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Abstract 

Rare-earth doped materials offer potential in a myriad of applications in the field of 
photonics and telecommunication. Among the rare-earth ions, Er" ion is of particular 
interest because it displays an optical transition from the '13/2  to the '15/2  energy 
level at a wavelength of 1550 nm, which corresponds to the wavelength at which the 
silica glass has a minimum in its loss characteristics. The telecom industry has 
utilised this optical transition of Er"' ions to produce state-of-the art EDFA for light 
amplification in LAN/MAN networks. The current increase in LAN and MAN high 
bandwidth applications is driving research into low cost integrated optical 
components. EDWAs, being small and compact in nature offer integration onto a 
single chip, thereby, reducing both the cost and size of the device. 

Sol-Gel technology is instrumental and versatile in manufacturing a wide variety of 
integrated optical components including EDWAs. Unlike other EDWA technologies 
such as flame hydrolysis deposition (FHD), chemical vapour deposition (CVD), 
sputtering, ion exchange, ion implantation and molecular beam epitaxial growth 
(MBE), the chemical nature of the sol-gel process allows achievement of good 
homogeneity of Er" ions within the glass matrix as precursors are mixed at 
molecular level. 

In this thesis, the potential of new erbium doped materials has been assessed with the 
aim of enhancing and tailoring the emission properties of Er" ions (such as PL 
spectrum and lifetime) in pure and modified Si02  hosts through sol-gel 
methodologies. The main focus of this thesis work has been to investigate potential 
use of novel precursor, erbium triflate, in combination with different 
organophosphorus ligands, and aluminium co-dopants, for the synthesis of sol-gel 
thin films, bulk and powder materials. 

This thesis describes two main approaches. In the first approach, sols were 
synthesised using standard sol-gel hydrolysis and condensation process. This was 
followed by the deposition of thin films by spin coating. After the deposition the 
films were thermally treated at high temperature to produce compact inorganic S102  
networks. Finally the optical characterisation of the films has been studied. The films 
were optically inactive. 

The second approach consisted of synthesis of sol-gel bulk materials in the form of 
glasses and glass ceramics co-doped with Al" and pV  ions. Transparent glasses and 
glass ceramics incorporating Er" ions concentration as high as 	10 mol % were 
prepared containing active nanocrystallites of erbium phosphate in amorphous S102  
matrix. Optical characterisation of these glass ceramics has shown that broad and flat 
emission photoluminescence spectra of Er" ions with FWHM greater than 100 nm 
are obtained only in the materials containing ErPO4  nanocrystals combined with a 
broad size distribution in the range of 5-15 nm. 

Visible upconversion was also detected in the Er-doped sol-gel SiO2  powders under 
excitation at 800 and 980 mm Excited state absorption (ESA) and energy transfer up-
conversion (ETU) have been discussed as possible mechanism for visible up-
conversion. 
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Abbreviations 

AFM Atomic Force Microscopy 

AON All Optical Networks 

ASE Amplified Spontaneous Emission 

a.u. Arbitrary units 

at. % Atomic percent 

BL Bit-rate Length 
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CVD Chemical Vapour Deposition 
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EDWA Erbium Doped Waveguide Amplifier 
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Eq. Equation 

E & M Electric and magnetic fields 

ES Electrospray 

Exc. Excitation 

EFG electric field gradient 

FHD Flame Hydrolysis Deposition 

FTTH fibre-to- the- home 

FWHM Full Width Half Maximum 

Fig. Figure 

FTIIR Fourier Transform Infrared 



GSA Ground State Abosrption 

G.U.0 Green Up-conversion 

HCU Homogeneous Cooperative Up-conversion 

HRTEM High Resolution Transmission Electron Microscope 

i.e. Idest 

JR Infrared 

JCPDS Joint Committee on Powder Diffraction Standards 

Ln Lanthanide 

LAN Local Area Network 

M.W Molecular Weight 

MAN Metropolitan Area Network 

Mm. Minutes 

mol. % Molar percent 

NMR Nuclear Magnetic Resonance 

PECVD Plasma Enhanced Chemical Vapour Deposition 

PL Photoluminescence 

PDL Polarisation Dependent Loss 

PDG Polarisation Dependent Gain 

PLC Planar Light Wave Circuits 

PLD Pulse Laser Deposition 

PXRD Powder X-ray Diffraction 

Ref. Reference 

RTA Rapid Thermal Annealing 

SEM Scanning Electron Microscopy 

SC-RTA Spin Coating- Rapid Thermal Anneal 

S/N Signal to Noise Ratio 

TGA Thermogravimetric Analysis 

TE Transverse Electric 

TEOS Tetraethoxysilane 



TMP Trimethyl phosphate 

TEM Transmission ElectronMicroscope 

TBP Tributyl phosphate 

UV Ultra Violet 

UV-Vis/NIR Ultra-violet-visible-near Infrared 

WAN Wide Area Network 

WDM Wavelength Division Multiplexing 

XRD X-ray Diffraction 
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Chapter 1. Introduction 

