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ABSTRACT 

Several different glass materials were investigated for waveguide amplifier and laser 

applications, and the potential to realize practical devices with these materials were 

examined using waveguides fabricated by ion exchange processes. 

Channel waveguides in an erbium doped phosphate laser glass were fabricated by a 

dry silver-film ion exchange technique, and the effects of high Er^"^ concentration were 

investigated in terms of Er^" ion interactions and energy transfer from Yb^^ to Er^". 

Cooperative upconversion coefficients of the "*113/2 level, 7.7±0.7 x 10*'' cm^ /sec and 

9.3±0.7 X 10"'® cm^/sec, were obtained experimentally for Er^" concentration of 1 x 10^° 

cm"^ in the bulk and waveguide samples, respectively. These values are one order of 

magnitude smaller than the ones reported for silica glass. The increase in the cooperative 

upconversion coefficient with the increase in Er^" concentration was found to be small. 

The effects of cooperative upconversion on the gain performance were analyzed for 

different Er^' concentrations using a theoretical model which adopted experimentally 

obtained parameters. Given the small cooperative upconversion coefficients in this glass, 

Er^" concentrations potentially as high as 3.7 x 10^° cm'^ were shown to be feasible by the 

modeling. This would result in a 12 dB gain with a 4 cm long waveguide for 150 mW 

pump power at 1.48 |im. The transfer efficiency from Yb^"^ to Er^^ was found to be 95 % 

or higher for samples with Er^* concentrations of 1.9 x 10^" cm'^, and 2.4 x 10^° cm'^, 

even when the ratio of the concentrations, Yb/Er, is only about 1.2 and 2. 
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Planar channel waveguides of rare-earth doped fluoride glass were demonstrated 

with single mode excitation and propagation loss below 3 dB/cm. The waveguide core 

was fabricated by Ag* - Na' molten salt ion exchange process in a borosilicate glass 

(BGG31), and a Nd^^-doped ZBLAN glass was used as a cladding. A 0.45 dB signal 

amplification at 1.064 nm was observed in the fabricated Icm long waveguide, and a 0.9 

dB amplification is expected at the emission peak (1.049 |am). Modeling results suggest 

that 2.5 dB/cm is possible by improving surface flatness of the ZBLAN glass. 
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Chapter 1 

INTRODUCTION 

In the past few years, optical fiber amplifiers have become ubiquitous in new 1.55 nm 

optical communications systems and they are the enablers of the future, multi-wavelength 

networks.[J. Lightwave Technol., 13, 1995] Integrated optics has a great potential to 

reduce the cost and size of 1.55 |im wavelength amplifiers, and therefore Er^^-doped glass 

waveguide amplifiers have received a great deal of attention recently.[P. Gamy et al., 

1996, and A.M.J. Koonen et al., 1995] These planar waveguide devices facilitate the 

integration of active and passive devices on a single substrate, as shown in Fig. I.l. 

Applications include integrated compact power boosters, preamplifiers, and the lossless 

splitter for fiber-to-the-home (FTTH) and fiber-to-the-curb (FTTC) networks. Figure 1.2 

shows typical scenarios for FTTH, (a) and (d), and FTTC, (b) and (c), without in-field 

optical amplification, (a) and (b), and with amplification, (c) and (d).[A.M.J. Koonen et 

al., 1995] With optical amplifiers a splitting factor can be increased, resulting in a 

considerable extension of these networks. These amplifiers can be pumped either locally or 

remotely. Remote pumping, where a pump power is delivered remotely with a standard 

single mode fibers, leads to lower-cost devices than local pumping. For remote pumping, 

a pump wavelength of 1.48 ^m is preferred, since standard single mode fibers are 

multimode at wavelength of 0.98 [im, which is the other important pump wavelength. 

Furthermore, rare-earth-doped waveguides are being studied extensively for laser 
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applications. [K.J. Malone, 1994] Using different rare-earth-ions, compact integrated 

waveguide lasers for various wavelengths and applications can be developed. 

Undoped 
giass<^ 

Pump in 
Signal in 

Figure l.l. Schematic layout of lossless integrated splitter 

" m 

UASON 

A. FTm 

a. FTTC 

C. FTTC 

O. FTm 

1# 

Figure 1.2, Application scenario of lossless splitter in FTTC, (c), and FTTH, (d), 
networks. Networks without in-field optical amplification, (b) and (d). 
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A variety of materials have been investigated as potential substrates for rare-earth-

doped integrated optical devices. These materials are glasses, such as; silicate [J. 

Shmulovich et al., 1992 and E. Snokes et al., 1993]; borosilicate [P. Camy et al., 1996]; 

phosphate [K.J. Malone, 1994, and D. Barbier, 1995]; and fluoride [E. Fogret et al., 

1996], and crystalline hosts, such as: LiNbOs [H. Suche et al., 1995]; Si [T. BCitagawa et 

al., 1991, and M. Nakazawa and Y. BCimura, 1992]; AI2O3 [G. N. Van den Hoven, 1993]; 

CaF2 [E. Daran et al., 1994]; and Ti02 [A. Bahtat et al., 1994]. Besides homogeneous Er-

doping in bulk glasses, a number of Er-doped thin film deposition or local Er-doping 

techniques have been applied to silica and silicate glasses, and crystalline hosts. Flame 

hydrolysis deposition (FHD) [T. Kitagawa et al., 1991] and plasma enhanced chemical 

vapor deposition (PECVD) [M. Nakazawa and Y. Kimura, 1992] have been applied to 

silica glass, and sputter deposition [J. Shmulovich et al., 1992], Er-implantation and 

annealing [M. Fleuster et al., 1994], and sol-gel process [C.Y. Li et al., 1995] have been 

applied to silicate glasses. Indiffusion of evaporated Er-layers or stripes [I. Baumann et 

al., 1993] and Er-implantation and annealing [M. Fleuster et al., 1994] have been applied 

to LiNbOs, and doping during epitaxy has been applied to CaF2 [E. Daran et al., 1994]. 

The channel waveguide fabrication techniques, such as: ion exchange [K.J. Malone, 

1994 and P. Camy et al., 1996]; reactive ion etching (RIE) [T. Kitagawa et al., 1991, and 

M. Nakazawa and Y. Kimura, 1992]; or Ti-indiffiision [R. Brinkmann et al., 1994] have 

been applied to define the waveguides. In order to realize high performance devices, 

materials have to be suitable for a rare-earth host as well as for waveguide fabrication. 

Among the combinations of these techniques, ion-exchanged waveguides in Er^^-doped 



silicate [P. Camy et al., 1996] and phosphate glasses [K.J. Malone, 1994, and D. Barbier, 

1995]; EH"'-doped silica on silicon by FHD followed by RIE [T. Kitagawa et al., 1991, 

and K. Hattori et al., 1993 and 1994]; Er^^-doped soda lime glass on silicon by RF-sputter 

deposition [G. Nykolak et al., 1993]; and Ti-indifflised Er^*-doped LiNbOj waveguides 

[R. Brinkmann et al., 1994, and H. Suche at al., 1993 and 1995] have demonstrated very 

promising characteristics for amplifiers and lasers. LiNbOs waveguides are very attractive 

for devices like mode-locked-, Q-switched- and tunable lasers which take advantage of the 

excellent electro-optic and acousto-optic properties of LiNbOs. For amplifier applications, 

however, glass materials are preferred, since the amorphous nature of glass leads to a 

broader gain bandwidth. Also, the matching to single mode fibers is excellent, in terms of 

mode size and refi^active index. 

To realize a compact device, which provides high gain within a short waveguide 

length, the Er^" concentration in glass must be as high as possible, at least two orders of 

magnitude higher than in typical Er^^-doped fibers. Multicomponent glasses, such as 

silicate or phosphate, can incorporate higher rare-earth concentrations than a silica glass 

[C. F. Rapp, 1986]. The multicomponent glasses can be deposited, e.g., by RF-sputtering 

on silicon substrate, however, it is difficult to maintain the high quality of the glass in the 

deposited films. Ion exchange in these glass substrates is one of the most promising 

fabrication technologies, since it is inexpensive, well-established, and already has been 

utilized in large scale manufacturing of reliable passive integrated optical devices. 

However, a uniformly doped glass used as a substrate results in higher absorption loss 

when compared with a locally doped structure, since erbium distribution outside the 



central region of the core, where no population inversion occurs, contributes to loss. So 

far, the highest gain coefficient (i.e. net gain per waveguide length) among ion-exchanged 

waveguides has been reported in a waveguide which was fabricated in an Er^^-doped 

borosilicate glass (2.3 dB/cm) [P. Camy et al., 1996]. A gain coefficient of 1.25 dB/cm 

has been reported in an ion-exchanged waveguide in a phosphate glass specially developed 

for molten salt ion exchange process.[D. Barbier, 1995] 

Molten-salt ion exchange process with silicate or borosilicate glasses are relatively 

straightforward due to the chemical stability of these glasses, and commercial passive 

integrated optical devices are fabricated in borosilicate glasses. On the other hand, 

phosphate glasses are known to be excellent rare-earth host materials in terms of their 

spectroscopic characteristics, and are widely used for bulk laser applications. These 

characteristics include a large emission cross section and a weak interaction among rare-

earth ions which results in high quenching concentration. [D. W. Hall and M. J. Weber, 

1986], The weak ion-ion interaction, as well as the high solubility of rare earth ions in 

phosphate glasses increase the maximum erbium concentration, and therefore, makes it 

possible to realize efficient and short glass waveguide amplifiers, with lengths of only a 

few centimeters. However, compared with silicate glass, its lower glass transition 

temperature (440 °C) and chemical instability make it more difficult to fabricate low loss 

waveguides by ion exchange techniques. In order to use the molten salt ion exchange 

process, a special glass design is required in which both the chemical suitability of the 

glass for the ion-exchange process and the spectroscopic properties of erbium ions are 

taken into account. [K.J. Malone, 1994, and D. Barbier, 1995] We recently adopted an 



approach which utilizes a phosphate glass substrate developed for the bulk laser 

application and employs a silver film ion exchange technique in waveguide fabrication. [T. 

Ohtsuki et al., 1995] This is possible since the silver film ion exchange technique can be 

used for waveguide fabrication in a much wider variety of glasses compared to the molten 

salt processes. 

In this dissertation, several different glass materials are investigated for waveguide 

amplifier and laser applications, and the potential to realize practical devices with these 

materials are examined using waveguides fabricated by ion exchange processes. In 

Chapter 2, relevant spectroscopic properties of Er^* for 1.5 pim amplifier and laser 

applications are presented for phosphate, borosilicate, and sulfide-based glasses. In 

Chapter 3, modeling of light amplification in planar waveguides including cooperative 

upconversion processes is presented. 

In Chapter 4, Er^"-doped phosphate glass waveguides are investigated with emphasis 

on the feasibility of realizing high concentration Er-doped amplifiers. We demonstrate 

channel waveguide fabrication in a commercially available phosphate laser glass, and the 

small-signal gain properties of the waveguide are measured by the pump and probe 

technique.[T. Ohtsuki et al., 1995] A detailed study of the cooperative upconversion 

processes in those waveguides is presented, which includes the Er^' concentration 

dependence of the cooperative upconversion coefficient. [T. Ohtsuki et al., 1996] Using a 

theoretical model, the effects of cooperative upconversion on the gain performance are 

analyzed based on experimentally measured gains. The potential for use of these high Er^" 

concentration phosphate glasses as substrates for ion-exchanged glass waveguide 
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amplifiers is discussed. Yb-sensitization to increase pumping efficiency is investigated in 

terms of energy transfer efficiency from to Er^" for samples with high Er^" 

concentrations. 

In Chapter 5, various ion-exchanged waveguide amplifiers are modeled, including 

fabrication process, to discuss their future potential. Experimentally obtained parameters 

(Chapter 2 and 4) are adopted in the modeling, and comparison of the amplifier 

performance with pump wavelengths, 0.98 ^im and 1.48 |j.m, is also discussed 

In Chapter 6, we demonstrate planar channel waveguides of rare-earth doped fluoride 

glass with single mode excitation and propagation loss below 3 dB/cm, and also report on 

our observation of evanescent field amplification in these waveguides.[T. Ohtsuki et al., 

1996] 



21 

Chapter 2 

RARE-EARTH DOPED GLASSES 

FOR WAVEGUIDE AMPLIFIERS AND LASERS 

2.1 Introduction 

This chapter provides a review of the basic features and physical properties of rare 

earth-doped glasses, with a focus on Er^*-doped glass materials, together with waveguide 

fabrication techniques in glasses by ion-exchange processes. The energy level structure of 

Er^" in glass matrix and various transition processes associated with these energy levels 

are described in section 2.2. These processes include: radiative and nonradiative 

transitions; interaction among Er^"^ ions; and luminescence quenching due to the OH" 

complex. The different types of glass hosts for rare-earth ions are reviewed in section 2.3, 

together with our experimental results of the spectroscopic properties of Er^" in the 

glasses used in this research. The various ion exchange processes applied in this research 

are described in section 2.4. These processes are: thermal; electric-field assisted; and dry 

silver-film ion exchange process. 



2.2. Er^ energy levels and transitions in glasses 

2.2.1 Er^ energy levels and radiative transitions 

The electronic configuration of Er atom is [Xe]4f*^6s^ where [Xe] represents the 

closed shell electronic configuration of xenon, and the corresponding electronic 

configuration of Er^* is [Xe]4f*'6s°. One electron is removed fi'om 4f shell and two are 

removed fi-om 6s shell. The electrons of the 4f shell are shielded fi-om external fields by 

the outerlying filled 5s^5p® shells. The observed infi-ared and visible optical spectra of 

trivalent rare-earth ions is a consequence of transitions between states which arise arise as 

a results of electro-static and spin-orbit interactions among 4f electrons. The states are 

labeled where L and S are total orbital angular and spin quantum momentum of all 

the 4f electrons in the ion, and J is the total angular momentum. Since all the states are 

configured fi-om 4f electron waveflinctions, they have a equal parity. Therefore, electric 

dipole transitions are not allowed between any combination of these states. When an ion 

is incorporated into a solid, the Stark effect, due to the external fields from the 

surrounding atoms, splits the free ion J multiples into Stark components. This ion-lattice 

interaction also admixes higher lying states of opposite parity (e.g., (4f)"5d') into the (4f)" 

configuration, where n is the number of 4f electrons. This admix makes electric dipole 

transitions allowed between the J multiples. The effect of the shielding makes the 

spectroscopic properties of the transition between these states weakly sensitive to the type 

of host material. Since there are multiple possible atomic sites for doped ions in a given 

multicomponent glass host, the system exhibits inhomogeneous broadening. As a result. 
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the emission (absorption) spectra of the transitions are relatively broad, typically 20-50 

nm. 

Figure 2.1 shows the energy level of Er^' in a glass. The '*Ii5/2 is the ground state, and 

the transition from the •'I13/2 to •'I15/2 level near 1.53 [im is used for amplifiers in optical 

communications. The energy levels which can be pumped by laser diodes with 

wavelengths of 800 nm, 980 nm, or 1.48 |im are *lga, '*Iii/2, and "*113/2, respectively. 

However, due to the excited state absorption from '*Ii3/2 to "'Hu/z level, which has an 800 

nm energy separation, 800 nm is not useful as a pump wavelength.[R. I. Laming et al., 

1988, and W. J. Miniscalco, 1991] 

30 
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Figure 2.1, Energy level of Er^" ion in a glass. 



The radiative transition probabilities associated with each pair of levels can be 

calculated by Judd-Ofelt analysis [B. R. Judd, 1962, and G. S. Ofelt, 1962]. The oscillator 

strength Sed of an electric dipole transition taking place between states |vj/i> and |vi/f> is 

given by the relation; 

(2.1) 
4=2.4.6 

e is the electric charge, Hd is the Hamiltonian of the electric dipole interaction, Hk are 

coeflBcients reflecting the effect of crystal field, waveflinctions, and energy separation, and 

UOc) are reduced tensor operator components reflecting the intermediate coupling 

approximation.[W. F. Krupke, 1971, and R. R. Jacobs and M. J. Weber, 1976] The 

matrix elements of the reduced tensor operator l/''' are almost independent of host 

material [W. F. Krupke, 1971, and R. Reisfeld, 19] and their values are tabulated [M. J. 

Weber, 1967, and W. T. Carnall et al., 1968]. The host dependence is contained in the 

coefficients Qt, which are determined for a given combination of dopant and host. Their 

values are empirically determined by a least-squares fit of Eq. (2.1) to the integration over 

the absorption bands obtained from a measured absorption spectrum.[R. R. Jacobs and M. 

J. Weber, 1976] The electric dipole transition probability, A"'(aJ:bJ), can be calculated 

using the obtained parameters fik [R- Reisfeld, 19, W. F. BCrupke, 1971, and R. R. Jacobs 

and M. J. Weber, 1976]; 

A'\aJ-.bJ']= 64;r g //(/; +2) (2.2) 
^ ' 2h(lJ+\){lY 9 ^=1:^.6 ' I /I 
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where n is the refractive index, <X> is the mean transition wavelength, and J and J are the 

total angular momentum of the final state, a, and the initial state, b, respectively. The 

accuracy of this Judd-Ofelt analysis is about 10-15 %. 

