.0 X 10^° 

Table 4.3.1. and Yb'* concentrations of the samples used in this study. 

Four Er'* doped samples (ERl, ER2, ER3, and ER4) and three Yb^^/Er^"^ co-

doped samples (YEI, YE2, and YE3) were used in this study. The Er'"*' and Yb^"^ 

concentrations of the samples are listed in table 4.3.1. The glass composition and 

preparation have been described elsewhere (S. Jiang et al. 1998b). Absorption cross 

sections of Er^*^ and Yb^'*' at the 980 nm band were calculated from measured absorption 

spectra and are shown in figure 4.3.1. 

Pump intensity-dependent spontaneous emission decays of the Er^*^ level and 

of the Yb^"*^ ^F5/2 level were measured for the cooperative upconversion and the Yb^'^-Er^^ 

energy transfer processes, respectively. A schematic of the experiment set-up is shown as 

an inset in figure 4.3.2. The pump source is an InGaAs laser diode stabilized with a 

pigtailed DBR fiber at a wavelength of 980 nm. The pump laser diode driver was 

modulated by a function generator with a square-pulse duration of 40 ms and a repetition 
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rate of 10 Hz. The fall time of the pump signal was measured to be 15 JlS. A long pulse 

duration of 40 ms enabled the populations of the Er3+ and Yb3+/Er3+ systems to reach 

steady state before the pump switched off (t = 0). The input focused beam size was 

measured to be 15 Jlm corresponding to a 550 Jlm depth of focus. All samples were well-

polished to a thickness of 500 Jlm and the z-averaged spot size on the samples was 17 

Jlm. The error from the z-variation is less than 10%. However, the maximum 

fluorescence intensity was collected by each measurement to minimize the experiment 

error. Efforts were made to locate the focus area near the sample edge to minimize 

reabsorption and to enhance the detected signal. The luminescence signals at 0.976, 1.030 
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Figure 4.3.1. Absorption cross section spectra for Yb3+ and Er3+ at the 980 nm band. 
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Figure 4.3.2. Emission spectrum of ions measured from sample YE I. The schematic 
experiment set-up is shown in the inset where C: computer, DO: digital oscilloscope, SD: 
spectrometer and detector, LD: laser diode and S: sample. 

and 1.53S pjn were side collected and then decay dynamics were measured with an 

InGaAs detector. The signal from the detector was sent to a digital oscilloscope and 

averaged 2048 times for each measurement to increase the signal to noise ratio. A 

luminescence spectrum of sample YEl shown in figure 4.3.2 was measured by lock-in 

detection. There was no fluorescence detected for sample ER4 (highest Er'"^ 

concentration) at 980 nm and the lifetimes of codoped samples measured both at 976 

(Yb^"^ peak emission) and 1030 nm were very close within the measurement error range. 

LD 
DO 

SD 
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These indicate that the detected signal at 976 nm was indeed from ions and the 

effects from the pump beam were negligible. 

4.4 Results and discussioii 

The measured effective (//?) lifetimes as a function of pump power for samples 

ERl and ER4 are shown in figure 4.4.1. Lifetimes were ms for both samples for the 

weak pump intensity. However, lifetimes of -5 ms and ~3ms were obtained for the 

samples ERl and ER4, respectively, for the strongest pump intensity. At high pump 

intensity, population in the excited state ^Ii3/2 and cooperative upconversion effects 

become significant, especially for the highest Er^*^ concentration (sample ER4). The 

cooperative upconversion coefficient and lifetime were obtained as a fiinction of Er''^ 

concentration, shown in figure 4.4.2. Experimental decay curves of the weak excitation 

were fitted very well using with exponential curves. The lifetimes are very close for 

different Er^"^ concentrations, indicating that the concentration quenching is negligible. 

Cooperative upconversion coefficients were fitted with equation (4.2.3) at the highest 

pump intensity. The cooperative upconversion coefficients increase with Er^* 

concentrations indicating the increasing interactions. The cooperative upconversion 

coefficient for an Er^"*" concentration of 4 x 10^° ions/cm^ is -1.1 x 10"'® cmVs which is 

smaller than those in other hosts with lower Er^"^ concentrations (E. Snoeks et aL 1995; G. 

N. Van den Hoven et al. 1996; M. P. Hehlen et al. 1997; P. Blixt et aL 1991). 

Experimental data for lifetime and cooperative upconversion have shown that these Er^*^-

doped glasses are excellent candidates for gain media. 
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In the Yb^'TEr'^ co-doped system, the energy transfer process from Yb^"^ to the 

metastable level of Er''^ ions is not instantaneous owing to the finite lifetime of level 

"*111/2. However, the residual pumping effect from the energy transfer of Yb^"^ ions is 

negligible after I ms. Therefore, based on the steady-state population for r = 0, the 

luminescence decays were fitted from 1 to 30 ms for the cooperative upconversion 

coefficients to minimize the error from the residual pumping effect of the energy transfer 

process. The energy transfer and cooperative upconversion coefficients are shown in 

figure 4.4.3. The cooperative upconversion coefficient of sample ERl is also indicated 
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for comparison. Owing to the stronger interactions, the energy transfer 

coefficient was found to increase with Yb^"' concentration. The energy transfer coefficient 

for the Yb^"^ concentration of 6 x 10^° ions/cm^ (YE3) was found to be 1.1x10"'® cmVs, 

which is a reasonable value when compared with other results (S. Taccheo et aL 1999). 