I 	Introduction 

1.1 	Optical networks 

Optical communications present today the most important technologies. For 

information transmission high-quality optical fibres were introduced in the late 

1980's. The extremely large bandwidth and low propagation losses of an optical fibre 

present a major advantage for optical networks, especially in the field of long haul 

communications. Over the last few decades, optical fibres have increasingly replaced 

the traditional co-ax cable for long distance telecommunication, and it is now 

possible to achieve transmission speeds of over 1 T bits/s over one single optical 

fibre.' This remarkable success can be attributed to two major developments. The 

first one is the reduction of transmission losses in optical fibres to about 0.2 dB/Km 

(at a wavelength of 1550 nm) in a single mode fibre (Fig.1.1). Fibres with no 

appreciable OH absorption peak are now available (see inset in Fig. 1.1) which hold the 

promise for the use of S (short wavelength band) and L (long wavelength band) 

communication beyond the conventional C-band in the region around 1550 nm. The market 

demand will determine the time frame for deployment for S and L bands in the near future. 

The second is the development of broadband optical amplifiers in the form of Erbium 

Doped Fibre Amplifiers (EDFA) by the University of Southampton in 1987, whose 

operating wavelength fortuitously coincided with the lowest loss transmission 

window of silica fibers centred at around 1550 nm. EDFA ushered in the next 

revolution in fibre-optics by allowing the all-optical amplification of many channels 

at different wavelengths in one device without any electronic conversion. This was 

the start of Wavelength Division Multiplexing (WDM) or Dense Wavelength 

11  



Chapter 1. Introduction 

Division Multiplexing (DWDM) tecirnologies allowing all-optical networks and 

increased capacity. 

5 	 C ut-off for Single 
Mode Fiber 

4 

(I, 
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0.7 

Wavelength (microns) 

Figure 1.1. Drawing showing the loss of the optical fibre.2  

The most important uses of optical fibre communications involve interconnecting 

many different users within a given area using an optical fibre communications 

network. Optical fibre communications networks can be divided into three broad 

categories, local area networks (LANs), metropolitan area networks (MANs) and 

wide area networks (WAN5). LANs generally extend up to a few kilometres and 

interconnect users in a localised area such as a neighbourhood or campus. MANs 

may extend up to =zI00 km and provide interconnections between LANs within the 

2 
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MAN area. WANs extend over a large geographic area and interconnect MANs 

within that area. 

The physical structure of LAN and MAN networks depend entirely on their function. 

For example, some network applications (e.g. cable TV) require only the distribution 

of a signal to many different users without the requirement for a two-way connection. 

Other network applications (e.g. a university campus network) require any user on 

the network to be able to communicate bi-directionally with any other user on the 

network. At present, the majority of fibre-optic communications systems have been 

developed for telecommunications network applications that transmit not only voice 

data but computer and fax data also. The entire telecommunications network is made 

up of a series of long-haul, high capacity point-to-point lines that effectively form the 

worldwide telecommunications WAN, and numerous short haul MAN and LAN 

networks. At present, the vast majority of telecommunications LANs do not reach 

the user premises, with the last stretch from the user to the LAN being covered by 

conventional coaxial cable. Due to the growth in high bandwidth applications in the 

home, the last stretch of coaxial cable is gradually being replaced by an optical fibre 

link in a development known asJlbre-to-the-honie (FTTH). 

1.1.1 Wavelength Division Multiplexing (WDM) 

These days optical fibres are being installed where a single fibre has the capacity to 

carry internet information (which doubles every six months) 200 times faster than 

was possible just 10 years ago. This revolution in the data carrying capability of a 

single optical fibre was brought about by a technology known as wavelength division 

multiplexing (WDM). WDM technology relies on the fact that a single optical fibre 

3 
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can carry many wavelengths of light simultaneously without interaction between 

each wavelength (cross talk). In telecommunication applications WDM has twofold 

role. The first one involves increasing information carrying capacity of point-to-point 

links, and the second is to replace the electronic routers by allowing the all-optical 

routing in networks. For example, if one channel at a certain wavelength is able to 

transmit 10 Gbs 1 , then N channels at N different wavelengths can transmit N x  10 

Gbs 1 . In this way, WDM leads to a linear increase in the capacity of a transmission 

line. Fig. 1.2 shows schematically how N channels can be combined together in a 

multiplexer, transmitted along an optical fibre and separated at the other end using a 

de-multiplexer. Currently, signal amplification in DWDM technologies is achieved 

by EDFA which provide the amplification in the range 1525-1610 nm regions (C and 

L telecommunication bands). 