The emission cross section,ae, of the transition with probability, A^'CaJibJ), is given 

The emission cross sections are determined from this relation using the transition 

probability, A""'(aJ:bJ), obtained from the Judd-Ofelt analysis, together with 

experimentally measured luminescence spectrum. [W. J. Miniscalco and R. S. Quimby, 

1991]. The cross sections, in general, are small compared to the ones allowed for electric 

dipole transitions, such as the transitions associated with semiconductor lasers. The typical 

radiative lifetime, x = l/A"*, from the ''I13/2 level of Er^" is in the order of 10 ms. 

2.2.2 Nonradiative transitions 

Transitions of the rare-earth ions in solids fi-om an excited state to a lower energy 

state occur also nonradiatively as a result of interaction with phonons. If the nonradiative 

transition rate is comparable to its radiative transition rate, the quantum efficiency of that 

level is decreased, degrading the laser or amplifier operation. The multiphonon relaxation 

rate depends on the energy separation between the states and the highest phonon energy 

of the host. If the energy separation of the states is near one or two phonon energies, this 

by; 

bona 

(2.3) 



transition occurs rapidly. When the energy separation is much larger than the energy of 

the phonon involved, the multiphonon relaxation occurs with a rate given by [C. B. Layne 

et al., 1977]: 

where AE is the energy gap, tm is the maximum phonon energy of the host and B, and a 

are constants dependent on the host. B and a are insensitive to the rare-earth ion and 

energy levels involved, and the values for several hosts have been assembled by Reisfeld 

and Jorgensen [R. Reisfeld and C. K. Jorgensen, 1987]. 

Table 2.1 lists these values of the glass materials used in this research, together with 

the nonradiative decay rates from the levels "'lu/i and ""lisa calculated using these values. 

In all the host glasses except borate, the nonradiative transition rate from "*113/2 level is 

much smaller than the radiative transition rate (typically 1-1.3 x 10^ sec'^), indicating that 

the transition from this level is predominantly radiative. Due to the large phonon energy 

of borate glasses the radiative transition from ""lisa level quenches, therefore, borate 

glasses are not considered as good host materials. However, there are some special cases, 

where the phonon energy of borate glasses becomes small, which are discussed in detail in 

section 2.3.3. Phosphate glasses have slightly higher phonon energy than silicate glasses, 

for example, the transition rate from level is five times higher than that of silicate 

glasses. This is not a drawback, instead, it provides a great advantages for Yb^"" 

sensitization [P. Gapontsev et al., 1982] as shown in section 4.5. Non-oxide glasses, 

fluoride and sulfide, have low phonon energy. 

(2.4) 
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Table 2.1 Parameters for nonradiative relaxation in glasses. 

Host B (sec*') a (10'^ cm) hco (cm"') WnrC'll,/2) (sec') W„(''li3/2)(sec-') 

Phosphate o
 -J bo
 

00
 

4.7 1280 3.6 X lO' 6.3 X 10'' 
Borate 107.89 3.8 1400 2.5 X 10® 5.8 X 10 
Silicate 107.89 4.7 1100 6.7 X lO"' 1.2 X 10"' 
Fluoride 107.97 5.19 500 7.7 X 10' 3.6 X 10-^ 
Sulfide 10^' 2.9 350 2.1 X 10' 6.1 X 10"^ 

2.2.3 Ion-ion interactions 

The radiative and nonradiative transitions described in the preceding section arise 

from the interaction of isolated ions. When the concentration of ions are high, the 

interactions between ions become important. [J. C. Wright, 1976] These interactions can 

occur between one ion in an excited state and one in the ground state, or between two 

excited ions. The Hamiltonian for the entire host is written in parts which describes the 

single ions and interactions between ions: 

/f = //o+Z^v (2-5) 
•>j  

where the interaction Hamiltonian between the i-th and j-th ions is written as: 

H,, = II I  (2.«) 
m>« Ac|r„ - r„| 

where k is the dielectric constant, and rm and r„ are the electron coordinates. When an 

electric dipoie interaction is dominant, which is the case for Er^"^-doped oxide glasses [N. 

Krasutsky and H. W. Moos, 1973], the transition probability in which a donor ion (d) 

transfers energy to an acceptor ion (a) can be written in terms of the luminescence line-



28 

(a) (b) 

Donor Accepor Donor Acceptor 

Figure 2.2, Energy transfer in (a) cooperative upconversion and (b) sensitization 
processes. The dashed arrows represent relaxation via energy transfer. 

shape of the donor (fd) and the absorption line-shape of the acceptor (Fj) [D. L. Dexter 

and, T. Foster, 1969]: 

Vi'c'Q, ( e Y !f,(E)FSE) 

where Qa is the integrated absorption cross section, Tj is the radiative lifetime of the donor 

fluorescence. Of all the possible energy transfer processes, cooperative upconversion and 

sensitization are the relevant processes for Er^'^-doped amplifier applications. Schematic 

diagrams of each process are shown in Fig 2.2. For cooperative upconversion process, 

both donor and acceptor are Er^* ions, and for sensitization, donor is a ion and 

acceptor is an Er^" ion. 

Cooperative upconversion is the energy transfer between excited Er^"^ ions in 

metastable states, leaving one ion in the ground state and the other in the higher *lga state. 

In oxide glasses, the \a level relaxes mostly nonradiatively to the •'li3/2.[R. Reisfeld and 

C. K. Jorgensen, 1987] The net result of the process is to convert one unit of excitation 



to heat. Since this process requires two interacting ions in the excited state, it becomes 

prominent at high pump powers, limiting the Er^'-doped amplifier performance [Kitagawa 

et al., 1992, P. Blixt et al., 1991, G. Nykolak et al., 1993, and J. Nilsson et al., 1993]. 

Sensitization, which utilizes the energy transfer from in the exited state, ^Fs/2, to Er^" 

in the ground state, is typically used in bulk laser applications. [P. Gapontsev, 1982] It 

enables an increased pumping efficiency through the relatively large absorption cross 

section of Yb^*. 

The energy transfer rate given by Eq. (2.7) describes the transfer between isolated 

pairs of ions. In experiments, however, an ensemble-averaged measurement over all 

possible pair separations is observed.[J. C. W. Grant, 1971] In order to describe the 

ensemble-averaged system with various degrees of excitation diffusion and direct transfer, 

several different models have been derived. [J. C. W. Grant, 1971, M. Inokuti and F. 

Hirayama, 1965, and C. Hsu and R. C. Powell, 1975] However, the empirical expression 

used to fit experimentally obtained radiative quantum efficiency as a function of donor ion 

concentration, c, [L. G. Van Uitert, 1966]: 

— = 7-^ (2.8) 

is inconsistent with the model derived for the low concentration limit, where tdo is the 

radiative lifetime of the donor fluorescence in the limit of zero concentration of donor. 

This is due to the fact that the energy transfer occurs mostly with the closest available 

acceptor ion, and an additional concentration dependence is introduced to the average 

transfer rate [J. C. W. Grant, 1971], The difficulty of modeling such a system is in 



describing the spatial depletion region around an acceptor due to small excitation 

diffusion. If excitation diffusion is sufficiently large, excitation is delocalized over the 

entire donor or acceptor system, and the system can be described by a rate equation with 

an average transfer rate. This is the case for high Er^" concentrations used in this research. 

The detailed modeling of the cooperative upconversion process by using the rate equation 

approach is described in Chapter 3. A detailed study of energy transfer from Yb^" to 

is presented in Section 4.6 

2.2.4 OH quenching 

Energy transfer from an excited ion to OFT complex also reduces quantum efficiency. 

In particular, since the energy of the second harmonic of the OH* stretching vibration at 

3600 cm"' is close to the energy of the •'I13/2 \ia transition of Er'* (6500 cm"'), this 

transfer process is extremely efficient.[V. P. Gapontsev, 1982] At high OH" 

concentrations (> lO" cm"^), this process can occur through direct transfer from the 

excited ion. At low OH" concentrations (< lO" cm"^)„ it is likely that excitation diffusion 

among donor ions is required to transfer the energy to OH" complex.[V. P. Gapontsev, 

1982] The latter mechanism, therefore, depends on ion concentration, and can be 

regarded as one type of a concentration quenching. Although some reported experimental 

results support the latter mechanism [A. J. Bruce et al., 1992], experimental results which 

are not consistent with it have also been reported [R. Wyatt, 1989]. The detailed 

mechanism of OH" quenching is not yet clear. However, empirical results show that the 
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OH" concentration must be less than 3-5 x lO'* cm"' in order to avoid OH" quenching 

efFects.[V. P. Gapontsev, 1982] 

2.3 Spectroscopic properties of Er^ difTerent glass matrix 

2.3.1 Silica and silicate glasses 

The structure of glass is built from a random network of basic units of atoms which 

are called the networic formers. Silica is a single component glass, which consists of only 

one networic former, tetrahedron (Si04)^'. The structure of a typical silica glass is 

illustrated in Fig. 2.3 in a two-dimensional representation.[H. Schoize, 1990] The 

tetrahedron units are tightly connected by their comers through oxygen atoms (bridging 

oxygens). These random connections form a three-dimensional, disordered lattice. Due 

to the tight bonding structure, silica glass is mechanically and chemically stable, and has a 

high glass transformation temperature (« 1,480 °C).[H. Schoize, 1990] Flame hydrolysis 

technique has been developed to fabricate extremely low-loss silica fiber.[J. R. Simpson, 

1993, B. J. Ainslie, 1991, and F. P. Kapron et al., 1970] The rigid network structure, 

however, makes incorporation of rare-earth ions rather difficult, resulting in microscopic 

clustering at high rare-earth concentrations. [K. Arai et al., 1986] Although the codoping 

of alumina (AI2O3) and phosphorous oxide (P2O3) has been used for Er^^-doped fiber to 

increase the rare-earth solvability [K. Arai et al., 1986, and B. J. Ainslie et al., 1989], it is 

still a significant problem for higher Er^^ concentrations (on the order of 10^° ions/cm^) 

required for compact planar waveguide amplifiers [T. Kitagawa et al., 1992, P. Blixt et al., 



1991, G. Nykolak et al., 1993, and J. Nilsson et al., 1993], Also the cooperative energy 

transfer effects limit the erbium concentrations in silica glasses. 

Basic silicate structure is formed by adding alkali or alkaline earths to silica as 

network modifiers. These modifiers can cause former bridging atoms to become 

nonbridging. This breaks the network and results in a looser network structure, 

facilitating the incorporation of rare-earth ions. The structure of a typical silicate glass is 

illustrated in Fig. 2.4 in a two-dimensional representation.[H. Scholze, 1990] A primary 

site for Er^^ in basic silicate glass has been investigated by low temperature spectroscopy 

of Stark levels [C. C. Robinson, 1974], Er""" is placed in the cage of the three dimensional 

silicate network in the vicinity of nonbridging oxygen.[E. Snitzer, 1973] 



•S i  o  0  

Figure 2.3, The structure of a typical silica glass in a two-dimensional representation. 

• Si GO Q Ma ^ Ca 

Figure 2.4, The structure of a typical silicate glass in a two-dimensional representation. 
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2.3.2 Phosphate glass 

The phosphate glasses are excellent rare-earth host materials in terms of their 

spectroscopic characteristics, and are widely used for bulk laser applications. These 

characteristics include a large emission cross section and a weak interaction among rare-

earth ions.[C. F. Rapp, 1986] These properties are consequences from the two 

dimensional chain structure of the phosphate glasses.[T. Izumitani et al., 1982] The 

structure of a typical phosphate is shown in Fig. 2.5. This has the [PO4] tetrahedron as the 

basic unit, which however contains a doubly bond oxygen, and thus is connected only 

threefold.[H. Scholze, 1990] That leads to a tendency in phosphate glasses to formation 

of two dimensional chains. This chain structure has large flexibility, therefore, 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 

O- I  O-  \  O" 

O— P—o 
!l 
o \ O /„ o 

— P —O — P —o 
I I  I I  

Figure 2.5, The two dimensional chain structure of a typical phosphate glass. 



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

glasses.[T. Izumitani et al., 1982] This flexible chain structure, however, results in 

chemical instability and a lower glass transformation temperature (440 °C) when compared 

with silicate glass, making it more difficult to fabricate low loss waveguides by ion 

exchange techniques. 

The corresponding sodium phosphate glasses are soluble in water, resulting in 

incorporation of OH" groups into the glass structure. [H. Scholze, 1990] 

I I  I  I  
- P - 0 - P - + H2O - P - OH + HO - P -

I I  I I  I I  I I  

As described in section 2.2.4, the presence of the OH" complex reduces the quantum 

efficiency of the ''I13/2 -» "*115/2 transition of Er^". Therefore glass preparation requires a 

controlled environment to avoid OH" incorporation in the processes. We have selected an 

Er^*-doped phosphate glass (Q89, Kigre) for this research. This glass was developed for 

bulk laser applications, and contains Li" which can be used for ion exchange. The OH" 

concentration of this glass was estimated from an infrared absorption spectrum of the 2.1 

mm thick, bulk sample. Figure 2.6 (a) shows absorption spectrum around 3600 cm"\ 

which corresponds to the frequency of the OH" stretching mode, measured by a Fourier 

Transform Infrared Transmission (FTIR) technique. No significant absorption band 

structure due to OH" is observed in this sample, and the corresponding OH" concentration 

estimated fr^om the absorption cross section of this bond [H. Scholze, 1990], 1.2 x 10'" 

cm^, is less than 1 x lO'^ cm'^. This OH" concentration is much lower than the value (3-5 

X 10" cm"^) which is the maximum acceptable concentration without significant quenching 
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Figure 2.6, Infrared absorption spectrum of (a) a bulk and (b) pallet sample of phosphate 
glass (Q89) measured by a Fourier transform infrared transmission (FTIR). 



[V. p. Gapontsev, 1982], Figure 2.6 (b) shows the absorption spectrum of a thin palette 

sample. The maximum vibrational energy of this glass is 1280 cm*\ which corresponds to 

a mode associated with P-0 bonding. 

High quenching concentration of phosphate glasses has been investigated for bulk 

Nd^' laser applications.[ D. W. Hall and M. J. Weber, 1986] Concentration quenching is a 

consequence of the combined effects of ion clustering and cooperative energy transfer 

between ions. Luminescence lifetime measurements at a low excitation intensity give a 

good estimate for the concentration quenching excluding the cooperative upconversion 

effects. The measured lifetime of ''lu/2 —>• '*Ii3/2 transition of Er^" is 8.2±0.03 ms for a 

sample with Er^^ concentration of po = 1.9x10^° ions/cm^, which is approximately the 

same value as the radiative lifetime calculated using a Judd-Ofelt analysis [B. R. Judd, 

1962, and G. S. Ofelt, 1962] (7.4 ±0.7 ms). The measured lifetime has little concentration 

dependence up to the Er^^ concentrations of 3.7x10^° ions/cm^ (see section 4.4). No 

lifetime shortening indicates that no significant concentration quenching occurs in this 

glass sample. The absorption cross section was determined from the absorption spectrum 

of 1.7 mm thick, bulk glass measured with an absorption photometer. The peak values 

were CiQ^k) - 5.7 x 10*^' cm^ at Xpcat = 1.534 |im, and CTa(Xp) = 1.5 x 10'^' cm^ at = 

980 nm. The fluorescence spectrum of the sample was measured by pumping at ^ = 980 

nm using a cw Tirsapphire laser. Absolute values of the emission cross section were 

calculated using the relation shown in Eq. (2.3). The peak value yielded cTe(ATwak) = 7.6 x 

10'^^ cm^ at Xpeak = 1-535 |im. Figure 2.7 shows the absorption and emission cross 
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sections of'li3/2 -> ''lis/z transition of Er^"" in the Q89 phosphate glass. The spectrum 

shape is determined by the intensities of the constituent Staric transitions in the 

inhomogeneous broadening. 
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Figure 2.7, Absorption (dashed curve) and emission (solid curve) cross sections of "*113/2 
transition of Er^* in a phosphate glass. 