The cooperative upconversion coeflicient that results from Er^'^-Er^'*' interaction was 

almost constant. This also indicates that the residual pumping effect was indeed 

negligible in our fitting procedure. 

Er^^concentraticn (itf" ions/cm^) 

Figure 4.4.2. Cooperative upconversion coeflicient and lifetime as a function of Er^ 
concentrations. 
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Hgure 4.4.3. Energy transfer coefficient and cooperative upconversion coefficient as a 
function of concentrations. 

Table 4.4.1 summarizes the cooperative upconversion and energy transfer 

coefficients obtained both from this work and earlier experiments. Our phosphate glass 

has one of the lowest cooperative upconversion coefficients. A commonly used silica 

glass codoped with Ge, Al, and P shows a much higher cooperative upconversion 

coefficient of 2 xlO"'^ cmVs. Because of the low Yb^"*" concentration, the energy transfer 

coefficients obtained are smaller than those from other work (K. A. Winick and Vossler 

1997; S. Taccheo et al. 1999). 
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Er^ 
concentration 

(ions/cm^ ) 
concentration 

(ions/cm^) 

C 
(cmVs) 

K 
(cmVs) 

Glass host Reference 

2x 10"-
4 X 10^° 

2 X 10^° -
6x 10^° 

8 X 10 " -
1.1 X 10" 

0.4 X 10 -
1.1 X lO"' 

Phosphate This work 

- 1 X 10^° 0 3.8 X 10 " Soda-lime 
silicate 
waveguide 

Snoeks 

- 1.2 X 10^° 0 4x 10" Er-implanted 
AI2O3 
waveguide 

den 
Hoven 

4x 10"-
5x 10^° 

0 3 X 10 " -
10" 

Soda lime 
silicate 

Hehlen 

7x 10"-
4x 10^° 

0 5 X 10 " -
2 X 10 " 

Alumino-
silicate 

Hehlen 

- 10'" 0 2 X 10"^ Gc/Al/P-
doped fused 
silica 

Blixt 

2.0 X 10^° 1 X 10^' 1.2 X 10'" 5 X 10'"^ Phosphate Taccheo 
1.39 X 10^° 1.53 X 10^' 1.66 X 10 '" 

(Forward) 
1.16X 10'" 
(Backward) 

Silicate WinKk 

Table 4.4.1. Summary of the cooperative upconversion and energy transfer coefficients 
measured in this study and earlier experiments. 
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silicate and germanate glasses, phosphate glasses have high efficiencies because of the 

small values of this ratio (V. P. Gapontsev et aL 1989). In tellurite glasses, lovtr observed 

transfer rates indicate that a low transfer efficiency and/or a presence of back transfer 

from Er'"^ to Yb^^ because the slow decay of the tevei can not provide an efficient 

sink for the excitation transferred from Yb^*^ (W. Ryba-Romanowski et aL 1988). The 

incorporated with the Yb^'VEr^'*' system was studied to minimize the back energy 

transfer by reducing the lifetime of level •*!! 1/2 (B. Simondi-Teisseire et aL 1996; V. A. 

Lebedev et aL 1997). An energy transfer efficiency of 45% was reported under weak 

excitation at 977 nm in borosilicate glasses with an Yb^'^/Er^^ concentration ratio of 5 

(Er^^: 8 x lO" ions/cm^, Yb^"*": 4 x 10^® ions/cm^). The low transfer efficiency of 45% is 

because of a low Yb^'VEr'"^ ratio in borosilicate glass (J. E. Roman et aL 1995). 

In our phosphate glasses, energy transfer efficiencies higher than 95% were 

measured for low pump power. The high transfer efficiency is not only because the back 

energy transfer is negligible, but also because both Yl>^'*' and Er''^ concentrations are high 

to cause high excitation diffusion among Yb^"^ and Er'"^ ions. Moreover, Er^* 

concentration in our samples is 2 x I0^° ions/cm^ which is higher than those (< 10^*^ 

ions/cm^) in previous work. These make high transfer effk:iency even with a low 

Yb^'^/Er'"*" concentration ratio. 