Receiver 

Psiux 	 DeMux 

Capable of carrying 160 wavelengths 	A 

EDFA 
Fiber 

fltaA a A4a 

4— ------------- 
Electronic domain 	 Photonic domain 	 Electronic cloniain 

Figure 1.2. Schematic of DWDM network showing various components of optical 
network. 

These erbium doped fibres amplifiers (EDFAs) are typically 70 in long, which is no 

problem in long-range applications. However, for complex high-density circuitry, 
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such as will be used in future fibre-to-the-home applications, they are impractical. 

This requires the development of integrated planar optical amplifiers. 

1.2 Integrated Optical Amplifiers 

1.2.1 Waveguide Amplifiers 

Activity in the field of integrated optic amplifiers and lasers for 1550 nm 

telecommunication applications has dramatically increased during recent years. In 

optical telecommunication systems, light is used to transport information between 

different users. Devices like splitters, couplers, multiplexers, and amplifiers are 

needed to manipulate the signal on a local scale. Integrated optics is the technology 

which allows integration of such devices on a single planar substrate. 

The basic element in a photonic integrated circuit is an optical waveguide. This 

optical waveguide could be an optical fibre, a planar waveguide, or the more recently 

developed photonic band gap structures (Fig. 1.3). Optical waveguides are made from 

dielectric materials, such as silica based glasses (SiO2), ITT-V type semiconductors 

(GaAs, InP, etc.), or polymers, with the addition of dopants which alter some of their 

physical properties. In a general sense, the optical waveguides consist of three 

distinct regions: a core, the cladding, and the sheath for fibers or substrate for planar 

devices (see Fig.1.3). The size of a waveguide is related to the wavelength of 

radiation it guides and thus, the shorter the wavelength, the smaller the guiding 

structures. As these sizes change, different manufacturing processes and materials 

are needed. 

5 
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CLL_ 
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substrate 
(e) Photonic hand gap waveguide 

Figure 1.3. Examples of optical waveguides 

Some of the intrinsic benefits of using waveguide amplifiers in Metropolitan-area-

networks (MAN) include their compactness, reliability/performance, flexibility, and 

lower-cost processing. These waveguide amplifiers can be made by doping the 

guiding layer with an active element such as erbium that (if pumped properly) gives 

rise to the optical gain. 

1.2.2 Rare-earth ions as the active elements 

Trivalent rare-earth ions are well known for their special optical properties, which 

result from the fact that the electrons of the partially filled 4f sub-shells are strongly 

shielded from the surrounding by outer filled 5 s and 5 p sub-shells. As a result of 

this shielding effect, the majority of the electronic transitions in Ln" ions involve 

only a redistribution of electrons within the 4 f subshell i.e. they occur between the 

ground and excited levels arising from the ground electronic configuration ([Xe]4f1) 

As with formally d - d transitions of transition metal compounds, electric dipole 
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selection rules forbid these f - f transitions. Both the Laporte (g - u) and the 61 = 

±1 selection rules forbid f - f transitions. The former rule disallows transitions 

between levels with the same inversion symmetry (i.e electronic transitions 

conserving either symmetry or asymmetry with respect to an inversion centre) , while 

the latter prohibits transitions between levels with the same orbital angular 

momentum quantum number, 1. In transition metal compounds, these rules are 

relaxed primarily by vibronic coupling. In this process a molecular vibration 

temporarily lowers the symmetry around the metal atom and, in the new (transient 

geometry, one or more of the metal's d orbitals shares the symmetry of p orbital. The 

transition acquires some d - p (or p - d) character and therefore gains intensity. 

This coupling of the vibrational and electronic parts of the total wavefunction of the 

system requires a significant interaction between the transition metal d orbitals and 

surrounding ligands. In Ln11 ' ions, however, the 4f orbital are radially much more 

contracted than the d orbitals of the transition metals, to the extent that filled 5 s and 

5 p orbitals largely shield the 4f electrons from the ligands. The result is that vibronic 

coupling between the 4f orbitals and nearby 5d orbitals is much weaker in Ln" 

systems than in transition metal compounds, and hence the intensities of the 

electronic transitions are much lower. 