2.3.3 Borosilicate glass 

Borosilicate glasses are chemically durable and thermal shock resistant, and can be 

produced relatively easily with high optical quality.[ J. W. Fleming, 1986] A borosilicate 

glass, BGG31, is specially developed for silver ion exchange, resulting in high quality 

waveguide fabrication.[L. Ross, 1989] We have investigated the potential to use this glass 
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as an Er^" host matrix. The basis of borosilicate glasses is generally formed by the 

common components SiOi and Na20; having a structure of alkali silicate glass. It is 

assumed that the incorporation of B2O3 into this glass results in bridging the nonbridging 

oxygens formed by alkali ions. This leads to the closure of places of separation in the 

structure, and strengthens the glass.[H. Scholze, 1990] On the other hand, the [BO3] 

group has a large vibrational energy, and quenches the ''I13/2 —> "*115/2 transition of Er^* 

significantly, as shown in Table 2.l.[ R. Reisfeld and C. K. Jorgensen, 1987] However, 

the coordination of Boron ions changes from [BO3] to [BO4] unit with increasing alkali 

content.[H. Scholze, 1990] 

where R2O (KjO, Na20) and RO (BaO). The [BO4] group has lower vibrational energy, 

1050 cm*', and the maximum vibrational energy of the glass is determined by the [Si04] 

group (1200 cm"'). Figure 2.8 (a) shows the infrared absorption spectrum measured by 

FTIR with a pallet sample of BGG31. The peaks at around 1410 cm"' and 1060 cm"' 

indicate that both [BO3] and [BO4] units exist in the structure of this glass. This 

absorption spectrum does not change with Er^" doping. In contrast, in BK-7 borosilicate 

glass, B^^ ions dwell only in the [BO4] structural unit, and the measured luminescence 

lifetime from the •'I13/2 level in Er^" indicates a nearly 100 % quantum efficiency for this 

transition.[J. Wang et al., 1992], This is possible since the mole ratio of R2O (RO) / B2O3 

B 

B 

Q 

0 

^B—O-R* + 2 R"0-—B= 



in BK-7 is much greater than unity (Table 2.2 [ J. W. Fleming, 1986]). The corresponding 

mole ratio for BGG 31 is approximately 1/3 of that of BK-7 (Table 2,2 [L. Ross, 1989]), 

which results in the existence of the [BO3] units. Table 2.2 shows the compositions of 

BGG31 and BK-7 glasses in atomic %. The structure of BGG31 glass can be modified by 

increasing R2O components (such as K2O, Na20) to eliminate the [BO3] units, and prevent 

high multiphonon decay processes. Addition of RO components needs to be avoided since 

they increase propagation losses in Ag' ion-exchanged waveguides [L. Ross, 1989]. 

Table 2.2 Compositions of BGG 31 and BK-7 glasses in atomic % 

BGG3I BK-7 
Si 17.6 23.6 
Na 6.8 5.2 
Ca - 3.6 
K <0.01 3.5 
A1 7.1 -

B 6.0 5.8 
Ba - 4.0 
As 0.06 -

F 4.2 -

0 58.3 61.1 

The OH" concentration of BGG31 glass was estimated fi-om the infrared absorption 

spectrum of bulk sample. Figure 2.8 (b) shows the absorption spectrum around 3600 

cm*', measured by FTIR. The estimated OH" concentration is 3 x lO" cm"^, which is one 

order of magnitude higher than the value (3-5 x lO'* cm"^) required for insignificant 

quenching [V. P. Gapontsev, 1982]. 
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Figure 2.8, Infrared absorption spectrum of (a) a pallet and (b) bulk sample of borosilicate 
(BGG31) glass measured by a Fourier transform infrared transmission (FTIR). 
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The spectroscopic properties of Er^" in BGG 31 were investigated using procedures 

explained in Section 2.3.2. Er^* concentrations of the samples used for the experiment 

were 2.6, 3.7, and 5.8 x lO" cm"^. Figure 2.9 shows the absorption and emission cross 

sections of the "*113/2 "*115/2 transition of Er'*. All spectra are identical for all samples 

with different Er^" concentrations, indicating that the glass structure surrounding the Er^" 

ions is identical for all samples. The peak values of relevant absorption cross sections are 

~ 5.34 X 10"^' cm^ at = 1 528 ^m, and aa(Xp) = 2.27 x 10'^' cm^ at = 975 

nm. The peak value of the emission cross section is ae(X^k) = 7.68 x 10'^' cm^ at = 

1.531 (im. The radiative lifetime calculated using a Judd-Ofelt analysis [B. R. Judd, 1962, 

and G. S. Ofelt, 1962] is 4.5 ±0.5 ms. 
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Figure 2.9, Absorption (dashed curve) and emission (solid curve) cross sections of "*113/2 

"*115/2 transition of Er^" in a borosilicate glass. 



The measured luminescence decay curve of the '*Ii3/2 —> "*Ii5/2 transition of Er^"^ for the 

sample of Er^'" concentration, 5.8 x lO" cm•^ is shown in Fig. 2.10. It deviates from 

single exponential decays, indicating that some energy transfer process are involved. 

Similar luminescence decay curves were observed from the samples of Er^"^ 

concentrations, 2.6 and 3.7 x lO'® cm"^. Lifetimes determined from the l/e decay are 

shown in Table 2.3. The lifetime measured at different locations of the sample with Er^* 

concentrations of 5.8 x lO" cm"'' varies by ± 0.02 ms, indicating that this sample is 

inhomogeneous. Estimated quantum efficiency from lifetimes are, 21 % for Er^" 

concentrations of 2.6 and 3.7 x lO" cm'^ and 18 % for 5.8 x lO" cm'^. These low 

quantum efficiencies are mainly due to muhiphonon decay and OH" quenching. OH" 

concentrations estimated from infrared abortion spectra are 1.5, 1.4, and 1.2 x lO'® cm" 

cm'^ for samples with Er"*" concentrations of 2.6, 3.7, and 5.8 x lO'® cm*^, respectively. 

Energy transfer process involved in decay processes could be OH" quenching, which can 

be more significant in materials with higher Er^"^ concentrations [V. P. Gapontsev, 1982]. 

There is also a possibility that this glass has a microscopic phase separation between B2O3 

- NazO and Si02 [H. Scholze, 1990]. If this is the case, Er^* ions locate most likely in the 

B2O3 - NaiO phase of the glass due to its higher solubility of Er^^, and the effective 

concentration of Er^* becomes very high in this phase. This will cause high Er^"^ ion-ion 

interactions even with low average concentrations. 



44 

(/> 

,.10 

••.•.v«-.*V;; 
• • V » .••*•< ,.11 

5 0 

Time (msec) 

Figure 2.10, The measured luminescence decay curve of'lis/a —> "^Iis/z transition of Er^"^ in 
a borosilicate glass with Er^"^ concentrations of 5.8 x lO" cm"^. 

Table 2.3 Lifetimes of ""lna —> '*Ii3/2 transition of Er^^ obtained from luminescence decay 
curves of bulk BGG31 samples. 

Er'" concentration (x lO" cm'^) T (ms) 
2.6 0.96 
3.7 0.96 
5.8 0.79 



45 

2.3.4 Sulfide-based glass 

Glasses based on sulfides such as GaiSs have recently received attention as host 

materials for rare-earth ions such as Pr'^ [D. W. Hewak et al., 1993, Y. Ohishi et al., 

1994, and D. R. Simons et al., 1995] and [K. Wei et al., 1994] for use in fiber-

amplifier applications. This is due, in part, to the lower characteristic vibrational 

fi-equencies of the sulfide bond, which ensures lower nonradiative transition rates for the 

excited levels of active ions [R. Reisfeld et al., 1977, A. Bomstein and R. Reisfeld, 1982, 

and E. B. Sveshnikova et al., 1987]. Their high infi-ared optical transmission is also due to 

their low vibrational fi^equencies. Another distinctive property of these glasses is the 

covalent nature of the sulfide bond, which results in large cross sections of active ions and 

high refi-active indices of the glasses. [D. W. Hewak et al., 1993, Y. Ohishi et al., 1994, D. 

R. Simons et al., 1995, K. Wei et al., 1994, R. Reisfeld et al., 1977, A. Bomstein and R. 

Reisfeld, 1982, and E. B. Sveshnikova et al., 1987] As a result, large gain can be 

expected in laser and amplifier applications, and the high refi-active indices make the 

materials suitable for high-efficiency acousto-optic modulator applications. [I. Abdulhalim, 

1993] In addition, various photoinduced phenomena associated with changes in refractive 

indices and absorption coefficients have been reported in sulfide glasses. [A. M. Andriesh, 

1977, K. E. Youden, 1993, K. Shiramine, 1994] These photoinduced phenomena have 

attracted interest due to the possibility of fabricating integrated optical waveguides. The 

suitability of sulfide glasses both for planar waveguide fabrication and as host materials for 

rare-earth ions may allow them to be utilized for active waveguide applications, such as 



lasers and amplifiers possibly integrated with modulators. It has been found that GaaSs-

GeS2-La2S3 system can realize high Er^' solubility by replacing more than one third of the 

La2S3 with Er2S3.[ K. Kadono, 1995] Here, we investigate the spectroscopic properties of 

in this glass system, and discuss their potential use for integrated lasers at 1.5 iim, 

based on the estimated gain coefficients using the experimentally obtained parameters. 

The glasses used in this experiments were prepared by the procedure described in the 

reference [K. Kadono, 1995], The glass composition is 60Ga2S3* 1006284 • (30-

x)La2S3 • xEr2S3 in mol%, where x ranges fi^om 0.3 to 7. This corresponds to an Er^* 

concentration of 0.5 x 10^° to 11.7 x 10^° ions/cm^. The glasses were polished into a 

rectangular shape of approximately 5x5 cm^ and 1 mm in thickness. 

Figure 2.11 shows the absorption spectrum of the 3 mol% Er'* doped glass. The 

short wavelength cut-oflf of the glass is at about 500 nm. The effects of the ligand field on 

these EP' transitions were evaluated from the Judd-Ofelt analysis, [B. R. Judd, 1962, and 

G. S. Ofelt, 1962] taking into account magnetic dipole transitions [M. J. Weber]. The 

Judd-Ofelt parameters for Er^^ in this glass, obtained through a least-square fitting of the 

four measured absorption bands, are Q2 = 6.58 x 10^°, fit = 2.11 x 10^°, and = 1.00 x 

10^° cm^. The relatively large value of ^2, compared with those of oxide and fluoride 

glasses, [D. W. Hall and M. J. Weber, 1986] is attributed to the high degree of covalence. 

This covalent nature of the sulfide bond also results in a large local field factor through a 

high refi"active index of the glass (2.44). In other words, the 3p orbital of sulfide atoms is 

spatially extended and gives a larger overlap with erbium ions, which results in larger 
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Figure 2.11, Absorption spectrum of 60GaS3/2 • 10GeS2 * llLzS^a' BErSs^ glass. 
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Figure 2.12, Emission (solid line) and absorption (dashed line) cross section spectra of 
in Ga2S3-GeS2-La2S3 glass for the transition between the '*Ii3/2 and "*115/2 levels. 



probabilities of Er^* transitions. The calculated radiative transition probability from the 

\2a to \ia levels using these H parameters is Wn.d = 5.9 x 10^ sec"' (radiative lifetime is 

Trad = 1/ Wrad = 1-7 ms). For this transition the high refractive index, in addition to the 

magnetic dipole transition, mainly contributes to the large transition probability. 

The emission spectrum of the Er'* and its lifetime were measured by exciting Er^" into 

the *lna level using a cw Tiisapphire laser at a wavelength of 980 nm. Luminescence 

from the ''I11/2 and *li3a levels was measured by an InGaAs detector attached to a 

spectrometer. An acousto optic modulator was used to generate excitation pulses of 10 

|is to 100 |is in duration for lifetime measurements. An emission cross section, ae(v), of 

the transition from ''I13/2 to •*Iis/2 levels was obtained from the luminescence spectrum 

measured for the glass with Er^" concentration of 0.5x10^° ions/cm\ using the relation [W. 

J. Miniscalco and R. S. Quimby, 1991] given by Eq. (2.3). A measured lifetime, to = 1.9 

ms, was used for the calculation. Figure 2.12 shows the emission cross section together 

with absorption cross section, aa(v). The peak values of the emission and absorption 

cross sections are 10.8 x 10*^' cm^ and 15.3 x 10*^' cm^ at 1.541 |im and 1.536 |im, 

respectively. These values are a few times larger than the typical values of oxide and 

fluoride glasses. [W. J. Miniscalco, 1993] 

The luminescence lifetimes of the transitions from the to %5a levels, Ti, and 

^Iu/2 to ''lt5/2 levels, T2, were obtained from the measured luminescence decay curves 

centered at 1.54 [im and 1.00 ^m, respectively. X2 was determined by fitting the 

luminescence decay curve from the "*111/2 level to a single exponential curve. The 



population of at the •*Ii3/2 level, Ni(t), is related to the population at the level, 

N2(t), with A'", (/) C3C A'", (0) [exp(-/ / r,) - exp(-/ / r,)], where t is the time after the pulse 

excitation. Therefore, the lifetime from the •*Ii3/2 level was determined by fitting the 

luminescence decay curves from "*113/2 level to this equation using the experimentally 

obtained lifetime X2. Er^" concentration dependencies of the obtained lifetimes, ti (solid 

circles) and T2, (solid squares) are shown in Fig. 2.13. The solid lines are the empirical 

formula, T(P)=TO/[1+( p/p,)^], relating the lifetime, T, with the concentration of rare-earth 

ions, p. Here, to is the lifetime in the limit of zero concentration and Pq is the quenching 

concentration in which the lifetime becomes half of Tq. For the present glass system, the 

obtained values of Tq and pq are 0.89 ± 0.03 ms and 5.2 x I0^° ions/cm^, respectively, for 

the emission from the ''I11/2 level, and 1.9 ± 0.1 ms and 4.0 x 10^° ions/cm^, respectively, 

for the "*113/2 level. The radiative lifetimes calculated from the Judd-Ofelt analysis are 1.39 

± 0.04 ms and 1.7 ± 0.1 ms for the "*111/2 and "*Ii3/2 levels, respectively.[W. F. Krupke, 

1966] The quantum efficiencies estimated from these lifetimes are approximately 65 ± 2.7 

% and >92 %, for the %\a and "*113/2 levels, respectively. The high quantum efficiency of 

the "*Iii/2 level is a consequence of the low phonon energy of this sulfide based glass. On 

the other hand, it is known that the OH" bond works as a quenching center for "*Ii3/2, 

shortening the lifetime.[P. Gapontsev, 1982] The average absorption coefficient and its 

standard deviation of these samples at 3400 cm*', which corresponds to the OH" stretching 

mode, was measured at 1.4 ± 0.27 cm"' from infrared transmission spectra. The 
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quenching effects on the luminescence lifetimes due to this OH" concentration are small, 

yielding an excess 5 % standard deviation of the measured lifetimes of the obtained value. 

1 10 

Er^ concentration (10^ cnnf^ 

Figure 2.13, Dependence of the lifetime of the 1.54 |im and 1.0 |im emission bands on the 
Er^" concentrations in Ga2S3-GeS2-La2S3 glasses. 

The gain coefficients of the 1.5 jim emission band were estimated using the 

experimentally obtained cross sections and lifetimes. We assumed that the quantum 

efficiency of the '*Ii3/2->'*Ii5/2 transition was 100 % and the pump beam at 1.49 ^im was 

uniformly focused across a 4 |im spot. Based on a quasi-two level system, the gain 

coefficient, g(VJ), is given as:[E. Desurvire, 1994] 



Uq(v„)-l -Tin P„ 
g(vJ = Poa.(vJ y ^ , U = -^, q(v,) = -^-^, (2.9) 

i+q(Vp) i + Tip P»t(Vp) 

p r  
" ' ''' â y,)-

where vj is the frequency of the signal 0 = s) or pump (j = p) beams respectively; S is the 

area of the focused spot; and Pp is the pump power. For this calculation we chose an Er^^ 

concentration of po=l x 10^° cm'\ Figure 2.14 (a) shows the calculated gain coefficients 

at different pump powers. In comparison, the gain coefficients of a commercial phosphate 

glass are shown in Fig. 2.14 (b), calculated using experimentally obtained parameters in 

which a pump wavelength of 1.48 |im was assumed.[T. Ohtsuki et al., 1995] The larger 

absorption cross section of Er^" in the Ga2S3-based glass makes the threshold pump power 

higher compared with the one for the phosphate glass. However, the gain coefficients 

above the threshold pump power for the Ga2S3-based glass are comparable or even larger 

than those of the phosphate glass. The bandwidth of the obtained gain spectra of Er^* in 

the Ga2S3-based glass is about 20 nm, centered near 1.55 |im. The quenching 

concentration of this glass is high enough to enable the fabrication of compact devices 

with lengths of a few centimeters. These results indicate a great potential to utilize this 

glass as a host material for 1.5 |im integrated laser and amplifier applications. 
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Figure 2.14, Calculated gain coefficients at different pump powers, (1) 0, (2) 8, (3) 16, 
(4) 40 mW, (a) for a Ga2S3-GeS2-La2S3 glass, and (b) for a typical phosphate glass. The 
corresponding absorbed pump powers are (a) (1) 0, (2) 0.75, (3) 0.98, (4) 1.2 mW/cm, 
and (b) (1) 0, (2) 0.28, (3) 0.31, (4) 0.34 mW/cm, respectively. An Er^^ concentration of 
1 X 10^° cm"^ is assumed. 



2.4 Ion-exchange processes for waveguide fabrication 

Various glass staictures described in Section 2.3 typically have some alkali ions as 

glass modifiers, and they are weakly bound to the nonbridging oxygens. These ions have 

relatively high mobility at elevated temperatures, and can be locally exchanged for other 

alkali ions to increase the refractive index and form a waveguide. Ion sources used in ion 

exchange processes can be salt melt solutions or metallic films on the glass surface, at 

elevated temperatures. When a metallic film is used as an ion source with an electric field, 

the transfer from metal into ions can be described as an electrolysis of ions from the 

metallic anode into the glass, which acts as a solid electrolyte. In a thermal diffiasion 

process, the resulting concentration gradients make source ions diffuse into the glass. 