The ytterbium measured lifetime increases with the pump intensity owing to the 

reduction in the total effective transfer rate to the erbium. The effective transfer rate is 

approximately equal to Wf + Wc, where Vit (= f^cf^E2) is the cumulative transfer rate. In 

low pump power region, the effective transfer rate for phosphate glasses can be 
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considered as the forward transfer rate only. As the pump power increases, the population 

of Er"" Xja becomes significant and the cumulative transfer process takes place. The 

effective transfer rate includes both forward and cumulative transfer processes as pump 

power increases. However, since the cumulative transfer process is less efficient than the 

forward energy transfer process, the effective transfer rate decreases with increasing 

erbium inversion. The reduction in the direct transfer rate for low pump power is, in fact, 

only partially compensated by the increasing of the cumulative transfer process. Because 

of the increasing ^lun population, the effective transfer rate tends to saturate at high 

pump intensity. A sample with higher Yb^^ concentration has a higher effective transfer 

rate because of stronger interaction between and Yb^^ ions. 

4.5 Summary 

The cooperative upconversion coefficients and energy transfer coefficients were 

experimentally determined based on the simplified rate equation analysis. The 

cooperative upconversion coefficient for Er'"^ concentrations of 4.0 x 10^° ions/cm^ is 1.1 

X 10''^ cmVs, which is smaller than those in other hosts with lower Er''^ concentrations. 

In our simplified analysis and fitting procedure, the cooperative upconversion 

coefficients of Yb^'*'-Er^'^ doped samples are found to be consistent with that of an Er'"*" 

doped sample with the same Er'"^ concentration. The energy transfer coefficient for Er'* 

concentration of 2.0 x 10^° ions/cm^ co-doped with Yb'"^ concentration of 6.0 x 10^° 

ions/cm^ is 1.1 x 10"'^ cm^/s. TTie energy transfer efficiency was found to be higher than 
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95% for low pump power. The small cooperative upconversion coefficients and high 

Yb^^-Er^^ energy transfer efiRciencies indicate that these newly developed Er'^ and 

Yb^^/Er^^ doped phosphate glasses arc excellent materials for active device applications. 
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Chapter 5 

PERFORMANCE OF SHORT ERBIUM DOPED PHOSPHATE FIBER 
AMPLIFIERS 

5.1 Introduction 

Most of the research on short waveguide amplifiers is focused on the planar 

waveguide techniques although the first short Er^^^-doped phosphate fiber amplifier was 

reported in 1992 (T. Nishi et aL 1992). Phosphate glasses exhibit good spectroscopic 

properties in terms of cross sections and ion-ion interactions as described in chapters 3 

and 4. The main disadvantage for phosphate glasses compared with silica glasses is their 

weak mechanical properties. This makes phosphate glasses difficult to fuse with 

commercial silica fibers. However, as for planar wavegukle structures, pigtail technique 

can solve this problem with end-polished phosphate fibers. In the market, the ion 

exchange waveguide amplifiers are available. In addition to many very attractive 

properties for ion exchange approach, there are two main drawbacks (Shmulovich 1997); 

Firstly, the heat conductivity of the glass is too low to allow laser integration on the same 

substrate with the amplifier. Secondly, reliable complex integrated optk:s devices 

demonstrated with the silica-on-silicon were not demonstrated in the ion-exchange 

glasses. Short fiber amplifiers coukl be integrated with silicon substrate by V-groove 

technique with other passive components and pump lasers. Most of high Er^'*' 

concentration fiber ampUfiers reported to date are too long to integrate with other 
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components in the same substrate (M. R. X. de Barros et aL 1996; P. Myslinski et aL 

1999; T. Nishi et aL 1992). 

In this chapter, the performance of high concentration Er^**" doped phosphate fiber 

amplifiers are characterized in terms of gain, noise figure, and signal saturation for a 

series of active fiber lengths, pump powers, signal input powers, and signal wavelengths. 

Results show that short Er''*'-doped phosphate fibers in a few centimeters have potential 

for integrated optics applications. 

5.2 Erbium doped phosphate fiber 

The erbium-doped phosphate fibers were fabricated by a two-step rod in tube 

technique at Laboratoire des Verres & Ceramiques, Universite de Rennes 1, France. The 

core glass rod was drilled from a glass specimen and the barrel of the rod was polished. 

Both inside and outside surfaces of the glass tube made from the cladding glass were 

polished. A 3 mm core rod and a 12 mm cladding tube were drawn into a rod with a 3 

mm outside diameter. Then, this new rod was used as the core glass rod for next drawing 

step. The fiber drawing temperature was at 700-720 °C. No plastic buffer was coated 

outside of the erbium-doped phosphate fiber. Fiber drawing was performed in an argon 

gas atmosphere to reduce absorption of water from the air which causes fluorescence 

C*Ii3/2 level) quenching of Er^^ ions. 