The absorption and emission cross sections are therefore small, and luminescence 

lifetimes can be quite long (ms). The influence of the electric field around the ion 

removes the degeneracy of the 4f-levels, resulting in a stark-splitting of the energy 

levels. The splitting pattern determines the shape of the absorption and emission 

bands. However, due to the shielding from the outer lying shells, magnitude of the 

splitting is small, resulting in relatively narrow emission lines, of which wavelength 

7 
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is almost independent of the host material. However, absorption and emission 

properties of Ln" ions in a host medium (solid host) can be changed by modifying 

the crystal field environment around the Ln centre. Some f-f transitions exhibit 

exceptional sensitivity towards local structural changes around the Ln" ions and are 

labelled hypersensitive. The intensities of these transitions are found to be extremely 

sensitive to the ligand environment, varying by up to three orders of magnitude, 

depending on the nature of the ligands. Not all f— f transitions are hypersensitive: of 

the lanthanides Eu", Nd"1  and Er" show the greatest effects and Ce", Gd11' and Yb" 

show no hypersensitive transitions at all. There is no conclusive explanation of these 

hypersensitive transitions, but the most dramatic effects are seen for low symmetry 

complexes and those with polarisable ligands. Most hypersensitive transitions have 

1J = ±2. Because of the dramatic intensity change of the hypersensitive transitions, 

they can be used to probe local environment changes around 	ions in Er-doped 

host materials.4  A detailed description of intensities of 4f electrons in solids and 

solutions has been documented by Judd 5  and Ofelt 6  in the famous Judd-Ofelt 

theory. de Sa et al.,7  have also reported an explanation of hypersensitive transitions 

of pr" ions in CaW04  host. 

The energy levels of the 4f-shell arise from spin-spin and spin-orbit interactions and 

are often denoted using Russell-Saunders notation 2S+IL  in which S is the total spin-

impulse momentum, L the total orbital angular momentum, and J the total angular 

momentum. 

The vibrational interaction accounts for the population of Stark levels other than the 

lowest level of each multiplet and changes the shape of the absorption and emission 

N. 
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bands. The Stark levels are broadened by a number of processes, including 

absorption and emission of phonons and Raman scattering. The vibrational 

interaction also causes the non-radiative decay of excited ions by multiphonon de-

excitation. 

In a glass host, the dopant ions have a range of sites with different crystal field. The 

energy levels of individual ions are slightly shifted and overlap to form broader 

absorption and emission bands (inhomogeneous broadening). In contrast to that is 

the homogeneous broadening, this is caused by the finite lifetime of the energy 

levels and by dephasing due to inelastic phonon collisions. In glasses, homogeneous 

and inhomogeneous broadening is of comparable magnitude."'  

There exist more than 14 rare-earth elements that all have a different number of 

electrons in the 4f-sub-shell. As a result, each rare-earth ion has its own specific 

energy levels, and hence typical luminescence lines. 

Amongst the various rare-earth ions, only a few have transitions promising for 

optical amplification within the telecommunication window. These include Er" ions 

with emission centred at 1550 nm, Tm" ions at about 1470 nm, and Pr", Dy" and 

Nd" between 1300 nm and 1400 nm. 

Pr...  and Dy" cannot be used in silicate glasses, because the high phonon energy 

depopulates the emitting levels non-radiatively. Glasses with low phonon energy 

such as fluoride and chalcogenide glasses have been used as host materials instead. 

Due to low softening temperature, these fibres cannot be spliced onto silica fibres 

which make them difficult to integrate into fibre optic cable. Chalcogenide glasses 
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have a much higher refractive index than silica glass, which leads to poor mode size 

and matching on the interface to silica fibre. 

Neodymium doped into fluoride glass has shown gain in the region 1.31 jim to 1.36 

jim.9  The efficiency of Nd111  ion amplifier is limited due to parasitic emission at 1060 

nm as well as signal excited state absorption (ESA) for wavelength shorter than 1.31 

jim. In silica glass, the ESA prevents gain in 1.3 jim region.10  Dysprosium doped 

sulphide and selenide glasses have been proposed as potential gain media for 

amplification in the range 1320-1400 nm. 11, 12 Despite promising spectroscopic data 

published, no dysprosium doped fiber has been demonstrated so far, presumably due 

to difficulty in reducing the losses in Dy-doped fibers. ESA can also be a problem in 

these fibre amplifiers. 

Praseodymium is even more promising for application in an amplifier as it does not 

have the problems of ESA and parasitic emission.' 3, 14 However, due to non-radiative 

decay, Pr ions also need host materials with low phonon energy. Praseodymium 

doped fibre amplifier has to be fairly long to ensure efficient absorption, because of 

small absorption cross section at the pump wavelength. This disadvantage is 

compounded by the comparably high loss of fluoride and chalcogenide glasses. 

Despite these apparent limitations, devices made from Pr III ions doped fluoride glass 

have been demonstrated 15  with 28 dB gain between 1290 and 1306 nm. 
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Figure 1.4. Energy levels of Er" ions in a solid host. The relevant transitions and 
crystal field splitting is also shown (right). 