With molten salt ion sources, the ions can also be driven into glasses with the help of an 

electric field. This process is called as a field assisted ion-exchange. A variety of ion 

sources have been used [J. Albert, 1992, and S. Honkanen, 1992], and a combination of 

molten salt and metallic film ion exchange processes have been demonstrated [H. 

Zhenguang et al., 1988]. In this section, silver film and molten salt ion exchange 

processes used in this research are described. 

Waveguides fabricated by silver ion exchange have little stress induced birefringence, 

which is important for optical communication applications where the polarization 

dependence of devices needs to be very small. However, the silver ion has a high 

tendency to reduce to an ion due to its small reduction potential. This reduction can be 

caused by impurity ions in the glass (such as Fe^"^, or use of metallic masks. A silver ion 



reduction in the glass increases waveguide propagation losses. Therefore, specially 

designed substrate glasses are favored, and fabrication processes require special caution. 

Figure 2.15 shows schematic diagrams of (a) molten-salt thermal, (b) molten-salt field 

assisted, and (c) silver film ion exchange processes. The glass surfaces are covered by a 

deposited Ti or TiAV mask with narrow (~ 2-5 |im) photolithographically patterned 

openings to locally control the ion exchange process. In a molten-salt thermal process, the 

waveguides are formed just beneath the glass surface by immersing the glass, at an 

elevated temperature, in a salt melt (AgNOs). A field assisted process can be performed 

with an electric field applied between two sides of a substrate. The refi-active index profile 

along the depth has a step-fijnction like shape. These surface waveguides can be then 

buried below the glass surface by a second process, either thermal or electric-field assisted 

ion exchange using NaNOj melt as an ion source. A silver-film ion exchange can be 

performed by applying a voltage to silver films deposited on both sides of the glass as an 

anode and a cathode. Typically, this is followed by a thermal postbake which is necessary 

to fabricate single mode waveguides. The silver film ion exchange is a dry process which 

can be performed at relatively low temperatures, and deterioration of the glass surface is a 

much smaller problem than in the case of molten salts. Therefore, it can be used for 

waveguide fabrication in a much wider variety of glasses compared with the molten salt 

processes. 

Ion-exchange processes are modeled in terms of the transport of ions in glass. [A. 

Tervonen, 1992] The diflfiasion equation of the relative concentration, C, including the 

electric-field assisted ion exchange process is given as 
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dC DV-C £)(A/-l)(VC)-+A/Jo-VC 

at~ aM-\)^\~ [C(M-l) + f 
(2.10) 

where C = Ca/(ca+ Cb); Ca and Cb are the concentrations of dopant ion A exchanged 

into the glass and the original ion B in the glass, respectively, and the relative ionic flux, Jo 

= 0"a •*" jsyc Ca+ cb). Di is the self-diffusion coefficient of ion A or B, for i = A or B, 

respectively, and M is the ratio of self-diffusion constants, M = Da/Db- To model general 

channel waveguide processes, finite difference methods in two dimensions are used with 

the proper boundary conditions and material parameters. 

(a) (b) (c) 

Molten Salt 

Molten Salt 

Ti/W Mask 

Figure 2.15, Schematic diagrams of (a) molten-salt thermal, (b) molten-salt electric-field 
assisted, and (c) silver-film ion exchange processes. 
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The refractive index change, Ano, determined fi-om the relative concentration, C, can 

be given as: 

where Vo and Ro are the volume of glass per gram of oxygen atoms and the refraction per 

gram of oxygen atoms in the original composition. AV and AR are the changes of these 

quantities resulting from the total replacement of the original ions by the dopant ions. 

However, for a given glass it is usually not possible to accurately reflect the purely 

theoretical relationship between the concentration distribution and the refractive index 

increase. Since the linear relationship between them is accurate, experimentally obtained 

refractive index change at the glass surface is used to calculate refi-active index distribution 

in the glass. 

The mode propagation constants, P, and field distribution, E(x,y)exp(i(27cvt-Pz), in 

channel waveguides are given as solutions of the scalar wave equation using given 

refractive index profiles, n(x,y); 

where ko = 27cv/c; v is the frequency of light and c is the vacuum speed of light. Finite 

element methods are used to solve this equation. Applications of this modeling are shown 

in Chapter 5 and 6. 

(2.11) 

(2.12) 
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Chapter 3 

MODELING OF LIGHT AMPLfflCATION IN PLANAR WAVEGUIDES 

Theoretical models of light amplification in planar waveguides are described in this 

chapter. First, a three-level system with waveguide propagation, relevant to Er^^-doped 

amplifiers, is derived including the cooperative upconversion efifects. An approximate 

form to include the cooperative upconversion effects is introduced. The model is 

expanded to apply to the quasi two-level pumping scheme of Er^", and also to the four-

level system for Nd^"-doped lasers. 

In general, several energy transfer processes are involved in high Er^"" concentration 

materials.[ W. Q. Shi et al., 1990, D. C. Yeh et al., 1991, and J. C. Wright, 1976] Only 

the relevant energy transfer process, between Er^" ions at '*Ii3/2 level, in the phosphate 

waveguides for planar amplifier applications [P. Blixt et al., 1991, J. Nilsson et al., 1993, 

and E. Delevaque et al., 1993] was taken into account. The relevant energy transfer is the 

cooperative upconversion process, which is the energy transfer between excited Er'* ions 

in \-ia metastable states, leaving one ion in the ground state and the other in the higher 

%a state. Figure 3.1 shows this cooperative upconversion process together with radiative 

and nonradiative transitions in the energy diagram of Er'*. 

Several models for high Er^^ concentration fiber and glass planar waveguide 

amplifiers have been presented, which take into account Er^* ion-ion interactions.[ P. Blixt 

et al., 1991, J. Nilsson et al., 1993, O. Lumholt et al., 1995, F. D. Pasquale et al., 1995, J. 

Nilsson et al., 1993, O. Lumholt et al., 1993, M. Federighi et al., 1993, and E. Delevaque 



wt al., 1993] Figure 3.1 shows the model which describes the system by a rate equation 

with uniform upconversion coefficient, C, which represents an average transfer rate of the 

system [P. Blixt et al., 1991, and M. Federigh et al., 1993]. In addition to the uniform 

energy transfer among single ions, the model used by J. Nilsson et al. [1993], E. 

Delevaque [1993], and F. D. Pasquale et al. [1995] includes effects of ion pairs which 

distribute closely to each other compared to the average distance between ions. This is a 

proper model for Er^*-doped silica fibers, since the relatively low Er^* solubility in fibers 

causes ion clustering, and excitation diflfijsion among Er^^ ions is small due to the 

relatively low Er^' concentration. However, phosphate glasses used in this research have 

high Er'* solubility and the Er^" concentrations are high enough to have significant 

excitation diffusion [R. K. Watts, 1972, and , N. Krasutsky and H. W. Moos, 1973]. 

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

donor or acceptor system, and the uniform cooperative upconversion model is adequate. 

Another model used by 0. Lumholt et al.[1995 and 1993] includes the cooperative 

upconversion effects as a type of quenching associated with the excited Er^^ 

concentration. The empirical formula for luminescence lifetime, Tf, similar to Eq. (2.8) is 

used [O. Lumholt et al., 1995 and 1993]: 

luminescence lifetime in the limit where the concentration approaches zero, and Q the 

quenching concentration where Xf = xJ2. This is an empirical formula and has little 

r. o (3.1) 

where n(x,y,z) is the local population inversion, p the Er^" concentration, to the 
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Figure 3.1, Cooperative upconversion processes (dashed arrows), and radiative (solid 
arrows) and nonradiative (dotted arrows) transitions relevant to amplifier operation. 

physical basis. For the above reasons, we adopted the uniform cooperative upconversion 

model in the three level system rate equations for 980 nm pumping [E. Desurvire, 1994]: 

=  -  / ? , 3 +  / ? 3 ,  / / j  -  N ,  +  P K ,  N .  +  A . / N .  +  C N . J -
dt 

dN, 
-ICN,' 

dN 
- fl., Af, + /!,,® N, + A„'" N, 

where H is the population of ions in the energy level i; Rn is the pumping rate from level 

I to 3; Rsi is the stimulated emission rate between level 3 and 1; A%- is the spontaneous 

radiative decay rates and A'^ij is nonradiative decay rates between levels i and j; W12 and 

W21 are the absorption and stimulated emission rates between levels 1 and 2; and C is the 
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energy transfer rate between levels 1 and 4. The spontaneous decay from level 2 to 1 is 

essentially radiative. Spontaneous decays from levels 3 and 4 are predominantly 

nonradiative, since energy gaps between levels 2 and 3, and levels 3 and 4 are small 

compared to the maximum phonon energy of the phosphate glass matrix (Section 2.2.2). 

Calculated values for A'^32 and A'^43 yield 3.5 x 10* sec"' and 1.6 x lO' sec"\ 

respectively. These values are much larger than the pumping rate R13 = aa(Vex)Iex/(hVex), 

where a, is the absorption cross section, v is the frequency of the photon, a,(Vex) = 1.5 x 

10'^' cm^ and let is the intensity of the excitation beam. In this case, the populations at 

levels 3 and 4 are negligible, and the rate equation can be further simplified to: 

When there is no signal beam (Wn = W21 = 0), which is the case for this lifetime 

measurement, the temporal development of the population at level 2 after the pulse 

excitation is given as [E. Snokes et al., 1995]: 

where N2(0) is the number of ions exited by pump pulses to level 2, and T = I/A21 is the 

lifetime of level 2. When the ratio of the cooperative upconversion to the spontaneous 

decay rate, CN2(t)/A2i, is small, the cooperative upconversion effects are not significant 

and the population, N2(t), decays exponentially with lifetime, x. The cooperative 

upconversion processes effectively add fast decay components. More detailed 

(3.3) 

^2, 

(3.4) 
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experimental results are given in Section 4.4.2. In the case of our Er'^-doped phosphate 

glasses, the ratio is , 0.5 < CN2(0)/A2i < 2.4, under fiill inversion, that is, N2(0) = p. This 

means that the cooperative upconversion effects needs to be included to model gain 

performance of the devices accurately, yet the effects are relatively small so that the 

following approximation is appropriate. 

The rate equation (3.3) is solved for a steady-state condition [E. Desurvire, 1994], 

and only terms of first order in the cooperative upconversion coefficient are kept. The 

resulting signal and pump rate equations are given as: 

(3.5) 

12 

V s - f l p  
^Po(\ + np) 

^ = - <7( Po ( Vp )r, (<7) - a) 

r, {qi.z)) = JJ (x, y, qiz))dxdy 

(3.6) 

i2 

^+qi^)iVpix,y) 

where p(z) and q(z) are the normalized signal and pump intensities respectively. 
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where Pj, v|/j(x,y), and Sj are power, mode envelop distribution, and area of the mode of 

the signal (j = s) and pump (j ~ P) beams respectively; Oc is the emission cross section; and 

a is the waveguide propagation loss. The function ^(x,y,q) represents a normalized gain 

coefficient density, and the integral r(q) represents the averaging of population inversion 

changes across the waveguide, which is determined by both an overlap factor and a degree 

of inversion. g(Xp) = poa3(Vp)r(q) represents the overall gain coefficient for the signal 

mode. r(q) takes values between +1 and -I, and a positive net gain coefficient at 

waveguide location z can be achieved only if r(q) is positive. Effects of amplified 

spontaneous emission and gain saturation by the input signal are not included since they 

are negligible at our experimental conditions, which are; low gain regime (gain < 20 dB) 

and small input signal [B. Pedersen et al., 1990]. The gain versus pump power 

characteristics can be calculated by solving the differential equations (3.5) and (3.6), and 

adopting the experimentally obtained parameters. 

For a three-level pumping scheme, there is negligible radiative transition from the 

pumping level, ''I11/2, therefore ae(Vp) = 0 and rip = 0. On the other hand, for a quasi two-

level pumping scheme, a finite value of emission cross section at a pump wavelength 



requires the condition, rj, > rjp, to realize signal amplification. For a four level system, 

which is the case for Nd^'^-doped lasers, since there is no signal absorption, the 

corresponding rate equations are achieved by setting cye(vp) = aa(v,) = 0, and also C = 0. 
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Chapter 4 

PHOSPHATE GLASS WAVEGUTOE 

1. Introduction 

Phosphate glasses exhibit excellent spectroscopic properties of Er^", as presented in 

Section 2.3.2. However, compared to silicate glasses, their chemical instability makes it 

more difficult to fabricate low loss waveguides by ion exchange technique. A gain 

coefficient of 1.25 dB/cm has been reported in an ion-exchanged waveguide in a 

phosphate glass specially developed for molten salt ion exchange process.[D. Barbier et 

al., 1995] We recently adopted an approach which utilizes a (phosphate) glass substrate, 

developed for bulk laser applications and employing a silver film ion exchange technique in 

waveguide fabrication.[T. Ohtsuki et al.., 1995] This is possible since the silver film ion 

exchange technique can be used for waveguide fabrication in a much wider variety of 

glasses compared to molten salt processes. The silver film ion exchange is a dry process 

which can be performed at relatively low temperatures, and deterioration of the glass 

surface is a much smaller problem than in the case of molten salts.[S. Honkanen, 1992] 

To obtain a high gain within a short waveguide length, the Er^" concentration in glass 

must be as high as possible, at least two orders of magnitude higher than in typical Er^^-

doped fibers. However, the cooperative upconversion effects of erbium that compete with 

the light amplification process [H. Masuda et al., 1992, T. Kitagawa et al., 1992, P. Blixt 

et al., 1991, G. Nykolak et al., 1993, J. Nilsson et al., 1993, and E. Delevaque et al.. 



1993] set an upper limit on the Er^* concentration. As a result, the lengths of amplifier 

devices cannot be reduced to arbitrarily small value by increasing the Er^" concentration. 

Therefore, it is of utmost importance to utilize a substrate glass in which the cooperative 

upconversion coefficient of Er^"" ions is as small as possible, and to investigate the 

upconversion processes in detail to determine the optimum erbium concentration for the 

glass host used. As presented in Chapter 3, for amplifier applications using oxide glasses, 

such as silica, silicate, and phosphate, the cooperative upconversion process associated 

with the energy transfer between Er^" ions excited at ""liaa level is the most significant.[P. 

Blixt et al., 1991, J. Nilsson et al., 1993, and E. Delevaque et al., 1993] This process 

becomes relevant in high rare-earth concentration materials under high excitation densities. 

Significant gain reduction was observed in silica waveguides with high Er^^ concentrations 

( > 4.4 X lO" cm'^) due to the cooperative upconversion process.[T. Kitagawa et al., 

1992] Significant reductions of spontaneous emission lifetime were also reported with 

high pump powers in waveguides fabricated by RP-sputter deposition (Er^" concentration 

> 2,460 ppm)[G. Nykolak et al., 1993] and by Er^^ ion implantation in a sodalime glass 

(Er^" concentration of 1.4 x 10^° cm'^)[E. Snokes et al., 1995]. The energy transfer rate 

associated with the cooperative upconversion process varies strongly with host glass 

material, and its concentration dependence is different for different materials [W. Q. Shi et 

al., 1990, and D. C. Yeh, 1991]. The phosphate glasses are excellent rare-earth host 

materials in terms of their weak interaction among rare-earth ions. The high quenching 

concentration of Nd^'-doped phosphate glasses has been investigated for bulk laser 

applications.[D. W. Hall and M. J. Weber, 1986] This concentration is determined at low 
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excitation densities from the reduction of the radiative lifetime with increasing rare-earth 

concentration. The high quenching concentration implies small cooperative upconversion 

effects for these glasses. 

In this chapter, we investigate the cooperative energy transfer effects in high Er^* 

concentration waveguide amplifiers in the phosphate glass. First, the gain properties of 

our silver film ion-exchanged waveguides were characterized by the pump and probe 

technique with 0.98 |im and 1.48 jim pump wavelengths. The cooperative upconversion 

coefficients of erbium ions (concentration of 1 x 10^" cm'^) both in the waveguides and 

bulk samples were obtained from the pump intensity dependence of the luminescence 

decay curves. The Er^" concentration dependence of the cooperative upconversion 

coefficient in this glass was also investigated from experimental results with bulk samples 

with Er^* concentrations of 1.9, 2.8, and 3.7 x 10^" cm'^. Using a theoretical model 

together with these experimentally obtained coefficients, the effects of cooperative 

upconversion on the gain performance were analyzed. We discuss the potential of the 

high Er^" concentration phosphate glasses for ion-exchanged glass waveguide amplifiers. 

The energy transfer efficiency from Yb^" to Er^' was investigated in high Er'* 

concentration phosphate glasses. 