The relation between preform and resulting fiber diameters is based on the equal 

volume in both cases. The outside diameter of resulting fiber is 90 ^m corresponding to 5 

|Xm of core diameter. Neglecting the diffusion during the fiber drawing process, we can 
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consider the Er'"^ batch concentration of 3.22 x 10^° ion/cm^ (3.5 wt% EtzOj) are 

distributed uniformly inside core region. The refractive index at 1550 run of core and 

cladding are 1.5327 and 1.5170, respectively. The refractive index was measured with 

bulk samples by a prism coupler (Metricon Model 2010) at wavelengths of 1550, 1300, 

830, and 632.8 nm. The refractive index at 980 nm, interpolating from the measured 

index at other wavelengths, of core and cladding are 1.5389 and 1.5240, respectively. The 

numerical aperture is 0.22 at 1550 nm. It's single mode at 1.5 fj.m while it's multi-modes 

at 0.98 ^m. The calculated mode field radius (fiindamental modes) at 1.5 and 0.98 pm are 

2.9 and 2.3 ^un, respectively. Lifetime of -6 ms at level was measured with 1.5 mm 

sample of erbium doped fiber. 

The near-field intensity patterns of fiber at 1550 and 980 nm were measured using 

infarad camera and microscope objective. Figures 5.2.1 (a) and 5.2.1 (b) show the near-

field pattern and intensity distribution in radial direction, respectively, at 1.5 ^m. The 

mode field radius was found to be 3.0 (J.m based on the Gaussian distribution fit as shown 

in figures 5.2.1 (b). Figures 5.2.2 (a) and 5.2.2 (b) show the near-field pattern and 

intensity distribution in radial direction, respectively, at 0.98 ^m. The pattern was 

measured at optimized coupling condition. Although the fiber can support higher order 

modes, a clean 2.2 |im of mode field radius was found based on the Gaussian distribution 

fit. Near-field patterns in both figures 5.2.1 (a) and 5.2.2 (a) are circular symmetric. The 

measured mode field radii at 1.5 and 0.98 fim (fundamental modes) agree with the 

calculated ones. 
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Figure 5.2.2. (a) Near-field pattern of E2+-doped phosphate fiber at 0.98 j.lm. (b) 
Intensity distribution (near-field) in radial direction with Gaussian fit. 
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Figure 5.2.3. Transmission power at 1.3 jim for different Er'* doped phosphate fiber 
lengths (cut-back method). The average propagation loss was fitted to be 0.28 dB/cm. 

The propagation loss was performed by the cut-back method. The 1.3 

transmissions were recorded at different fiber lengttis as shown in figure 5.2.3. The 

scattering spots were observed along the fiber by launching laser beam with wavelength 

at 632.8 nm. The slope of the fitting curve is 0.28 dB/cm indicating the average 

propagation loss in the fiber (in dB). This high propagation loss could be attributed to the 

contaminations during the fiber drawing (see section 3.4) and imhomogeneity of the 

glasses. 
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Coupling between input fiber and erbium doped fiber were measured as following 

and shown in figures 5.2.4 (a) and (b): 

1. The measured power in figure 5.2.4 (a) can be presented as: 

(5.2.1) 

2. The measured power in figure 5.2.4 (b) can be presented as: 

(5.2.2) 

where ac1 and ac2 are coupling coefficients, a, is transmission of Er3+-doped fiber and a 1 

is transmission of the objective. The output coupling ( ac2) at different wavelengths can be 

determined from equations (5.2.1) and (5.2.2). Similarly, the input coupling ( ac1) can be 
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Figure 5.2.4. (a) and (b) Schematic diagrams for measuring coupling and propagation 
losses. 
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determined by reversing the erbium doped fiber and propagation loss can be found if 

there is no absorption at the test wavelengths. The propagation losses found in this way 

agree with the average propagation loss measured by the cut-back method. The input and 

output coupling losses are found to be -ldB at 1.5J..lm. The coupling loss might be 

reduced by polishing the fiber end faces or using tapered fiber for the coupling. 

Tunable Laser 
1530- 1570 nm 

Pump Laser 
980nm 

1550/980 

Er-doped fiber 
Coupler 

Signal 
Monitor 

I c::::) I : Isolator 

Er-doped fiber on V -groove 

Pump 
Monitor 

Optical 
Spectrum 
Analyzer 

Figure 5.3.1. Schematic diagram of experiment set-up for amplifier performance 
characterization. 

5.3 Experiment 

The experiment set-up for erbium doped fiber amplifier is shown in figure 5.3.1. 

The signal source is a tunable external cavity laser diode with wavelength range from 
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1530 to 1570 nm. To maximize the input signal to noise ratio, the signal laser diode was 

operated at high driving currents, followed by a variable attenuator to adjust the input 

signal levels of the fiber amplifiers. The 10% output port of the 90^10 coupler following 

the attenuator was used as signal monitoring and calibration. A multiplexed output from a 

975 nm and a 980 nm laser diodes with an output power ratio of 1.3 were used as the 

pump source in the experiment. A maximum pump power of 244 mW was available at 

the multiplexer output. The signal and pump sources were combined by a multiplexer at 

the input of erbium doped fiber. There was another multiplexer at the output of erbium 

doped fiber. The 980 nm port of output multiplexer worked as a pump power dump and a 

pump power monitor. Without the 980 nm power dump, the output isolator could be 

damaged by residual pump. Er''^-doped phosphate fibers were placed in the V-grooves 

and covered by high index wax. The addition of the high index wax eliminated the gain 

and noise degradations due to the cladding modes. 