Tin 111  is the ion of choice for optical amplification in the S-band of optical window 

(1450 nm-1520 	16  This region is of particular interest as it extends the gain 

widow of Er" ions towards the shorter wavelength. Tin"' emission is less affected by 

non-radiative multiphonon decay compared to Dy" and Pr" ions. 

All the rare earth ions discussed so far require glasses with low phonon energy as 

host materials for efficient operation. A phonon is quantised mode of vibration 

occurring in a rigid crystal lattice, such as the atomic lattice of a solid. This, 

however, is not the case with Er" ions which make use of optical transition 4
1,3/2-

i15/2 for amplification in the C-band of telecommunication window (Fig.1.4) and 

operate well even in the host materials with high phonon energy such as silica.8  Er" 
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can be incorporated into low loss silica fibres and its high refractive index allows 

easy splicing onto other passive silica fibers. This made Er" ions by far the most 

widely deployed optical amplifier (EDFA) to date, and a benchmark for any 

competing optical amplifier design. 

1.3 Erbium-Doped waveguide amplifiers (EDWAs) 

The erbium doped waveguide amplifier is an emerging ultra compact optical 

amplifier targeting the metro/access networks. It consists of optical waveguides 

embedded in an amorphous erbium doped glass substrate. A planar optical 

waveguide amplifier consists of an erbium doped silica or alumina core with high 

refractive index embedded in a low refractive index cladding layer resting on a 

silicon substrate (Fig.1.6). The higher the refractive index contrast, the smaller the 

minimum bending radius. This is important for miniaturization of the device, as high 

contrast waveguides can be coiled up on a much smaller area than low contrast 

waveguides. 

Rum 

Figure 1.5. Schematic of Erbium Doped Waveguide Amplifier (EDWA). 17  

By using alumino-silicate and alumino-phosphate as an erbium host medium, a very 

high doping level of erbium (more than 1026  atoms / m3), which is at least 100 times 

12 
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higher than that in silica glass, can be reached without causing a significant ion-

cluster effect. Usually a compromise between the high erbium doping level and the 

parasitic effects of high doping level is needed to obtain several dB/cm gain in an 

acceptable length of doped optical waveguide. 

1.3.1 Commercially available devices 

Teem Photonics is the only company that offers commercial EDWA based on its 

glass ion exchange technology. The range of EDWA devices available from Teem 

Photonics includes an amp lifier-splitter/combiner series, an amplifier array series and 

a 	single amplifier only series. The amp li fi er-sp litter/combiner series combine 

multiplexer or de-multiplexer functions with an amplifier in one package. They are 

capable of combining or separating up to eight different wavelengths or CWDM 

(Coarse wavelength-division multiplexing) networks while 13 providing up to 10 dB 

of amplification for signals between 1530 and 1560 nm. The device exhibits noise 

figures of 0 7 dB, PDL and PDG values of E 0.5 dB and a gain uniformity of E 0.5 

dB. The functions are carried out on single package with dimensions 13 x  2.7 x  1.3 

cm, which includes a 980 nm pump laser with a thermoelectric cooler. The amplifier 

array series available from Teem Photonics combines four EDWAs in a single 

package. Each amplifier is capable of delivering small net signal gains of> 15 dB for 

signal in the 1530-1560 nm range with a noise figure of 7 dB. The packaged device 

is 9.5 x  5•5 x  1.2 cm in size and incorporates un-cooled pump laser diodes. Finally, 

the amplifier-only series available from Teem Photonics can supply small signal net 

gains of up to 27 dB for signals in the 1530-1560 nm range, with noise figures of< 7 

dB. The packaged device is 8.1 x  35 x  1.2 cm in size and incorporates an uncooled 

laser diode pump. 

13 
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The packaged device is 8.1 x  3•5 x  1.2 cm in size and incorporates an uncooled laser 

diode pump. Although Teem Photonics offers an impressive specification and range 

of functionality for its EDWA devices, there is still scope to improve the function of 

EDWA devices and reduce costs by developing new cheap fabrication routes. As a 

result, there is still a great deal of research interest in EDWAs. 

1.3.2 Principle of operation 

Both erbium doped fiber amplifier (EDFA) and erbium doped waveguide amplifier 

(EDWA) operate on the same principle. In an erbium doped waveguide amplifier, 

erbium is incorporated in the core of an optical waveguide. Using an external laser, 

erbium ions are excited into higher lying energy levels. They can be pumped directly 

into the first excited state using a 1480 nm diode laser, or, more efficiently, via one 

of the higher lying absorption lines, for example using a 980 nm diode laser. In the 

latter case, the Er relaxes rapidly into the first excited state. When sufficient pump 

power is applied, this leads to population inversion between the first excited state and 

the ground state. A 1550 nm signal travelling through the Er-doped waveguide will 

then induce stimulated emission from the first excited state to the ground state, 

resulting in signal amplification. This is shown in Fig. 1.6. 