4.2 Waveguide fabrication by siiver-fllm ion exchange 

We used a l.O wt% Er203 (corresponding EH* concentration is I xlO^" cm'^) doped 

phosphate laser glass (Kigre Q89). The major alkali ion in this glass is lithium (1.57 wt 

%), and the glass transition temperature is 440 °C. Silver-lithium ion exchange was 

performed to increase the refractive index. One surface of the glass was polished and a 

300 nm thick TiAV film was deposited on this surface. Standard photolithography was 

used to open 4 jim wide straight channels. 500 nm thick silver films were deposited on 

both sides of the glass as an anode and a cathode. All of the metallic films were deposited 

by DC sputtering. The electric-field assisted silver-film ion exchange was performed at 

170 °C with a applied voltage of 100 V for 24 hours. After the ion exchange, a thermal 

postbake at 360 °C was performed for 30 minutes. Finally, all of the films were removed 

and the samples were cut and polished to 1.8 cm long waveguides. 

Propagation losses of the fabricated waveguides were measured at 1.3 (im by two 

different techniques. First, we coupled light to the waveguide via a single mode fiber and 

measured the insertion loss, which consists of fiber-to-waveguide coupling loss and the 

waveguide propagation loss. To determine the propagation loss we estimated the coupling 

loss, i.e., the mode mismatch loss, from the measured mode profiles of the fiber and the 

waveguide. The coupling loss is given as 1- r|, where t| is the mode overlap integral: 

where ^i(r) and ^2('') are the normalized modal fields of the fiber and the waveguides. 

(4.1) 
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Figure 4.1, Experimental setup for waveguide loss measurement by the end coupling 
method. 

which were obtained from the measured mode profiles. Second, the waveguide loss was 

measured by the end coupling method shown in Fig. 4.I.[M. Haruna et al., 1992, and M. 

Haruna, 1986] The output beam firom the laser diode was coupled in the waveguide using 

a lens, Li. The output light from the waveguide was focused on a mirror, and a reflected 

light is reimaged on the same waveguide end to excite the guided mode itself Since the 

second coupling can be assumed to be 100 %, the propagation loss is determined fi^om the 

insertion loss without taking into account the coupling loss. The measured value obtained 

by both techniques was 0.63 dB/cm. The main reason for the relatively high losses are the 

defects on the glass surface, and the losses can be decreased to as low as 0.15 dB/cm.[P. 

Poyhonen, 1992] 

Fabricated waveguides are multimode, and support four, three, and two modes at 

980 nm, 1.48 |j,m, and 1.54 [im, respectively, but only fundamental modes were excited in 
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Figure 4.2, Contour plots of the normalized intensity distribution of the fundamental 
modes in a waveguide taken by an infi^ared camera at distribution at (a) 980 nm (b) 1.48 
jim, and (c) 1.54 |im. 



the experiments. Intensity distributions of the fundamental propagation modes were 

measured by an infrared camera imaging the waveguide output beams with a lens (NA = 

0.4). Figure 4.2 shows the contour plots of the normalized intensity distribution at (a) 

980 nm (b) 1.48 ^m, and (c) 1.54 jim, respectively. The area associated with the fiill 

width half maxima of these modes are (a) 3.4 x 2.4 |im^ (b) 4.3 x 3.3 |im^ and (c) 4.9x 

3.5 |im^ respectively. 

4.3 Gain characterization 

The small signal gain for the two orthogonal polarization states at 1.534 ^m was 

measured by the pump and probe technique. The experimental setup is shown in Figure 

4.2 (b). The channel waveguide was pumped at a wavelength of 980 nm or 1.480 ^im, 

using a cw Ti:sapphire or CnYAG laser, respectively. A laser diode was used for the 

signal light source to measure the gain. Both pump and signal beams were focused by a 

microscope objective lens to an 8 |im spot size, and were subsequently coupled into the 

waveguide. Only fundamental modes in this multimode channel waveguide were excited 

by these focused Gaussian laser beams. The power launched into the waveguide was 

calculated from the mode overlap between incident pump beam and its waveguide 

propagation mode. The output light from the waveguide was measured by an InGaAs 

detector and a photomultiplier attached to the exit ports of the spectrometer. No 

upconversion luminescence at visible wavelengths was observed up to the maximum 

excitation intensity of 1.1 x 10® W/cm^. 
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Figure 4.3, Experimental setup of the pump and probe technique used for the small signal 
gain measurements. 

The data points in Fig. 4.4 show the measured gain versus pump power launched into 

the waveguide for two orthogonal polarization states of signal (solid and open circles), 

and for (a) 980 nm and (b) 1.48 ^xm pump wavelengths. The inherent loss due to the 

erbium absorption at the signal wavelength was approximately 4.8 dB. The measured 

polarization dependence of the gain is less than 0.1 dB. This confirms that the waveguide 

has little stress induced birefiingence. Although the experimentally obtained gain is only 

comparable to the total losses of the waveguide, one should be able to improve it 

significantly by increasing the waveguide length and reducing the propagation losses. 

Since the waveguide length is only 1.8 cm, only about 20 % of the launched pump power 

was absorbed by the waveguide at 100 mW and 60 mW pump powers, for 980 nm and 

1.48 |im pump wavelengths, respectively. 
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Figure 4.4, Small-signal gain at 1.534 [im versus pump power launched into a 1.8 cm 
long Er^'^-doped phosphate glass waveguide. The polarization state of the pump is TE, 
and the signal is TE (solid circle) and TM (open circles). Pump wavelengths are; (a) 980 
nm and (b) 1.48 |im. The three curves are calculated results adopting the experimentally 
obtained cooperative upconversion coefficient C = 9.3 x 10'" cmVsec (solid), ten times 
larger values of C (dashed), and without cooperative upconversion processes (dotted). 
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Figure 4.5, shows the calculated results for r(q), ^(x,0,q), and the pump and signal mode 
envelopes, (a) Pump and (b) signal mode envelopes in x direction at the center. The 
plotted values were normalized by the peak value of the pump mode, (b) The normalized 
gain function ^(x, yo)for different values of the normalized pump power ,(l)q = 0(Pp = 0 
mW), (2) q = 5, (Pp = 25 mW), (3) q = 10, (Pp = 50 mW), (4) q = 50, (Pp = 248 mW). 
The overlap-inversion factor corresponding to each pump power is (1) F = 0, (2) T = -
0.179, (3) r = 0.002, and (4) T = 0.291. 

Since the waveguide was fabricated in a uniformly doped glass, erbium distribution 

outside the central region of the core, where no population inversion occurs, contributes 

to loss. Therefore, the overlap between pump and probe beam is of significant importance 

in achieving efficient pumping. In particular, for 980 nm pump wavelength, the difference 

between pump and signal mode intensity distributions are large, and the mode overlap can 

be poor. This overlap factor and the degree of population inversion were investigated for 



980 nm pumping, using the experimentally obtained mode profiles. Figure 4.5 shows the 

calculated results for r(q), ^(x,0,q), and the pump and signal mode envelopes. The net 

gain becomes positive, that is r(q) > 0, when the normalized pump power, q, is greater 

than 10 (50 mW). This value is rather high, due to the extended mode distribution of the 

signal beam, and the contribution to the loss from outside of the central region of the 

waveguide is significant. For the 1.48 |im pump wavelength, the mode overiap between 

pump and signal beam is better than in the case of 980 nm pumping, and the steeper slopes 

of the gain curves are observed at low pump powers (Fig 4.4 (b)). Detailed comparisons 

of different waveguide parameters are discussed in Chapter 5 using amplifier modeling, for 

980 nm and 1.48 |im pump wavelengths. 

4.4 Experimental measurement of cooperative upconversion coefHcients 

Cooperative upconversion coefficients were determined fi*om the excitation intensity 

dependent luminescence decay properties of the •'I13/2 level. Both bulk and waveguide 

samples were used, which were taken from the same glass with the Er^" concentration of 1 

X 10^° cm'^. An acousto-optical modulator was used to obtain excitation pulses ( pulse 

width Tp = 100 lis) fi"om a cw Ti:sapphire laser output with a wavelength of 980 nm. The 

excitation beam was focused on the bulk sample to an 8 jim spot size. The depth of focus 

of the beam was 100 |im, and a 100 |im thick bulk sample was used so that the variation 

of the excitation density in the sample was kept small. For a waveguide sample, the 

excitation beam was coupled into the waveguide, and the spontaneous emission was 



collected from the side surface of the waveguide. The measured mode size of the 

excitation beam in the waveguide was 3.4 x 2.4 jim^. The luminescence was detected by 

an InGaAs detector attached to a spectrometer. 

Figure 4.5 shows the luminescence decay curves as a function of time for various pump 

intensities for (a) the bulk, and (b) waveguide samples. For high pump intensities, there 

are fast decay components which attribute to cooperative upconversion processes, 

whereas decay curves with lower pump intensities are fit by single exponential decays. 

The lifetime obtained from the decay curve of the bulk sample with the lowest pump 

intensity is 7.15±0.03 ms, which is approximately the same value as the radiative lifetime 

calculated using a Judd-Ofelt analysis [B. R. Judd, 1962, and G. S. Ofelt, 1962] (7.4 ±0.7 

ms). This indicates that no significant concentration quenching occurs in this glass sample. 

The lifetime of the waveguide sample was obtained from the decay curve of the lowest 

pump intensity. Since the decay curve has small fast decay components immediately after 

the excitation, the decay curve at t > 2 ms was used for fitting to a single exponential 

curve. The obtained value, 5.75±0.03 ms, is smaller than the one of the bulk sample. This 

reduction in the lifetime is probably due to the nonradiative decay associated with 

excitation of the OFT stretching mode. [P. Gapontsev, 1982] The OH* concentration near 

the surface of the glass is higher due to hydrolysis. [M. Tomozawa, 1975] The OH" 

concentration might have been increased further by the depletion region formed beneath 

the mask [D. E. Carlson et al., 1972] during the field assisted ion exchange process. Since 

the waveguide was fabricated on the surface, Er^^ ions in the waveguides are affected 
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Figure 4.6, Luminescence decay curves at dififerent pump intensities for (a) bulk and (b) 
waveguide samples. The average population inversion rates are (a) 0.23, 0.13, 0.068, 
0.028, 0.012, and 0.007, and (b) 0.84, 0.61, 0.29, 0.15, and 0.098. Dashed curves show 
single exponential decays with a lifetime of (a) 7.15 ms and (b) 5.75 ms. Solid curves are 
calculated results using a cooperative upconversion coefficient of (a) 7.7 x 10'" cm^/sec 
and (b) 9.3 x 10*" cmVsec. 



more by this excess OH" concentration than the ones in bulk. 

Cooperative upconversion coefficients were determined by fitting these decay curves 

to the upconversion model given in Eq. (3.4). The ion densities excited by pump pulses to 

level 2, N2(0), was calculated as NiCO) = po[l-exp(-Ri3Tp)], since the excitation pulse 

width is much shorter than the lifetime of level 2. The average values of N2(0)/po over the 

excited volume for the bulk sample were calculated using the focused Gaussian beam 

intensity distribution. The yielded values in Fig. 4.6 (a) are 0.23, 0.13, 0.068, 0.028, 

0.012, and 0.007. For the waveguide sample, the average values of N2(0)/po were 

calculated using the measured mode size of the excitation beam. The yielded values in 

Fig. 4.6 (b) are 0.84, 0.61, 0.29, 0.15, and 0.098. The experimental decay curves with the 

highest excitation intensities for bulk and waveguide samples were fitted to this 

cooperative upconversion model using these average values of N2(0). The obtained 

cooperative upconversion coefficients are 7.7±0.7 x 10"'' and 9.3±0.7 x 10"'' cmVsec for 

bulk and waveguide samples respectively. The error margins are due to the resolution 

limit in the measurement of the pump beam area size and error in the measurement of the 

lifetime. The measured values of the coefficients at different positions of the bulk sample, 

and in different waveguides, were within these error margins. The calculated populations 

of level 2, using these values, are shown as functions of time in Fig. 4.5 with solid curves. 

The agreement between experimental data and calculated values over the various pump 

intensities validates the obtained values. The slightly larger values for the waveguide 

sample may be attributed to the effects of other decay components included in the 
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cooperative upconversion coefficient. The small differences between experimental data 

and calculated results in the waveguide sample at lower excitations also indicate these 

additional decay components. These components may be due to the excess OH" 

concentration. 

The obtained cooperative upconversion values are approximately one order of 

magnitude smaller than those reported for waveguides having erbium ions of 

approximately the same concentrations incorporated by other techniques [P. Blixt et al., 

1993, E. Snokes et al., 1995, and F. D. Pasquale et al., 1995]. This indicates that higher 

Er^" concentrations can be used in this glass, doped in melting process, which offers 

distinct advantages in the fabrication of compact devices. 

Er^" concentration dependence of the cooperative upconversion coefficients was 

investigated using bulk samples of Er^" concentrations: 1.9, 2.8, and 3.7 x 10^° cm'^, in 

order to determine the potential use of higher Er^"^ concentrations in this glass for 

waveguide amplifiers. The glass melts were newly prepared under the same controlled 

environment. Cooperative upconversion coefficients were determined using the procedure 

described above. Figure 4.6 shows the measured luminescence decay curves together with 

the calculated populations of level 2, using experimentally obtained cooperative 

upconversion coefficients, for Er^" concentrations (a) 1.9, (b) 2.8, and (c) 3.7 x 10^° cm'^, 

respectively. The obtained cooperative upconversion coefficients are shown in Fig. 4.7 as 

a function of Er^'^ concentrations, together with the transition probabilities, A21 = 1/x, 

determined under the low excitation conditions. The obtained values, A21, for these 
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Figure 4.7, Luminescence decay curves at different pump intensities for bulk samples with 
Er^"^ concentrations, (a) 1.9, (b) 2.8, (c) 3.7 x cm"^. The average population inversion 
rates are (a) 0.23, 0.13, 0.070, 0.027, 0.011, and 0.0062, (b) 0.24, 0.14, 0.068, 0.030, 
0.013, and 0.0057, and (c) 0.22, 0.13, 0.072, 0.029, 0.011, and 0.0069. Dashed curves 
show single exponential decays with a lifetime of (a) 8.2 ms, (b) 8.1 ms, and (c) 7.9 ms. 
Solid curves are calculated results using a cooperative upconversion coefficient of (a) 6.0 
X 10'^' cmVsec, (b) 7.4 x 10'" cmVsec, and (c) 8.4 x 10"'' cmVsec. 

samples are slightly smaller than the one for the sample with an Er'"^ concentration of 1 x 

10^° cm'^. We believe that this is due to the difference in the portion of the melt from 

which the glass was taken. The sample used in the previous section was taken near the 

surface of the melt, where the fluctuation in glass composition is noticeable.[S. Jiang, 

1996] The newly prepared samples were taken from the central portion of the melt. The 

Er^* distribution in the previous sample, therefore, may not be as uniform as those in the 
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samples with higher Er^" concentration. Among the newly prepared samples, both the 

cooperative upconversion coefficients and the transition probabilities, A21, increase 

monotonically with the increase in Er^" concentrations. This indicates the increase in 

interactions both between excited ions, and between excited and ground state ions. 

However, the increase in these values is reasonably small, unlike in the case reported for 

fluoride glasses, where the upconversion coefficient increases much faster with increasing 

Er^" concentration [W. Q. Shi et al., 1990]. 

o 1.0 

2 3 4 

Er̂ "̂  concentration (10 °̂ cm"̂ ) 

Figure 4.8, Cooperative upconversion coefficients, and the transition probabilities, A21 -
1/x, as a function of Er^* concentrations. 



4.5 High Er^ concentration amplifiers 

In this section, we discuss the potential use of higher Er^^ concentrations in this glass 

for waveguide amplifiers. The discussion is based on a theoretical model together with 

experimentally obtained cooperative upconversion coefficients. 

The gain versus pump power characteristics were calculated for the sample with Er^* 

concentrations, l.O x 10'^° cm"^ by solving the differential equations (3.5) and (3.6) The 

experimentally obtained parameters were adopted: cya(Vj) = 4.9 x 10'^' cm^ and ae(Vj) = 

7.5 X 10'̂ ' cm  ̂for signal; aa(Vp) = 1.5 x 10'^' cm  ̂for 980 nm pumping; and aa(Vp) = 1.8 x 

10"^' cm^ and ae(Vp) = 7.9 x 10'^ cm^ for 1.48 |am pumping. Experimentally measured 

intensity distributions (Fig. 4.1) were used as the pump and signal mode envelope 

distributions. Figure 4.3 shows the calculated results (solid line) together with measured 

gains as a function of pump power launched into the waveguide for (a) 980 nm and (b) 

1.48 nm pumping. The agreement between experimental data and calculated values is 

within the accuracy of the mode overlap determined by the experiments, and justifies the 

use of this model. Calculated results without cooperative upconversion (dotted curve) 

and with ten times higher coefficient (dashed curve) are also shown in Fig. 4.3. This 

higher coefficient corresponds to the one reported for silica glass [F. D. Pasquale et al., 

1995], and results in significant gain reduction (> 1.5 dB). This gain reduction is 

consistent with the results obtained in other works.[F. D. Pasquale et al., 1995, and M. 