The input and output coupling fibers were butt-coupled with Er''*'-doped fiber 

using index-matching oil. Purposes for index matching oil are: 

1. Improve and stabilize the coupling efficiency. 

2. Reduce the pump reflection to pump laser diode. 

3. Reduce the signal and ASE feedback to form a laser cavity. 

Input and output isolators at signal wavelengths were used during the experiment 

to prevent any unwanted reflections which might result in the lasing action for the Er''^-

doped fiber and instability for the signal laser diode. The output signal was sent to optk:al 

spectrum analyzer for gain and noise measurements. 
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Figure S.4.1. Small signal gain and noise figure vs. pump power for different Er-doped 
fiber lengths at 1535 nm. Signal input power is —30 dBm. 

The optical amplifier gain, in dB, was calculated as: 

G (in dB) = lOlogio ( ) 
P.. 

(5.3.1) 

where Pin and Pout are the amplifier input and output power at signal wavelength, and 

PASE IS the noise power generated by the amplifier which lies within the optical 

bandwidth of the measurement. Noise figure was obtained by an interpolation method 

using equation (3.5.14): 
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NF = _PA_S_E- + _!_ 
hv~vG G 

(3.5.14) 

5.4 Results and discussion 
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Figure 5.4.2. Gain and noise figure vs. wavelength for different fiber lengths with signal 
input power of -30 dBm and pump power of 244 m W. 

The small signal gain and noise figure were measured as a function of pump 

power for a series of fiber lengths as shown in figure 5.4.1. An input signal power of -30 

dBm at 1535 nm was used as signal source. Internal gain is the amplification experienced 

by signal between the end and the beginning of the Er3+-doped fiber. Net gain including 

the coupling loss will be -2 dB less than the internal gain. Noise figure was obtained by 

equation (3.5.14) based on the internal gain, when referenced to net gain the noise figure 
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will increase by -1 dB. The highest internal gain obtained is 23 dB with a noise figure of 

4.3 dB for a 71 mm long fiber at a pump power of 244 mW. A net gain of 10 dB using 

only 110 mW pump power can be obtained. Gain can further increase by increasing 

pump power for long fibers while gain saturates for short ones. The threshold pump 

power ranges from 20 to 55 m W depending on the fiber length. The noise figure 

decreases as the pump power increases due to the better inversion along the Er3
+ doped 

fiber. In addition, for the same pump power the longer the Er3
+ doped fiber is the higher 

is the noise figure. The noise figure is lower than 3 dB for short Er3
+ doped fiber at high 

pump power because gain is low and high inversion is maintained. 
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Figure 5.4.3. Gain vs. wavelength for a 32 mm long Er-doped fiber with signal input 
power of -30 dBm at different pump powers. The horizontal dash line indicates gain is 
equal to zero. 
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In order to investigate the amplifier behavior at different wavelengths, the gain 

spectra were measured by tuning the signal wavelength from 1530 to 1570 nm at 

different pump powers and fiber lengths. Figure 5.4.2 shows the small signal (-30 dBm) 

gain spectrum for difTerent fiber lengths at a pump power of 224 mW. The gain 

difference between the peak and the shoulder is smaller for short fibers than that for long 

fibers. However, a short fiber cannot provide enough gain for practical applications. The 

noise figure of 71 nun long fiber slightly decreases with wavelength is also shown in this 

figure. Figure 5.4.3 shows the small signal gain spectrum at different pump power with a 

31 mm long fiber. The thresholds for longer wavelengths are lower than those for shorter 

wavelengths due to the larger emission to absorption cross section ratio at the longer 

wavelengths. This can be also explained as combination of three and four-levels systems. 

The short wavelength region (-1535 nm) is considered as a near-three-level system, 

which has ground level absorption. The long wavelength region (-1550 nm) is a near-

four-levei system, which has a comparatively small ground level absorption (Desurvire 

1994). As population inversion decreases the three-level medium becomes progressively 

lossy, while the four-level medium becomes progressively transparent. As pump power 

increases, the gain peak moves to 1535 nm and becomes sharper. Phosphate glasses emit 

and absorb at longer wavelengths (peak at -1535 nm) compared to more ionic ones, such 

as fluoride glasses (Miniscalco 1993). 