14 
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W13 

Level 3 : Absorption level of excitation laser 

Level 2 : Optical emission level to GS 

Level 1: The Ground state (GS) 

Figure 1 .6.Three level laser diagram. An electron in the ground state is pumped to 
the upper level 3 and decays very rapidly to level 2 by a phonon emission. Level 2 
has a longer lifetime (Its  or ms) and decays to the ground state by emission of a 
photon at around 1550 nm. 

Emission from erbium in a silica host (cladding) of an EDWA is similar to the 3 

level laser system. W13 is the absorption rate of the excitation laser, W21 is the rate of 

emitted photons for this transition (1550 nm photons), and W12 is the absorption of 

photons due to GSA (ground state absorption) which limits the overall gain for the 

device. The transition from level 3 to level 2 is a phonon transition. This is the 

release of a small bit of energy in the form of lattice vibrations. The lifetime of the 

level 3 excited state is much shorter than the lifetime of the excited state level 2. 

Level 2 is now populated with photo-electrons that are in a "meta stable" state and 

can de-excite spontaneously. When a signal photon comes in close proximity to the 

excited state photo-electrons, an in-phase de-excitation occurs. When the electric and 

magnetic fields of the incoming photon interact with the meta-stable electron's E&M 

fields in the excited state (level 2), an identical copy of the signal photon is emitted 

as the electron de-excites to the ground state. This is amplification due to the emitted 

photons which are coherent and in phase with the signal photon. This is the definition 

of an erbium doped optical amplifier. Basically, an amplifier exhibits LASER (Light 

Amplification through the Stimulated Emission of Radiation) characteristics 
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described by Albert Einstein where an upper level must become filled with excited 

electrons. This is called population inversion. Spontaneous emission occurs when an 

excited state electron de-excites without stimulation from an outside source. Here 

emission occurs at a range of wavelengths (all around the wavelength calculated by 

the energy level spacing) but due to the Stark splitting (crystal field splitting) the 

energy levels are spread out into a number of short spaced levels and all of which 

have a probability of being populated. The observed emission is broad due to the 

many possible events that do occur and is at low intensity when compared to 

stimulated emission. Stimulated emission is where the meta-stable photo-electrons 

dc-excite at the time due to a signal photon passing near-by. When a signal photon 

passes by, all the photons will dc-excite at the exact same wavelength and phase as 

the signal photon. This is amplification. 

1.4 Parameters for EDWAs 

Not all glass materials are useful as substrates for EDWAs, since the amplification 

process is often not efficient enough to overcome even the propagation losses. The 

applicability of a material can be evaluated from the following spectroscopic 

parameters: 

> 	Solubility of Er" ions 

> 	High concentration effects 

> 	Ion —Ion interaction 

> 	OH quenching 

> 	Phonon assisted processes 
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1.4.1 Solubility of Er" ions 

In the fabrication of EDWAs, a high amplification is required together with short 

waveguide structure. Hence, a high level of optically active dopants has to be 

achieved. This means, that ions do not only have to be incorporated into waveguide 

material randomly, but they must also be soluble in the solid phase and must not 

form clusters or show segregation effects. 

Within a glass matrix, the rare-earth ions are usually bound to non-bridging 

oxygens.8  Fig. 1.7 shows the possibility of how Er111  ions might be incorporated for a 

basic silica host materials. 

0 Oxygen atoms 

Figure 1.7. Incorporation of an Er" ions into a Si02  host matrix from ref. [8]•  The non-
bridging oxygens in the Si02  network are shown by thick solid black lines. The Er" 
ion is bound to these non-bridging oxygens.As can be seen, the rare earth ion is 
bound to non-bridging oxygen. 

The fraction of non-bridging oxygens can be increased by introducing network 

modifiers into the glass network (Fig. 1.7). In most of the cases, alkali elements such 
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as sodium are used for this purpose. Often these multicomponent glasses are referred 

to as soda-lime silicate glasses.18"9  It has also been reported 20, 21 that the addition of 

small amount of A1203  can eliminate the clustering problem. A1203  forms a solvating 

shell around the Er" ions, increasing the solubility and allowing the dopant levels up 

to about 10 20 / cm3. 22  Another way of enhancing the solubility of Er" ions in S102  

host material is by codoping with phosphorus leading to the phosphosilicate 

glasses. 23  Erbium doped phosphate glasses have also been used for the fabrication of 

erbium doped waveguide amplifiers (EDWA5).24' 25  However, Miniscalco 22  who 

evaluated different approaches to enhance the solubility of Er" ions, points out that 

role of phosphorus is still not clear. 