Federighi et al., 1993] On the other hand, the reduction in gain due to the cooperative 

upconversion of the waveguides used for this experiment is less than 0.3 dB. This is 
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promising, and bodes well for further investigation of higher concentrations of Er^" with 

this phosphate glass. 
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Figure 4.9, Calculated small-signal gain at 1.534 nm versus 1.48 (im pump power for a 4 
cm long waveguide with an Er^" concentration of 3.7 x 10^° cm'^, and a propagation loss 
of 0.15 dB/cm. Solid curve shows the result with the experimentally obtained cooperative 
upconversion coefficient C = 8.4 x 10'" cmVsec (solid), and dashed curve shows the 
result without cooperative upconversion processes (dashed). 

The amplifier performance for higher concentrations was analyzed based on the 

experimentally obtained values of cooperative upconversion coefficients. Figure 4.9 

shows the calculated gain for 1.48 |im pumping as a function of pump power, for a 4 cm 

long waveguide with an Er^* concentration of 3.7 x 10^° cm'^, and a propagation loss of 

0.15 dB/cm. The effects of the cooperative upconversion processes are shown in Fig. 4.9, 

in terms of the calculated gain (solid circles) vs. Er^* concentration at pump powers of 90 
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mW (dashed line) and 150 mW (solid line). The calculated gain without cooperative 

upconversion effects is also shown for comparison (solid squares). The pump efficiency 

decreases due to the cooperative upconversion effects, having a 4.2 dB gain degradation 

at 90 mW pump power. By increasing pump power up to 150 mW, however, a 4 cm 

waveguide with an Er^* concentration of 3.7 x 10^° cm"^, can achieve a 12 dB gain. 
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Figure 4.10, Calculated gain vs. Er^" concentration at pump powers of 90 mW (dashed 
line) and 150 mW (solid line), with (solid circles) and without cooperative upconversion 
effects (solid squares). 
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4.6 Energy transfer efllciency in Yb/Er system 

In the previous sections, high Er^^ concentration effects in singly doped materials 

were investigated. In this section, energy transfer efficiency from Yb^" to Er'"^ in high Er^" 

concentration phosphates glasses are studied. For 980 nm pumping, the energy transfer 

from Yb^"^ to Er^" can be used for efficient pumping by increasing the pump absorption 

near 980 nm. Since erbium has only weak pumping bands, this is particularly important 

for bulk lasers with low Er^* concentrations and short length, and much research has been 

done to find optimum systems [V. P. Gapontsev et al., 1973 and 1982, E. Snitzer, 1966 

and 1968, J. G. Edwards and J. N. Sandoe, 1974, and S. G. Lunter et al., 1984]. This can 

also be the case for planar waveguide amplifiers of short length. Figure 4.11 shows the 

absorption spectra of the 1.9 x 10^® cm'^ Er^"^ and 3.7 x 10^° cm"^ Yb^" doped phosphate 

glass. Yb^^ has a strong absorption band at a peak wavelength of 975 nm with a broad 

absorption band at its shorter wavelength side. The peak absorption cross section, 1.3 x 

10'^° cm^ , is 7.6 times larger than the one of the Er^" absorption band at 977 nm (1.7 x 

10'^^ cm^). This large absorption cross section enables a high pump efficiency as well as a 

wider selection of pump wavelengths. Before reliable, high-power 980 nm laser diodes 

became available, the sensitization using Yb-Er energy transfer was studied for bulk glass 

lasers [J.G. Edwards and J. N. Sandoe, 1974, E. F. Artem'ev et al., 1981, A. G. Murzin 

and V. A. Fromzel, 1981, A. G. Murzin et al., 1985, and V. P. Gapontsev et al., 1982] 

and fiber lasers [M. E. Fennann et al., 1988, and G. T. Maker and A. I. Ferguson, 1988] 

and amplifiers [S. G. Grubb et al., 1991, J. E. Townsend et al., 1991, S. G. Grubb et al.. 
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1992] using Nd:YAG (1.064 ^m) or Nd;YLF (1.053 |am) lasers as pump sources. For a 

thin bulk laser [P. Laporta et al., 1991] (2.5 mm thick) and a microchip laser [P. Laporta 

et al., 1993] (200 |j,m thick) with relatively high Er'" concentration, the Yb-Er 

sensitization is necessary to realize population inversion by laser diodes at 980 nm. 
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Figure 4.11, Absorption spectrum of a 1.9 x 10^° cm"^ Er^"^ and 3.7 x 10^° cm*^ 
doped phosphate glass. 

This energy transfer process is governed by a dipole-dipole interaction similar to the 

one which causes the cooperative upconversion among Er^\ but in this case the 

interaction is between Yb^" and Er^". Therefore, the transfer rate depends on the distances 

between ions, that is, the concentrations of the sensitizer, Yb^", and activator, Er^"". A 

detailed experimental and theoretical investigation of the bulk Nd-Yb-Er laser system with 



Li-Mg-SiOz base glasses was shown by [J.G. Edwards and J. N. Sandoe, 1974], leading to 

the determination of optimum sensitizer concentrations. Experimental studies of the Yb-

Er energy transfer [V. P. Gapontsev et al., 1982] have shown the advantages of phosphate 

glass demonstrating an energy transfer efficiency close to 100 %. The resulting optimum 

Yb^* concentrations are 1.3 x 10^' cm'^ [J.G. Edwards and J. N. Sandoe, 1974] and 1.5 x 

10^' cm'^ [V. P. Gapontsev et al., 1982] for Er'" concentrations of 2.2 to 3.2 x lO" cm*^ 

and 3.5 X lo" cm'^ respectively. The energy transfer rate dependence on ytterbium 

concentration has been observed to be linear in silicate and fluorophosphate glasses, while 

it is quadratic in phosphate and borate glasses. The reported dependence on erbium 

concentration is linear for all glasses [V. P. Gapontsev et al., 1982]. 

For planar waveguide amplifier applications, an Er^* concentration on the order of 

10^° cm'^ is required to realize devices of a few centimeter length. The energy transfer 

rate of 8 x lO" cm"^ Er^" and 4 x 10^° cm"^ Yb^* doped borosilicate glass was reported to 

be 45 % under week excitation by measuring the luminescence intensity, and a significant 

reduction in the energy transfer rate was also reported when the relative level of excitation 

of Er^"^ increases.[J. E. Roman et al., 1995] The reduction in the energy transfer rate has 

been studied in bulk laser glasses and has been attributed to the wide dispersion of energy 

collection rates by Er^" sites fi^om donor surroundings.[ V. P. Gapontsev et al., 1982] As 

a result, the Er^* ions with higher rates are excited initially, and do not participate in the 

transfer process due to lack of energy migration in the erbium subsystem. It is, therefore, 

important to investigate the energy transfer rate for the materials used for the planar 



waveguide amplifier under the excitation conditions similar to the ones in the device 

operation. In this research, energy transfer rates from Yb^"^ to Er^" are experimentally 

determined for high Er^'-doped phosphate glasses by a pump and probe technique and 

lifetime measurements. 

Bulk phosphate glasses (Kigre Q89), singly doped with Er^"' and codoped with 

Er^'^AT)^^ were used for the experiments. The thickness of the samples were 

approximately 2.5 mm, and the concentrations of Er^*, pEr, and Yb^', per, used for 

experiments are listed in Table 4.1. The pump and probe technique was used to evaluate 

the population change at the •'I13/2 level of Er^'. The luminescence lifetimes of the 

transitions from the "F5/2 of Yb^^ and the '1,3/2 of Er^* were also measured. A pump beam 

fi-om Tiisapphire laser and a probe beam fi-om a laser diode were focused on the samples 

to 49 |im and 39 nm spot sizes respectively. The depth of focus of these focused beams 

were 5.7 mm and 2.4 mm, respectively. The transmitted probe beam at 1.535 |im was 

detected by an InGaAs detector attached to a spectrometer. Gain coefficients of the \-ia 

to "*115/2 transition in samples were determined from the change in transmitted power of the 

probe beam as a function of absorbed pump power. Pump wavelengths of 977 nm (Er^"^ 

absorption peak), 975 nm (Yb^* absorption peak), and 955 nm were used to investigate 

effects of pump wavelengths. Absorbed pump power was determined by measuring the 

power of the transmitted pump beam. 

Figure 4.11.(a) shows the gain coefficients of the ''I13/2 to *lim transition as a function 

of absorbed pump power for 1.9 x 10^" cm"^ Er"" doped phosphate glass (sample 1; solid 



circle), and 1.9 x 10^° cm*^ and 3.7 x 10^" cm'^ codoped phosphate glass 

(sample 3; solid square, up/down triangles). The gain coefficients for both samples show 

the same values at a given absorbed pump power within the accuracy of the 

measurements. This indicates that the pump energy absorbed by Yb^^ is transferred to 

Er^" with nearly 100 % efficiency, realizing the same levels of population inversion for 

both samples. The relative level of excitation of Er"*, n«t, was estimated using the relation, 

Pa-^ 
"«=T-77 (4.2) 

hvAlp^^ 

where P,, T, V. A, and 1, are: the absorbed pump power by Er'"; lifetime of the Er^"^ "*Ii3/2 

level; pump photon frequency; area of focused pump beam; and the length of the sample, 

respectively. The corresponding relative excitation levels for 12 and 24 mW of absorbed 

pump power are 0.5 and 1, respectively. The gain coefficient of Yb-Er codoped sample 

increases almost linearly as absorbed pump power increases up to 12 mW, giving the same 

values as the singly doped sample. The small decrease in gain coefficients at absorbed 

pump powers of larger than 12 mW (deviating from the linear increase) is attributed to the 

depletion of Er^" at ground state. 

Figure 4.12 (b) shows the gain coefficients for a 2.4 x 10^° cm"^ Er^" and 2.8 x 10^° 

cm'^ Yb^"^ doped sample (sample 4; solid squares, up/down triangles), together with 

calculated gain coefficients for 2.4 x 10^° cm'^ Er^" singly-doped glass (solid line). The 

gain coefficients for 2.4 x 10^° cm'^ Er^"^ singly-doped glass were estimated firom the 

measured gain coefficients for 1.9 x 10^" cm'^ (sample 1; open circles) and 3.7 x 10^° cm'^ 

(sample 2; open squares) Er^" singly-doped glasses. This codoped sample also shows 



90 

10 20 30 40 

Absorbed Pump Power (mW) 

O -1.0 

10 20 30 40 

Absorbed Pump Power (mW) 

Figure 4.12, Gain coefficients of the to *l\in transition as a function of absorbed 
pump power, (a) 1.9 x 10^° cm'^ Er^'^ doped phosphate glass (solid circle), and 1.9 x 10^° 
cm*^ Er^* and 3.7 x 10^° cm'^ Yb^' doped phosphate glass (solid square, up/down 
triangles), (b) 2.4 x 10^° cm'^ Er^^ and 2.8 x 10^° cm'^ Yb^" doped phosphate glass (solid 
square, up/down triangles), 1.9 x 10^" Er^"^ doped phosphate glass (open circle), and 2.8 x 
10^° Er^"^ doped phosphate glass (open square). Solid curve is the calculated gain 
coefficients for 2.4 x Er^"" doped phosphate glass. Pump wavelengths are 977 nm 
(solid circle and square), 975 nm (solid up triangle), and 955 nm (solid down triangle). 
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nearly 100% transfer efficiency at absorbed pump power smaller than 9 mW. The 

corresponding level of excitation is 0.3. The deviation from the linear increase as 

absorbed pump power increases is more significant than in sample 3, indicating a lower 

transfer efficiency at high levels of excitation. For both Yb/Er codoped glasses (sample 3 

and 4), pump wavelength dependencies of the gain are small. Slightly larger gain 

coefficients are observed when samples are pumped directly at the Er^" absorption peak. 

The luminescence lifetimes from the ^Fsa level of Yb^" are shown in Table 4.1. The 

measured luminescence lifetime of Yb"*" in the presence of Er^*, Xyb, is expressed by: 

— = 4- + — (4.3) 
'^Yb n '^Yb-Er 

assuming that the luminescence lifetime of Yb^"^ without Er^", T°yb, does not change in the 

presence of Er^", where tyt-Er is the time constant of the transfer process from Yb^" to Er^". 

When the transfer time constant Xyb-Er is small compared to the decay time constant of 

Yb^"^, Tyb, the transfer efficiency is the ratio of the transfer rate to the overall decay rate; 

rj  (4.4) 
^Yb-ER ^ 

Referring to the data given in the References [U. Griebner et al., 1996], t°yb can be 

estimated as 2.2 ms for Yb^" concentrations of 2.8 x 10^" cm'^ and 3.7 x 10^° cm'^. The 

transfer efficiency deduced from the measured lifetime Xyb is 0.94 and 0.93 ms for Yb^* 

concentrations of 2.8 x 10^° cm"^ and 3.7 x 10^° cm"^, respectively, which is consistent 

with the values obtained from pump and probe measurements. 



Although some of the previous works [J. E. Townsend et al., 1991, and J. E. Roman 

et al., 1995] suggested that the ratio of the concentrations Yb/Er affects the transfer 

eflRciency, our experimental results exhibits nearly 100 % transfer efficiency with the 

relatively low concentration ratio Yb/Er of 1.2 and 2 compared to the typical value of 10 

[V. P. Gapontsev et al., 1982, and J. E. Townsend et al., 1991], This can be attributed to 

the rapid diffusion of the excitation among Er^"^ as well as the efficient pumping of Yb^". 

The pump wavelengths used in this experiments are within the absorption band of Yb^\ 

while the pump wavelength, 1.064 ^im, used in the previous studies [J.G. Edwards and J. 

N. Sandoe, 1974, E. F. Artem'ev et al., 1981, A. G. Murzin and V. A. Fromzel, 1981, A. 

G. Murzin et al., 1985, and V. P. Gapontsev et al., 1982] is located on the falling long 

wavelength tail of the absorption band. Therefore, in our experiments high excitation 

density of Yb^* can be achieved even with relatively low Yb^* concentration. The 

diffusion of the excitation among Yb^" has been observed to be dominant at Yb^* 

concentrations of 2 or 3 mol% or higher [R. K. Watts and H. J. Richter, 1972, and N. 

Krasutsky and H. W. Moos, 1973]. Since the concentrations of both Er^* and Yb^" used 

in this experiment are in this range, excitation diffusion among Er^" as well as Yb^" is 

significant, increasing the Er^^ sights available for energy transfer. If the material has a 

high back transfer rate, having excited Er^"^ sites near unexcited Yb^"^, it may cause 

significant decrease in transfer rate.[V. P. Gapontsev, 1982, J. E. Roman et al., 1995] As 

shown in section 2.2.2, the "*111/2 level of Er^" in phosphate glasses has a short lifetime (2.8 

jis), therefore, the back transfer to Yb^* is negligible, realizing a high energy transfer 

efficiency. Furthermore, since the transfer efficiency depends only weakly on the pump 
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wavelength, it is possible to select pump wavelengths to adjust the total absorption in 

devices without decreasing the energy transfer rate. 

TABLE 4.1, Concentrations of Er^"^, per, and Yb^", pvb, in phosphate glasses, and 
measured luminescence lifetime of Er^"" level and Yb^"^ ^Fs/2 level. The luminescence 
lifetime of Yb^"^ without Er^"^, T°yb, was taken from the Reference ]U. Griebner et al., 
1996]. Tyb-Er is the calculated time constant of the transfer process from Yb^* to Er'*. 

Phosphate Glass Per 
(10^° cm-') 

pM> 

(10^° cm"') 
tEr 

(msec) 
tYb 

(msec) 
t°Yb 

(msec) 
tYb-Er 

(msec) 
1 1.9 0 8.2 - - -

2 2.8 0 8.1 - - -

3 1.9 3.7 8.2 0.13 2.2 0.14 
4 2.4 2.8 8.1 0.15 2.2 0.16 

4.7 Summary 

Channel waveguides in an erbium doped phosphate laser glass were fabricated by a 

dry silver-film ion exchange technique. The small-signal gain properties of the channel 

waveguides were characterized by the pump and probe technique with 0.98 |a.m and 1.48 

nm pump wavelengths. The cooperative upconversion processes of the waveguides were 

studied from the pump intensity dependence of luminescence decay curves. Cooperative 

upconversion coefficients of the •'I13/2 level, 7.7±0.7 x 10'" cm' /sec and 9.3±0.7 x 10"'' 

cm'/sec, were obtained for Er'" concentration of 1 x 10^° cm"' in the bulk and waveguide 

samples, respectively. These values are one order of magnitude smaller than the ones 

reported for silica glass. The increase in the cooperative upconversion coefficient with the 
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increase in Er^"^ concentration was found to be small. The effects of cooperative 

upconversion on the gain performance were analyzed for different Er'* concentrations 

using a theoretical model adopting the experimentally measured parameters. Given the 

small cooperative upconversion coefficients in this glass, Er^" concentrations potentially 

as high as 3.7 x 10^° cm'^ were shown to be feasible by the modeling. This would result in 

a 12 dB gain at 150 mW pump power with a 4 cm long waveguide. Energy transfer 

efficiencies from Yb to Er were investigated for samples with Er^"^ concentrations of 1.9 x 

10^° cm'^, and 2.4 x 10^° cm•^ The transfer efficiency was found to be 95 % or higher, 

although the ratio of the concentrations, Yb/Er, is only about 1.2 and 2 in the samples 

studied. 
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Chapter S 

DESIGN OF ION-EXCHANGED Ei^-DOPED GLASS 

WAVEGUIDE AMPLIFIERS 

In section 4, phosphate glass waveguide amplifiers were modeled for high Er'* 

concentrations, adopting the experimentally obtained parameters both for Er^"^ 

spectroscopic properties and waveguide mode profiles. In this section, we describe the 

modeling of the waveguides fabricated by various ion-exchange processes [A. Tervonen, 

1992], and compare the gain performance of these amplifiers for 980 nm and 1.48 iim 

pump wavelengths. 