The saturation behaviors have been characterized at different wavelengths, fiber 

lengths, and pump powers. Gain saturation at different pump powers for a 71 mm long 

fiber and a signal wavelength of 1535 nm is shown in figure 5.4.4 (a) and (b). The signal 
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output power versus signal input power is shown in figure 5.4.4 (a). The input and output 

signal powers are close to linear relation at low pump power while output signal power 

tends to saturate as input signal power increases at high pump power. It is clear from the 

figure that the higher the pump power is the lower is the saturation input power. The 3-

dB saturation input power decreases as pump power increases due to the strong 

amplification experienced by signal This also indicates that the photon conversion 

efficiency reduces as pump power increases. The 3-dB saturation output powers can be 

easily determined from figure 5.4.4 (b), gain versus output signal power, and saturation 
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Figure 5.4.5. Gain vs. output power of a 71 mm long Er-doped fiber for 84 and 244 mW 
pump powers at 1535 and 1550 nm. Note that the crossing point moves to higher output 
power as pump power increases. 
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from the smaller cross section at 1550 than at 1535 nm. Note that gain equalized for 1535 

and 1550 nm at signal output power of -2.5 dBm. Gain equalization can be also done by 

adjusting different pump powers for 1535 and 1550 nm. 

Gain saturation (at 1535 nm) at 244 mW pump power for different fiber lengths is 

shown in figure 5.4.6. The 3 dB saturation output powers are -10.4, 8.4, and 7.7 dBm for 

fiber lengths of 32, 51, and 71 mm, respectively. The saturation output power reduces as 

fiber length increases because the pump cannot maintain high inversion along the fiber. 

Gain versus wavelength at input signal power of -31, -6, and 0 dBm and pump 

power of 244 mW for a 51 mm fiber is shown in figure 5.4.7 (a). The gain reduction was 

observed as input power increases especially at the gain peak region (~1535 nm). The 

gain reduction becomes smaller due the smaller cross section as the wavelength move 

away from the peak. Figure 5.4.7 (b) shows the gain versus wavelength for input signal 

power of -6 dBm at different pump powers. The gain reduced as pump power reduced as 

expected. Compared with figure 5.4.3, the average population of Er^"^ doped fiber is 

diiferent as the signal scans at the same pump power because of the different cross 

section at different wavelengths. However, in figure 5.4.3 the population distribution 

along the doped fiber is the same as the signal wavelength scans at the same pump 

power due to small signal power. 

Figures 5.4.8 (a) and (b) show the gain versus Er^^ doped fiber length at different 

pump power for 1535 and 1550 nm. If the pump power is limited, an optimal fiber length 

(in terms of gain) can be selected from this type of curves. For a fixed pump power as the 
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To compare the experiment results with the equation 3.S.8, the experimental and 

calculated results are shown in figure S.4.10. At low population inversion (low pump 

power), good match is found between experiment and calculation. As pump power 

increases, the difference between experiment and calculation shows up. The difference 

could be contributed from the error of calculated emission cross section based on the 

McCumber theory or/and the temperature change along the Ei^* doped fiber due to the 

high pump power which results in the cross sections changed. 

Table 5.4.1 summarizes the amplifier performance obtained both from this work 

and earlier results. Information including technology, host material, doping level, gain 

and noise is compared. Gain per unit length is often used as a figure of merit for short 

optical amplifiers. However, the total waveguide length should be also addressed to 

evaluate the device performance. In these references, there is no common standard for 

whether the gain is internal, net, or fiber-to-fiber. Both phosphate and silicate glasses 

show good performance in terms of gain per unit length. To obtain amplifiers with high 

gain per unit length, most of examples in table S.4.1 utilized 980 nm pump source except 

LiNbOs and ion-implant AI2O3 cases used 1480 nm pump. 

For planar waveguides, two different approaches for making integrated amplifier 

appear in terms of amplifier length, long waveguide (>100 nun) and short (<1(X) mm). 

For planar waveguides the ideal situation is to obtain short waveguide because of the 

limited size of the substrate. For a total given amount of Er^'*' ions in the waveguide, the 

upconversion loss could be reduced by lowering Er^^ concentration, increasing the 
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Technology Host and doping Max. 
gain' 

Gain at 
120 mW 

Gain/cm 
(length)" 

NF Reference 

Fiber Phosphate 
3.5 wt% EriCh 

23 
(244) 

13 3.2 
(7.1) 

4.3 this work*^ 

Fiber Phosphate 
1.22 X 10^° ion/cm' 

12 1 
(12.5) 

(T. Nishi et aL 
1992) 

Fiber Aluminosilicate 
1.61 X 10^° ion/cm^ 

23 
(250) 

21 1 
(23) 

(M. R. X. de 
Barros et aL 
1996) 

Fiber 1.75 X 10^" ion/cm^ 22 
(42) 

0.92 
(24) 

3.5 (P. Myslinski 
ct aL 1999) 

Sputtering Phosphate 
5.3 X 10^° ion/cm^ 

4.1 
(65) 

4.1 
(1) 

(Y. C. Yan et 
aL 1997) 

Sputtering Aluminosilicate 22 
(130) 

1.6 
(14) 

5 (J. 

Shmulovich et 
aL 1999) 

Sputtering Soda-lime silicate 
4.3 X 10^° ion/cm^ 

19 10 4.2 
(4.5) 

3.1 (J. 