Si 	0 Oxygen (non-bridging 

Na 	0 Oxygen (bridging 

Figure 1.8. Effect of network modifiers on silica structure.8  
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1.4.2 High Er" ion concentration 

The most important parameter for amplification is the concentration of Er" ions that 

are optically active. The maximum gain per unit length is determined by the product 

of the cross-section for stimulated emission (a) and the concentration of optically 

active Er" ions. Since typical values for a are in the 10 21_1020cm2  range, 

concentrations of iO'-iO 20  Er ions / cm3  are required to achieve a reasonable gain 

over a length of a few centimetres. Therefore, the host material must have a high Er III 

ion solubility. Silica based glasses have turned out to be a practical host material. It 

has been shown that by incorporating, for example, phosphorus in the glass matrix, 

the solubility of Er" may be increased. 26  

1.4.3 Concentration quenching 

Several effects resulting in reduced luminescence efficiency are referred to as 

concentration quenching as they occur with higher concentration of the active ions. 

This is mostly due to reduced excited state lifetimes because of ion-ion interactions. 

As a consequence, energy is transferred not only to neighbouring ions but also in part 

to phonons leading to energy loss. Moreover, an effect called cooperative up-

conversion may occur. However, the reduction of excited state lifetime resulting in 

an observed lifetime Tobs can be described as in the following equation. 22  

to 
r 

	

	 (1) 
1  QJ 

Here, 7-0  denotes the lifetime at zero concentration limits, p is the actual dopant 

concentration and Q is referred to as quenching concentration. Equation (1) is 

applicable only in cases where no clustering occurs. However, in cases such as at 
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high doping levels in silica, the quenching mostly is stronger than predicted by the 

above mentioned formula. This concentration quenching occurs due to different ion-

ion interactions which become dominant at higher doping levels. An overview of 

these different ion-ion interactions is discussed in the following section. 

1.4.4 Ion-Ion interactions 

The ion-ion interactions effects give rise to energy transfer between rare earth ions. 

When local concentration of erbium ions becomes high enough, it is no longer valid 

to assume that each ion is an isolated ion that acts independently of its neighbours. 

One must consider the possibility of energy transfer between ions, and its 

consequences. This can have a negative impact on the amplifier when the upper state 

of an amplifying transition is being depleted by energy transfer. Energy transfer can 

occur via phonon (or virtual photon) mediated interactions. Energy transfer can 

sometimes be used advantageously, as for example in the case of infrared pumped 

visible lasers.' 

The energy transfer mechanism in inorganic solids is usually described by FOrster 

and Dexter models. Both of these models describe single-step photo-induced non-

radiative energy transfers that occur between a donor (or sensitizer) and an acceptor 

(or activator). This process can be treated as quantum mechanical resonant 

interaction involving the exchange of a virtual photon (since energy is transferred but 

without involving the emission of any photon). Förster first developed an approach 

based on electric dipole-dipole interaction, 27  which was later extended by Dexter 28  

to include higher-order multipole interactions and exchange, whence Förster-

Dexter process. The main difference between these two models is the distance 
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over which these interactions can occur. The Dexter mechanism operates 

efficiently over very short distances (< 10 A) -since orbital overlap is needed-, 

whereas in the Förster mechanism the transfer has been reported to occur over 

much longer distances and is strongly dependent on the spectral overlap of the 

emission spectrum of the donor and the absorption spectrum of the acceptor. In 

Dexter's model, the interaction strength decreases exponentially as a function of 

distance, whereas in Förster's model, it decreases to the power -6. 

Indeed, the rate of dipole-induced energy transfer (Förster mechanism) decreases as 

R 6  whereas the rate of exchange-induced transfer decreases as exp-(2R/L) (Dexter 

mechanism). This means that energy transfer rate for the electron exchange 

mechanism drops to negligibly small values (relative to the donor lifetime) as the 

separation distance between the donor and the acceptor increases, which makes the 

Dexter energy transfer insignificant beyond a separation distance of 10 Angstroms 

between the donor and the Acceptor. 

1.45 Up-conversion process and pump absorption 

There are various up-conversion processes in rare-earth-doped materials. The simple 

process is the two-, three- or multi-photon absorptions where two, three or n photons 

with the same photon energy hp are absorbed by one rare-earth ion simultaneously 

and excited to the excited state at 2hv, 3hv or nhv, respectively, and then 

luminescence with energy of 2h, 3hp or nhv is generated by one-photon process. 