We used a silver film ion exchange technique in waveguide fabrication in our 

experiments, which enables the use of a phosphate glass substrate developed for bulk laser 

applications. Since only one step of ion exchange process is involved, fabricated 

waveguides have a smaller mode size than the ones which are buried by the second step of 

ion exchange. However, the silver-film ion exchange process is limited to the fabrication 

of surface waveguides, unless it is combined with molten salt electrodes, or a subsequent 

burial step by molten-salt ion exchange [S. Honkanen, 1992], Due to the asymmetric 

structure of the surface waveguides, it is impossible to fabricate waveguides that are single 

mode both at 980 nm and 1.55 |im wavelengths, and the mode overlap between these 

wavelengths becomes poor. On the other hand, molten-salt ion exchange processes enable 

the second burial step, and make it possible to fabricate waveguides which are nearly 

circularly symmetric. This is advantageous because it increases the mode overlap. 



although additional ion diffusion during the second step results in a larger mode size. 

Molten-salt ion exchange processes can be performed either thermally or assisted by an 

electric field. The thermal process produces an ion concentration profile with lateral 

dimensions exceeding the width of the mask due to the isotropic nature of the diffusion 

process. When the field assisted ion exchange process is used for the first step, the effect 

of thermal diffusion is reduced, resulting in a step index type profile of ion concentration, 

which enables the waveguide to be fabricated with a small mode size. The field assisted 

waveguide burial process can transform the surface waveguide fabricated by the first step 

into nearly circularly symmetric waveguide. 

We have modeled four different combinations of ion exchange processes for the first 

and the second steps.[A. Tervonen, 1992] For molten-salt ion exchange processes; (I) 

Thermal followed by a thermal burial process, (2) thermal followed by a field assisted 

burial process, and (3) field assisted followed by a field assisted burial. Surface 

waveguides fabricated by (4) silver film ion exchange followed by a thermal annealing 

process are also modeled for comparison. The difflision constant, D, and the ratio of 

diffusion constant, M, are taken fi-om the values of the BGG31 glass for Na*->Ag' 

exchange. The process parameter is expressed in terms of Dt, where t is the duration of 

the process. A mask opening width of 1.5 ^m was selected to obtain a relatively small size 

waveguide. The spectroscopic properties of Er^"^, including cooperative upconversion 

coefficients, are taken from the experimentally obtained values of the phosphate glass with 

3.7 X 10^° cm'^ Er^"^ concentration. Single mode waveguides both at pump and signal 
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wavelengths, are modeled for 980 nm and 1.48 [im pump wavelengths separately. The 

process parameters are chosen to make waveguides with the smallest mode size possible 

for a given fabrication process. The process parameter for the first step of each process is 

fixed in order to fabricate waveguides which satisfy these conditions. This value is not 

unique, but resides within a narrow margin; ADt < 1.6 x 10"'^ m^ for the thermal, and ADt 

< 8.0 X 10"'® m^ for the electric field assisted process. Several process parameters for the 

second step are used to investigate the effects on the waveguide mode profile. The 

voltage applied in the electric field assisted process is chosen so that the ions are driven 

predominantly by the electric field compared to the thermal diffusion. The values used in 

this modeling are 50 V/mm for the first step, and 175 V/mm for the second step. 

The process parameters of the modeled waveguides are listed in Table 5.1, together 

with the effective indices of the guided modes. The refractive index of the substrate is 

selected to be 1.463 for all wavelengths. There are only small effects of dispersion on the 

mode profile, since the mode profile is mostly determined by the difference in refi^active 

indices between the substrate and the waveguide core. Figure 5.1 shows the intensity 

distribution of the pump and signal modes of waveguides 1, 2, 5, 7, 8, 11, and 13. Since 

single mode waveguides at 980 nm can be realized only when the signal modes at 1.55 jim 

are close to the cut off, the signal mode in these waveguides has a large mode size. On 

the other hand, the single mode waveguides at 1.48 um can be realized with much smaller 

mode profiles also at 1.55 jim. 
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Table 5.1 The process parameters and effective refractive indices of the guided modes for 
the waveguides used in the modeling. Single mode waveguides at (a) 980 nm and 1.55 
nm, and (b) 1.48 ^im and 1.55 jam. 

(a) 

Waveguide Process First step 
Dt (m-^^) 

Second step 
Dt (m-'^) 

Heflf 
(980 nm) 

nefif 
(1.55 ji nm) 

1 (1) 2340 161 1.469006 1.463372 
2 (2) 1170 161 1.468923 1.463208 
3 (2) 1170 483 1.466896 1.463262 
4 (2) 1170 805 1.466896 1.463231 
5 (3) 3.2 483 1.470720 1.464799 
6 P) 3.2 805 1.468289 1.464228 

(b) 

Waveguide Process First step 
Dt (m-'^) 

Second step 
Dt (m-'^) 

neff 
(980 nm) 

neff 
(1.48 nm) 

neff 
(1.55 |im) 

7 (1) 2340 161 1.475003 1.469430 1.468776 
8 (2) 1170 161 1.476071 1.470312 1.469622 
9 (2) 1170 483 1.472922 1.468853 1.468345 
10 (2) 1170 805 1.471191 1.467947 1.467536 
11 (3) 3.2 483 1.482839 1.475798 1.474896 
12 (3) 3.2 805 1.477679 1.472398 1.471707 
13 (4) 6.4 161 1.496923 1.481746 1.479666 
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Waveguide #1. Signal mode 

Waveguide #2, Signal mode 

Pump mode 

Pump mode 

Waveguide #5, Signal mode 
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Waveguide #7, Signal mode Pump mode 

Waveguide #8, Signal mode E^imp mode 

Waveguide #11, Signal mode Pump mode 

•t. • r 4. 

Waveguide #13, Signal mode Pump mode 

Figure 5.1, Calculated intensity distribution of pump and signal modes of waveguides, 1, 
2, 5, 7, 8, 11, and 13. Pump wavelengths are 980 nm for waveguides, 1, 2, and 5, and 
1.48 |am for 7, 8, 11, and 13. 
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Figure 5.2 shows the calculated gains of 4 cm long waveguides using the modeled 

mode profiles for pump wavelengths of (a) 980 nm and (b) 1.48 |im. A propagation loss 

of 0.1 dB/cm was assumed. For 980 nm and 1.48 (j,m pump wavelengths, mode profiles 

of the single mode waveguides at 980 nm and 1.48 nm were used, respectively. Due to 

the large mode size at the signal wavelength, single mode waveguides pumped at 980 nm 

give a smaller gain when compared to the ones pumped at 1.48 jim. The electric field 

assisted ion exchange process followed by a field assisted burial process provides the 

smallest mode profile in a given material and results in the most efficient pumping. 

Although the increased duration of the field assisted burial process makes the mode profile 

closer to circularly symmetric, the increase in the mode size results in a decrease in the 

gain. As shown in Fig. 5.2 (b), the surface waveguide fabricated by the silver film ion 

exchange accomplishes the highest pump efficiency due to the smallest mode profiles. In 

practice, surface waveguides tend to have higher propagation losses and some protection 

needs to be provided on the surface. These constraints may limit the application of the 

surface waveguides. 

As mentioned, it is preferred that waveguides are single mode also at pump 

wavelength, which assure stable operation. However, it is possible to design amplifiers 

with tapered structure to couple pump light only into the fundamental mode of a 

multimode waveguide, though additional complexity in the fabrication process will be 

introduced. Therefore, we investigate the use of the 980 nm pump wavelength for the 
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Figure 5.2, Calculated gain using the modeled mode profiles for pump wavelengths of (a) 
980 nm and (b) 1.48|j.m. 



103 

30 
1 "1 1— 1 1 1 

20 
#13  ̂ ^ 

10 -

 ̂ 0 
/ ' . 

 ̂ 0 
. 

'co 
O 

/ ' / 
-

-20 
' // 

-

-30 f -

-40 p 1 . t • 
0 20 40 60 80 100 

Pump Power (mW) 

Figure 5.3, Calculated gain with waveguide #11 and #13, for pump wavelengths of 980 
nm (dashed curve) and 1.48|im (solid curve). 

waveguides optimized for 1.48 |im pumping. These waveguides are single mode at 1.55 

|im but multimode at 980 nm. It is assumed that only the fundamental modes are excited 

in the waveguides. Figure 5.3 show the calculated gain using the mode profiles of the 

waveguide #11 and # 13 for 980 nm and 1.48 |j,m pump wavelengths. In both cases of 

waveguides, 1.48 jim pumping gives higher gain at low pump powers, and 980 nm 

pumping gives higher gain at high pump powers. The better mode overlap between 1.48 

lim and 1.55 jim wavelengths results in a higher pump efficiency at low pump power, and 

the pump absorption saturates due to the nature of the quasi two-level pumping scheme at 

high pump power. Note that the high gain at 980 nm pumping is also obtained in the 

surface waveguides (#13), in spite of the relatively poor mode overlap caused by the 
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asymmetric structure. It is therefore of utmost importance to fabricate the waveguides 

with the smallest mode profile possible. In addition, the pump efficiency for 980 nm 

pumping will be significantly improved by using Yb^" codoping. 

In summary, we modeled the waveguides fabricated by various ion-exchange 

processes, and compared the gain performance of thes^ amplifiers for 980 nm and 1.48 

nm pump wavelengths. It is of the utmost importance to fabricate the waveguides with 

the smallest mode profile in order to achieve efficient pumping. The relatively poor mode 

overlap due to the asymmetric structure of the surface waveguide has little effects on the 

gain performance. Although single mode waveguides for 980 nm pumping achieve 

relatively low gain due to the large signal mode size, utilization of multimode waveguide 

(at 980 nm) increases the gain performance for 980 nm pumping significantly. 
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Chapter 6 

EVANESCENT-FIELD-PUMPED FLUORIDE GLASS WAVEGUIDE LASERS 

6.1 Introduction 

The waveguide configurations most widely used consist of a rare-earth doped core, in 

which the pump and signal propagate, as are investigated in Chapters 4 and 5. However, 

the waveguide structure which has doped active material in the cladding region and a 

passive core is attractive for active materials in which the technology necessary to 

fabricate high quality waveguides is not available. In this structure, the pumping and 

amplification are achieved in an active material outside of the core region through the 

evanescent fields of pump and signal modes guided by the passive core of the waveguide. 

The first evanescent-field-pump laser was demonstrated in a slab waveguide with dye 

solutions as an active media [Ippen, E.P., and C. V. Shank, 1972]. A thorough 

characterization of this type of slab waveguide lasers was carried out using numerical 

modeling, showing performance that would be of practical interest for some typical 

configurations [Hill, K. O. et al., 1974]. The evanescent field amplifications in dye 

solutions were also demonstrated in fibers, by replacing a portion of the cladding of a 

single-mode fiber [Sorin, W. V. et al., 1983], or tapering the guide locally to increase the 

evanescent field [Mackenzie, H. S., and F. P. Payne, 1990]. The power required for these 

devices is much higher than the ones which have active media in their core. A 20 dB gain 

amplifier with a pump power below 1 W was demonstrated using this tapering method. 
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Similarly, an Er^*-doped cladding tapered-fiber amplifier was demonstrated, reporting a 

0.6 dB gain with 50 mW pump power.[I. Sankawa et al., 1990] 

(a) (b) 

Figure 6.1, The schematic view of the waveguide structure for evanescent-field 
amplification, (a) Side view, and (b) cross section. 

The schematic view of the waveguide structure for the use of the evanescent part of a 

guided mode is shown in Fig 6.1, where the refractive indices of the cladding layer, nc, 

core, nw, and substrate n, satisfy the condition, n, < nc < n*. This is favorable for efficient 

evanescent field amplification, since a significant part of the mode field extends into the 

cladding layer, and yet the waveguide can support a well guided mode. These type of 

waveguides are widely applied in integrated-optics sensors [Lambeck, P. V, and Stewart, 

G. et al.]. The cladding layer can be a chemical species under a test for sensor 

applications, or an active material used for signal amplification or electro-optic 

modulation. These waveguides can be fabricated by ion-exchange technique, having a 

surface waveguide as its core region with the maximum refi"active index at the surface. A 

fabrication process to integrate this surface waveguide with buried waveguides has been 
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Figure 6.2, (a) Position of the aluminum band before the second exchange, (b) drift-field 
distribution in the different regions of the structure, (c) lateral view of the different regions 
of the structure after the two step process. 

demonstrated by a two step ion-exchange process with losses of 0.4 dB for the transition 

region [Rehouma, F. at a!.]. In their process, after a molten salt Ag*-Na* ion-exchange, a 

field-assisted ion-exchange process is performed with a rectangular aluminum mask 

deposited on the central portion of the surface waveguide at a small angle. A schematic 



108 

view of the structure used for the second ion exchange process is shown in Fig. 6.2 (a). 

Three regions are realized: a region where the surface waveguide is totally covered by the 

mask, a region where the waveguide is partially covered by the mask, and the region 

where the waveguide is not covered by the mask. During the field-assisted ion-exchange 

process, the unmasked region of the glass have the ions in the anode molten-salt (Na*) 

diffused (Fig. 6.2 (b)), burying the waveguide. In contrast, below the mask region, ion 

diffusion is blocked by the mask, and the internal electric-field due to a space-charge 

compensates for the external applied field. The migration of the ions due to the electric 

field is then stopped, and the size change of the waveguide remaining close to the surface 

essentially depends on thermal annealing during the burial step. The transition region has 

the shape and depth of the waveguide continuously changing to connect the surface 

waveguide to the buried waveguide. The propagation losses for the transition region 

depend on the tilt angle of the mask. The 0.4 dB losses [Rehouma, F. at al.], achieved 

when the angle is less than 1°, confirm that a "semi" adiabatic transition is realized in this 

region. This process is also well suited for the evanescent-field-lasers, giving the 

possibility to integrate the laser with other components, including coupling with fibers. 

In this chapter, various waveguide fabrication techniques applied to fluoride glasses 

are reviewed in section 6.2. In section 6.3, we demonstrate, for the first time, planar 

channel waveguides of rare-earth doped fluoride glass with single mode excitation and 

propagation losses below 3 dB/cm, and in section 6.4, we also report on our observation 

of signal amplification in these waveguides. 



109 

6.2 Waveguide fabrications in fluoride glasses 

Recently, fluoride glasses have received attention as an attractive class of materials 

for fiber laser sources and optical fiber amplifiers due to their unique optical properties 

[Gambling, W. A. 1992, Brierley, M. C. at al. 1993, and Miyajima, Y. et al. 1994], They 

exhibit low phonon energies, which ensures lower nonradiative transition rates for the 

excited levels of active ions as well as their wide transmission window in infrared region. 

The short wavelength cut off of fluoride glasses goes up to the U.V., and their theoretical 

propagation losses are very low. In addition, this glass matrix is compatible with a large 

concentration of rare-earth ions. These properties have revealed a great deal of 

advantages in the fiber amplifier applications for telecommunications at 1.5 [im and 1.3 

|im, and for various upconversion fiber lasers [Adams, J. L. et al. 1994], Therefore, the 

realization of planar waveguide devices in fluoride glasses has promoted an interest in 

applications for integrated green and blue laser sources. 

Physical vapor deposition [Jacoboni, C. 1995], ion exchange [Fogret, E. et al. 1995], 

and AgF nonmetallic thin film difRision techniques [de Melo, Jr., R. P. et al. 1995] have 

been successfijlly applied to fabricate waveguides in fluoride glasses. The main 

components of fluoride glass used for physical vapor deposition have to have similar 

vapor pressures, which is the case for PbF2, ZnF2, and GaFs. Ion exchange process with a 

typical inorganic molten-salt is not applicable to fluoride glasses, due to their low glass 

transition temperature (typically 250 - 330 °C), in addition to the chemical reaction 
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resulting in corrosion of the samples. Fogret, E. et al. synthesized a lithium-containing 

organic salt to apply to indium based fluoride (BIG) and ZBLAN glasses, demonstrating 

channel waveguides with propagation losses of 10 dB/cm. They also applied anionic 

exchange mechanisms involving OH" or OD' [E. Fogret et al., 1996], however, these 

anions become quenching centers for some rare-earth ions. AgF diffusion has been used 

to fabricate slab waveguides with propagation losses of 2.4 dB/cm, though the physical 

basis of the fabrication mechanisms has not been reported [de Melo et al, 1995]. These 

values of propagation losses exceed considerably the values required for practical devices 

(typically 0.5 dB/cm or less for channel waveguides). Therefore, the evanescent-field-

amplification can be very attractive for fluoride glasses, taking fiill advantages of well-

established passive planar waveguide fabrication technology, together with the optimized 

fluoride glasses for rare-earth ions [S. Honkanen et al., 1992]. 