Shmulovich et 
al. 1993) 

Ion-
exchange 

Phosphate 
2wt%Er203 
4wt%Yb2C)3 

16 
(180) 

-15 2.9 
(5.5) 

3.5 (D. Barbier et 
al- 1998) 

Ion-
exchange 

Borosilicate 
3wt% ErjOa 
5wt% YbaOs 

9 
(130) 

9 2.3 
(3.9) 

(P. Camy et 
aL 1996) 

FHD Silica 24 
(200) 

18.9 0.68 
(35) 

3.8 (T. Kitagawa 
et aL 1993) 

PECVD Phosphates ilicate 
0.48 wt% 

5 
(420) 

2.5 0.67 
(7.5) 

(K. Shuto et 
aL 1993) 

Ion-implant AI2O3 

2.7 X 10^° ion/cm^ 
2.3 
(50) 

0.75 
(4) 

(G. N. van 
den Hoven et 
al. 1996) 

Ti-
indiffiised 

LiNbOa 13.8 
(230) 

2 
(7) 

(L Baumann 
et aL 1996) 

Table 5.4.1. Sutninary of optical waveguide amplifier perfonnances in this study and 
earlier results. Some data are not available in the references. Gain and NF are in dB. 
Different definitions of gain are used in the references. 
^pump power (mW) is included in the parentheses. Pump wavelength is 980 nm except 
for ion-implanted AI2O3 and Ti-indifiiised LiNbOa 1480 nm pump are used. 
''active waveguide length in cm is included in the parentheses. 
'^coupling losses (~2dB) are not included and propagation loss is included (~0.28 dB/cm). 
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length. Researchers at NTT have overcome this problem using low concentration Er^*^-

doped silica-based waveguide by shaping low-loss long waveguides in a spiral (T. 

Kitagawa et aL 1993; T. Kitagawa et aL 1992). A high gain of 27 dB was achieved with a 

silica-based waveguide amplifier integrated with a 980/1530 nm WDM coupler (K. 

Hattori et aL 1994). G. N. van den Hoven et aL have also fabricated a 4 cm long Er^"'-

doped AI2O3 spiral waveguide amplifier integrated with WDMs within a total area of 15 

mm^ of a Si substrate (G. N. van den Hoven et aL 1996). For planar waveguide 

technology, sputtering technique seems better than others. Good confined modes of 

waveguides made by sputtering contributed to better performance. Yb^"^ codoped with 

was used to improve the pump absorption in both examples for ion exchange 

technique. Lossless splitters were also demonstrated in ion-exchange waveguide (P. 

Camy et aL 1996; Y. Jaouen et aL 1999). For the fiber technology, phosphate and silicate 

glasses have shown high gain per unit length. Our results also show higher gain and 

shorter length compared with others including planar waveguides. Further improvements 

to reduce the pump threshold and active fiber length can be made by incorporating Yb^**^ 

into our phosphate glasses. 

5.5 Summary 

High concentration Er'^ doped phosphate fibers were fabricated by a two step rod 

in tube method. The performances of high concentration Er''^ doped phosphate fiber 

amplifiers are characterized. Measurements of gain, noise figure, and signal saturation 
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power were performed for a series of fiber lengths, pump powers, and signal 

wavelengths. A net gain of 21 dB and a gain per unit length 3 dB/cm are achieved in a 71 

mm Er''*'-doped phosphate fiber. A 10 dB net gain using only 110 mW pump power can 

be obtained. In addition, output powers, greater than 10 dBm, are achieved with a 

reasonable gain. Comparisons have been made with results from other research groups 

and our results do show an alternative way for integrated optic applications. Moreover, 

performance could be improved by incorporating Yb^"^ with 
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Chapter 6 

CONCLUSION AND OUTLOOK 

High concentration Er^'^-doped phosphate glasses were investigated in terms of 

spectroscopic properties for amplifier applications. As alternative to conventional planar 

waveguide amplifier approaches, short phosphate fiber amplifiers have been developed 

and characterized. Such amplifiers developed with lengths from 3 to 7 cm can be 

potentially used to realize compact integrated optics modules. The selection of proper 

host materials has a key role since high dopant concentrations are required to achieve 

enough gain in the short length. Systematic studies on the active material are therefore 

performed in terms of cooperative upconversion and energy transfer processes. 

Cooperative upconversion of Er^"^ ions in *l\in level and energy transfer from 

Yb^ to Er^^ in phosphate glasses were performed by a rate equation formalism. 

Phosphate glasses with different Er''^ concentrations without Yb^"^ codoping and with 

different Yb^*^ concentrations with a fixed Er''^ concentration were used to study 

cooperative upconversion. For Er''^ doped samples, the cooperative upconversion 

coefficients increases slightly with Er''*' concentrations. The cooperative upconversion 

coefficient for an Er^^ concentration of 4 x 10^° ions/cm3 was found to be l.l x 10"'* 

cm^/s. For Er'"^ (2 x 10^" ions/cm3) codoped with different Yb^"^ concentrations, the 

cooperative upconversion coefficients of Er'"*' ions in '*113/2 level were found to be 

consistent with that of an Er^'^-doped sample with the same Er^*^ concentration. The 

energy transfer from Yb^"^ to EH^ ions for Er^^ (2 x 10^° ions/cm3) codoped with different 
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concentrations were studied from the lifetime measurements of ^Fs/2 level of 

ions at different pump powers. The forward energy transfer coefficients from level 

of Yb'"^ ions to ''I13/2 level of Er^"*" ions increase with Yb^'*' concentrations in our studies. 

An energy transfer coefficient of 1.1 x 10"'^ cmVs was found for Yb'^ concentration of 6 

X 10^° ions/cm^ and Er^* concentration of 2 x 10^° ions/cm^. Energy transfer efficiencies 

from ^F5/2 level of Yb^"*" ions to level of Er'"*' ions higher than 95% were determined 

from our measurements under weak excitation. The energy transfer efiiciency reduces as 

pump power increases because the less efficient cumulative transfer takes place and tends 

to saturate at high pump power due to the balance between forward energy transfer and 

cumulative transfer. 

High concentration Er^'^-doped phosphate fibers were fabricated by a two step rod 

in tube method. The performance of high concentration Er^'^-doped phosphate fiber 

amplifiers were characterized in terms of gain, noise figure, and signal saturation for a 

series of active fiber lengths, pump powers, signal input powers, and signal wavelengths. 

Experiments were performed in a co-propagating pump (980nm) configuration. Internal 

gain per unit length of 3.9 dB/cm was achieved in a 13 mm Er^'^-doped phosphate fiber. 

Although the net gain of this short amplifier is too low for most practical applications, it 

is scientifically important to achieve such a high gain per unit length in an Er^^-doped 

fiber. A net gain of 21 dB and a gain per unit length 3 dB/cm were achieved in a 71 mm 

Er^'*"-doped phosphate fiber with a noise figure of ~5.3 dB by a 980 nm pump power of 

244 mW. In addition, a 10 dB net gain can be obtained with only 110 mW pump power. 

The 3 dB saturation output powers at a 244 mW pump power are ~10.4, 8.4, and 7.7 dBm 
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for fiber lengths of 32, SI, and 71 mm, respectively. Output powers, greater than 10 dBm, 

were achieved with a reasonable gain. Experimental and calculated results for the gain 

versus wavelength from a 31 nun Er^'*^-doped phosphate fiber amplifier show fairly good 

agreements at different pump powers. The Er^'*' population in the metastable level was 

estimated to be 74.5 % at 244 mW pump power. Performance of short Er''^-doped 

phosphate fiber amplifiers demonstrates the potential for device applications. 

Comparisons made between our results and results from other research groups do show 

that short fiber amplifiers are an alternative way for integrated optics applications. 

The experimental data indeed show encouraging results for device applications. 

However, additional effort is needed to realize short Er^"* doped phosphate fiber 

ampliHers for integrated optics applications. The integration for such a short phosphate 

fiber with passive components and pump lasers on a silicon substrate is challenging. 

Special fiber cleavers for phosphate fibers (or polishing fiber end faces) are necessary to 

obtain both good quality and reliable fiber end surfaces, which are important for the 

coupling and integration. In addition, the high pump power level (at 980 ^m) used may 

introduce a problem for the reliability of pigtails, which may represent a critical step in 

the packaging processes, because the temperature change causes coupling degradation. 

The quality of fiber could be improved in terms of glass and fiber fabrications. A 

better control or a different kind of fabrication process could be adapted to reduce the 

impurity contaminations and imhomogeneity which reduce Er^**" lifetime C*Ii3/2 level) and 

cause an increase in background loss. 
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The pump thresholds for these Er''*'-doped phosphate fiber amplifiers are quite 

high due to the nature of high Er^^ concentration or possible Er^"^ ions diffusing (P. 

Myslinski et al. 1999) into the cladding region during the fiber fabrication processes. 

codoped with Er^'*' in phosphate glasses could be a solution to improve the pump 

absorption and reduce the pump threshold. 

Another challenge arises from the increasing communication bandwidth. Since 

the OH' absorption at ~1.4 (im has been removed (G. A. Thomas et al. 2000), the 

bandwidths for propagation loss less than 0.4, 0.3, and 0.25 dB/km are greater than 400, 

300, and 200 nm, respectively. In the future, it might become interesting to cover the 

whole communication window in integrated optics devices. However, the bandwidth of 

Er^ -doped amplifiers is limited and other rare-earth doped optical amplifiers are not as 

mature as Er^'^-doped optical amplifiers. This might limit the utilizations of rare-earth 

doped amplifiers in the field of integrated optics. 
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