6.3 Waveguide structures for evanescent-field-nmpiiflcation 

We fabricated the structure using a passive ion-exchanged surface channel waveguide 

and a Nd^^-doped ZBLAN glass as the active cladding material (Fig 6.3 (a)). The 

composition of ZBLAN glass is 55.8ZrF4-i4.4BaF2-3.8AlF3-4.7LaF3-l.lNdF3-2O.2NaF, 

and the Nd^' concentration is 1.96 x 10^" cm'^. The refractive index distribution on the 

surface was measured by an Abbe refractometer at a wavelength of 632.8 nm, and the 

dispersion was obtained from the refractive index measured by prism coupling at 

wavelengths of 632.8, 790, and 1300 nm. A borosilicate glass, BGG 31, was used as the 
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Figure 6.3, (a) Schematic view of the waveguide structure used for the evanescent-field 
amplification, (b) Calculated vertical refi-active index distribution, at a wavelength of 
1.064 nm, of the waveguide at the center. The interface between Nd'^'-doped ZBLAN 
glass and passive core is located at y = 0. 
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substrate glass. BGG 31 is specially developed for Ag^-Na^ ion exchange, and the process 

is well established, resulting in low propagation losses and predictable waveguide 

characteristics. The ion-exchange was performed in AgN03 molten salt at 298 °C for 17 

minutes through a 5 jim wide opening in a Ti mask deposited on the glass surface. The 

surface figures of individual surfaces were measured by a Fizeau interferometer. Laser 

liquids (Cargilie 5610) of refractive indices 1.481 and 1.492 at 1.06 |im were used to fill 

gaps at the interface between ZBLAN and borosilicate glasses , and to test the fabricated 

waveguides. 

Figure 6.3 (b) shows the vertical refractive index distribution of the waveguide at the 

center of the channel waveguide obtained by modeling the ion exchange process, and Fig. 

6.4 shows the corresponding mode intensity distribution calculated using a finite difference 

method, for the wavelength of 1.064 |im [Tervonen, A. 1992]. Refractive index of the 

cladding layer, 1.492, was used for the calculation. This waveguide supports a single TE 

mode at 1.064 jim, and two TE modes at 0.8 [im. The peak of the intensity is located 

very close to the interface between cladding and core, less than 0.3 jim below the 

interface. In this case, 33 % of the total intensity is distributed in the cladding region, and 

40 % of the total intensity is distributed within I |im of the interface. The effects of the 

refi-active index of the cladding are calculated in terms of the percentage of the energy in 

the cladding region. As show in Fig. 6.4, the percentage of the energy in the cladding 
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region increases with the increase of the refractive index of the cladding region, and 

reaches the cut off at a refractive index of 1.504. 

2 

I 
0 o.r .0.9. 

0.2-

-2 

-2 0 2 

Distance: x(nm) 

Figure 6.4, Calculated mode intensity distribution in the waveguide at 1.064 |im. The 
interface between core and cladding is indicated by a line, y =0. 

The fabricated surface waveguide was tested by observing propagating waveguide 

modes at 1.064 |am when the surface was covered with laser liquids whose refi-active 

index is determined to an accuracy of 10"^. The surface waveguide without a cladding 

layer supported several modes. When it was covered with the cladding of laser liquid 

(refractive index 1.481), the higher order modes reached their cut off and only two TE 

modes were supported in this waveguide. The observed first order mode was TEoi, 

indicating that the index distribution in lateral direction was slightly more diffused 

compared with the one obtained fi^om the modeling. When the laser liquid of refi^active 
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Figure 6.5, Calculated percentage of the energy in the cladding as a function of the 
refractive index of the cladding layer. Cut off refractive index (n = 1.504) is indicated by a 
dashed line. 

index 1.492 was used as a cladding layer, the waveguide became leaky, indicating that the 

fundamental mode reached its cut off This refractive index of the cladding region (1.492) 

is smaller by 0.012 than the cut off refi'active index (1.504) obtained from the calculated 

results shown in Fig. 6.5. This indicates that the refi-active index change in the 

waveguides is smaller by ^ 0.01 than the calculated value. 

Figure 6.6 shows the refi-active index distribution on the surface of the ZBLAN glass 

measured at 632.8 nm. The refractive index variation along the z-direction is relatively 

small (a = 0.002), although it decreases with the slope of 0.003/mm along x-direction, 
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which corresponds to the direction the glass melt was poured into a mold for casting. 

The 1.13 cm long ZBLAN glass was attached to the 3.41 cm long surface waveguide so 

that the z-direction of the ZBLAN glass becomes the propagation direction. The laser 

liquid (n = 1.481) was used to fill the air gaps at the interface and to cover the surface 

waveguide which was not covered by the ZBLAN glass. The refi-active index at 1.064 |im 

of ZBLAN glass along the waveguide was determined fi-om the measured values at 632.8 

nm taking into account the measured dispersion. The obtained refractive index is 1.484 ± 

0.003. Both surfaces at the interface had convex shapes, and their peak to valley heights 

along the 1 cm length were 0.25 |im and 2.4 pim for the borosilicate and ZBLAN glasses 

respectively. Figure 6.7 shows the observed intensity distribution of the fundamental 

mode at (a) 1.064 |im and (b) 796 nm excited in this waveguide. The obtained profile 

(Fig. 6.7.(b)) is in good agreement with the calculated result shown in Fig. 6.4, and falls 

within the accuracy of our mode profile measurement, which utilized a microscope 

objective (NA= 0.4) to image the waveguide end-facet to an IR camera. The propagation 

losses were estimated from the measured insertion loss, taking into account the coupling 

loss calculated from the measured mode profiles of the waveguide and the incident beam. 

Insertion losses for waveguides covered fully with the laser liquid, and with the 

combination of liquid and ZBLAN glass were measured. The obtained propagation losses 

were 1.0 dB/cm and 2.9 dB/cm for the part covered with the laser liquid and with the 

ZBLAN glass, respectively. The 2.9 dB/cm propagation losses in the waveguide covered 
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by the ZBLAN glass are mainly due to the imperfections of the ZBLAN glass, such as air 

bubbles and surface scratches. 

Figure 6.6, Refractive index distribution at 632.8 nm on the surface of the Nd-doped 
ZBLAN glass. 

6.4 Evanescent-field-amplification in the fluoride glass waveguide 

Evanescent-field amplification at 1.064 pim was measured by pumping a channel 

waveguide at a wavelength of 796 nm using a cw Tirsapphire laser. A cw Nd^^iYAG laser 

was used for the signal light source to measure the gain. Both pump and signal beams 

were focused by a microscope objective lens to 2.2 |im and 1.8 |im spot sizes respectively, 

and were subsequently coupled into the waveguide. Only fundamental modes were 
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excited by these focused Gaussian laser beams in this channel waveguide. The pump beam 

was modulated by an accousto-optic modulator, generating 400 us long pulses with 70 Hz 

repetition rate. The change in the transmitted signal power was detected by an InGaAs 

detector attached to a spectrometer using a lock-in amplifier. The signal power launched 

into the waveguide was 0.1 mW. The background signal due to the spontaneous emission 

of Nd^* was less than 0.4 % of the detected signal, and therefore its contribution to the 

signal was negligible. The pump power launched into the waveguide was calculated from 

the mode overlap between the incident pump beam and the waveguide propagation mode. 

(a) (b) 

.2 0 2 

Distance: x (im) D'stance iim) 

Figure 6.7, Measured intensity distributions of the fundamental modes at (a) 796 nm and 
(b) 1.064 nm excited in the waveguide. 
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Figure 6.8, Luminescence spectrum of "'Fs/i ^Ih/2 transition of Nd^* observed from the 
output of the waveguide. 

Figure 6.8 shows the luminescence spectrum of ''F3/2 -> "*111/2 transition of Nd^* 

observed from the end facet of the waveguide. Figure 6.9 sows the luminescence spectrum 

of the •'F3/2 -)• •*! u/2 transition of Nd^' observed from the end facet of the waveguide. The 

data points in Fig. 4 (b) show the measured signal amplification, i.e. increase in 

transmission, versus pump power launched into the waveguide. A 0.45 dB signal 

amplification (AP,,exp) was observed at a pump power of 65 mW. We calculated the signal 

amplification of the 1 cm long waveguide, adopting the experimental conditions, by using 

a four-level model derived in Chapter 3: 
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dz 
^ = P,(p,cr,r(/'fz))-a) 

r(P^(z))  = j j^(x,y ,P^(z))dxcfy 

P.err p "  

4i .x ,y ,PAz))  = 
\ f / , ix ,y)  hv^S^ 

(6.1) 

? P 

where Pj and Sj are the power and area of the mode of the signal (j = s) or pump (j ~ P) 

beam respectively. The calculated mode envelop distribution v|/j(x,y), our measured values 

for (a) the waveguide propagation losses a, (b) absorption cross section at the pump 

wavelength a, = 2 x 10'^° cm^, and (c) the luminescence lifetime T = 430 |j.s were used. 

The emission cross section at 1.064 jim, Ge = 1.6 x 10'^° cm^ was obtained from the 

Reference [A. Tesar et al., 1992]. The result of the calculation shown in Fig. 6.9 by the 

solid curve gives a signal amplification 1.57 dB at 65 mW pump power (AP,,cai), which is 

3.5 times larger than the value obtained experimentally. The difference is explained by the 

"effective contact length" of the two glasses, Uff, which is shorter than the physical length 

of the Nd^*-doped ZBLAN glass, resulting from the curved surfaces of the two glasses. 

Assuming the pump power is constant, Pp(z) = Pp, the signal amplification, AP, is given as: 

AP, oc poC,r(Pp)/, where / is the length of the waveguide. The effective contact length can 

be estimated as Ue = (AP^exp/APj.cai) x 1 cm = 0.29 cm. The estimated effective contact 

length is qualitatively in agreement with the contact length determined from the measured 

surface curvatures of the glasses. About 77 % of the pump power and 61 % of the signal 
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power in the cladding region are distributed within 1 [im of the interface. The portion of 

the Nd^*-doped ZBLAN glass within this region is the primary contributor to the signal 

amplification. The region which has an interface spacing of less than 1 jam, obtained fi-om 

the measured surface curvatures, is 0.37 cm. Improvements in surface flatness will 

increase the amplification due to the increase in the effective contact length. Given the 

fact that the signal wavelength used (1.064 fim) was located at approximately half of the 

1.5 

g 0.5 
C3) 

0.0 

20 50 60 70 0 10 30 40 

Pump Power (mW) 

Figure 6.9, Signal amplification at 1.064 |im versus pump power launched into the 
waveguide. The data points are for the experiment and the solid curve is the calculated 
result for a 1 cm long waveguide. 
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peak emission cross section, a 3.1 dB amplification is expected with 1 cm long waveguide 

at the emission peaic (1.049 ^m). Assuming propagation losses of 0.6 dB/cm, which 

should be easily achieved with ion-exchanged surface waveguides and by improving the 

surface quality of the ZBLAN glass, 2.5 dB/cm gain can be achieved at the emission peak, 

enabling the construction of planar, integrated, rare-earth-doped, fluoride glass waveguide 

lasers and amplifiers. 

6.5 Summary 

We demonstrated planar channel waveguides of Nd^'^-doped fluoride glass with single 

mode excitation and propagation losses below 3 dB/cm. The waveguide core was 

fabricated by Ag" - Na" molten salt ion exchange process in a borosilicate glass (BGG31), 

and a Nd^^-doped ZBLAN glass was used as a cladding. A 0.45 dB signal amplification at 

1.064 nm was observed in the fabricated 1cm long active waveguide at 65 mW pump 

power and a 0.9 dB amplification is expected at the emission peak (1.049 jim). Modeling 

results suggest that 2.5 dB/cm gain is possible improving surface flatness of the ZBLAN 

glass. 
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CONCLUSION and OUT LOOK 

Several different glass materials were investigated for waveguide amplifier and laser 

applications, and the potential to realize practical devices with these materials were 

examined using waveguides fabricated by ion exchange processes. 

Channel waveguides in an erbium doped phosphate laser glass were fabricated by a 

dry silver-film ion exchange technique, and the effects of high Er^* concentration were 

investigated in terms of Er^^ ion interactions and energy transfer fi-om Yb^" to Er^*. 

Cooperative upconversion coefficients of the "*113/2 level, 7.7±0.7 x 10*" cm^ /sec and 

9.3±0.7 X 10'" cm"*/sec, were obtained experimentally for Er^" concentration of 1 x 10^° 

cm'^ in the bulk and waveguide samples, respectively. These values are one order of 

magnitude smaller than the ones reported for silica glass. The increase in the cooperative 

upconversion coefficient with increasing Er^" concentration was found to be small. The 

effects of cooperative upconversion on the gain performance were analyzed for different 

Er^" concentrations using a theoretical model which adopted experimentally obtained 

parameters. The pump efficiency decreases due to the cooperative upconversion effects as 

the Er^* concentration increases, and the calculated gain decrease is 4.2 dB at 90 mW 

pump power in a waveguide with an Er^* concentration of 3.7 x I0^° cm'^. However, 

given the small cooperative upconversion coefficients in this glass, Er'" concentrations as 

high as 3.7 x 10^° cm"^ were shown to be feasible fi"om the model. This would result in a 

12 dB gain with a 4 cm long waveguide for 150 mW pump power at 1.48 |im. Energy 

transfer efficiency fi'om to Er^* was found to be 95 % or higher for samples with Er^" 
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concentrations of 1.9 x 10^° cm'^, and 2.4 x 10^° cm"^, although the ratio of the 

concentrations, Yb/Er, is only about 2 and 1.2, respectively. This high energy transfer can 

be attributed to the rapid difiusion of the excitation among Er^", and makes it possible to 

have efficient pumping at a pump wavelength of 980 nm through Yb-Er codoping. 

We modeled the waveguides fabricated by various ion-exchange processes, and 

compared the gain performance of these amplifiers for 980 nm and 1.48 |im pump 

wavelengths. It is of the utmost importance to fabricate the waveguides with the smallest 

mode profile in order to achieve efficient pumping. Although single mode waveguides for 

980 nm pumping achieve relatively low gain due to the large signal mode size at 1.55 |am, 

utilization of multimode waveguide (at 980 nm) increases the gain performance for 980 

nm pumping significantly. These multimode waveguides can be used in practical 

applications, employing a tapered structure to couple pump light only into the fundamental 

mode. On the other hand, the ion-exchanged surface waveguides can have small mode 

sizes, and the relatively poor mode overlap due to the asymmetric structure has little 

effects on the gain performance. This suggests an advantage to utilize surface 

waveguides, adopting a protective layer on the surface of the waveguides. The modeling 

results suggest that high gain (> 4 dB/cm) in planar waveguide amplifiers is achievable 

with the optimization of the waveguide fabrication processes. 

» 

The drawback of phosphate glasses is their chemical instability when compared to the 

silicate glasses. Due to this instability, the silver-ion exchange process, with its lower 

temperature and dry process, was favored over other ion exchange processes for use with 
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the current phosphate glass material (Q89). However, a phosphate laser glass developed 

recently [S. Jian et al., 1995] exhibits superior laser performance in combination with high 

thermal loading capability and good chemical durability. The demonstrated ability to 

withstand a high temperature molten salt bath of NaNOs + KNO3 and the superior 

spectral and laser properties of this new glass [S. Jian et al., 1995] indicate a potential to 

fabricate high quality waveguides by a molten-salt ion exchange reproducibly. Some 

modification of the glass composition, including the replacement of the alkali ions 

currently used in QX-glass (Li') by Na*, will be required to obtain sufficient refi-active 

index change for waveguide formation. Furthermore, in order to facilitate the integration 

of active and passive devices on a single substrate, it will be necessary to develop 

technology to fuse rare-earth-doped and undoped glasses together. Possible technologies 

are the polish joint method and the direct cast joint method. These types of glass 

substrates would facilitate the design and fabrication of highly efficient integrated lossless 

splitters. 

Planar channel waveguides of rare-earth doped fluoride glass were demonstrated 

with single mode excitation and propagation loss below 3 dB/cm. The waveguide core 

was fabricated by Ag* - Na" molten salt ion exchange process in a borosilicate glass 

(BGG31), and a Nd^'-doped ZBLAN glass was used as a cladding. A 0.45 dB signal 

amplification at L064 |am was observed in the fabricated Icm long waveguide, and a 0.9 

dB amplification is expected at the emission peak (1.049 |im). Modeling results suggest 

that 2.5 dB/cm gain is possible by improving surface flatness of the ZBLAN glass. This 

result confirms that the waveguide structure having active material in the cladding region 
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and a passive core is an attractive means for utilizing active materials in which the 

waveguide fabrication technology is not available. This type of structure is widely 

applicable to a variety of active materials, such as semiconductor materials, inorganic and 

organic electro-optic materials, integrated vertically as well. These new structures enable 

the addition of a wide variety of fijnctions to planar integrated optical devices, such as Q-

switching, mode locking, and wavelength tuning. 
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