Two photon absorption (TPA) is a third order nonlinear optical process. The 

imaginary part of the third order nonlinear susceptibility is related to the extent of 
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TPA in a given molecule. The selection rule governing the TPA are therefore 

different than for one-photon absorption (OPA), which is dependent on the first order 

susceptibility. For example, in a centrosymmetric molecule, one- and two-photon 

allowed transitions are mutually exclusive. In quantum mechanical terms, this 

difference results from need to conserver the angular momentum. Since photons have 

spin of ±1, one-photon absorption requires excitation to involve an electron changing 

its molecular orbital to one with an angular momentum different by ±1. Two-photon 

absorption requires a change of +2, 0, or —2. 

The third order can be rationalized by considering that a second order process creates 

a polarization with the doubled frequency. In the third order, by difference frequency 

generation the original frequency can be generated again. Depending on the phase 

between the generated polarization and the original electric field this leads to the 

Kerr effect (change in the refractive index of a material in response to an applied 

electric field) or to the two-photon absorption. 

Two-photon absorption can be measured by several techniques. Two of them are 

two-photon excited fluorescence (TPEF) and nonlinear transmission (NLT). Pulsed 

lasers are most often used because TPA is a third-order nonlinear optical process, 

and therefore is most efficient at very high intensities. Phenomenologically, this can 

be thought of as the third term in a conventional anharmonic oscillator model for 

depicting vibrational behavior of molecules. Another view is to think of light as 

photons. In nonresonant TPA two photons combine to bridge an energy gap larger 

than the energies of each photon individually. If there were an intermediate state in 

the gap, this could happen via two separate one-photon transitions in a process 
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described as "resonant TPA", "sequential TPA", or "1+1 absorption". In nonresonant 

TPA the transition occurs without the presence of the intermediate state. This can be 

viewed as being due to a "virtual" state created by the interaction of the photons with 

the molecule. 

The phenomenon of upconversion is very common in erbium doped waveguide 

amplifiers (EDWAs) containing higher concentrations of Er" ions and leads to the 

concentration quenching. The result is the reduction in amplification efficiency of the 

EDWA devices. ' For explanation, let us consider the case of two Er" ions shown in 

Fig.1.9. When the erbium concentration increases, the average distance between 

neighbouring Er" ions decreases and simultaneously the electric dipole-dipole 

interactions become more significant. In this case a non-radiative energy transfer can 

occur between two ions as shown in Fig. 1.9. 

-f 	 '13/2 

41 
15/2 

4j9/2 

4T 
'-13/2 

Er 	donor 	 Er III  acceptor 

Figure 1.9. Upconversion effect: energy transfer between two neighbouring Er" ions 
originally at the same excited energy level 113/2. 
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1.4.6 Co-operative upconversion 

One particularly important process in highly doped devices, where the inter-ion 

spacing is small, is cooperative upconversion (CU) (Fig.1.10). CU occurs when two 

spatially close ions residing in the I13/2  level transfer energy via a Coulomb 

interaction to promote one ion to the I9/2  with the other returning to the 4
1 15/2 ground 

state, as shown in Fig.1.10(b)). Due to the high phonon energy of silica based glass 

materials, the excited ion then rapidly decays non-radiatively to the 41 ,3/2 level, as 

shown in Fig. 1.10 (c). As a result of CU, the lifetime of the 4I13/2  level is effectively 

shortened when large '13/2  level populations are present .29 

19/2 
-.!---- 

980nm 	1 
11)2 

1480 nm 	I13f2 
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15/2 

(a) 
	

Me I 
	

(c) 

Figure 1.10. (a)Typical erbium doped amplifier pumping schemes. (b) Cooperative 
upconversion between two ions in the 4113/2  state. (c) Fast non-radiative relaxation 
from the 4 1 9/2 state after cooperative upconversion. 

Other parasitic phenomena can involve the pumping mechanism necessary to 

guarantee the population inversion of Er"' ions in the metastable level i,3/2.  The most 

important is the Excited State Absorption, better known with the acronym of E.S.A. 

This process is due to absorption of a pump photon from an Er"' ion in the excited 

state and its working principle is illustrated in Fig. 1. 11. 
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Figure 1.11. The absorption of pump photon at 980 nm, an Er" ion (G.S.A) from an 
excited Er" ion generates the E.S.A process with the possibility of Green 
Upconversion (G.U.C) (green arrows), Blue Upconversion (B.C.U) (blue arrow) or 
Red Upconversion (R.U.C) (red arrow). 

With the absorption of a pump photon at the wavelength of 980 nm, an Er" ion can 

be promoted to the excited level 411 1/2. This is the Ground State Absorption (G.S.A) 

from the fundamental level 4J5/ Usually, from this excited state, the Er" ion decays 

nonradiatively until it reaches the metastable level 41 13/2. But, before this happens, 

another pump photon at 980 nm can be absorbed by the excited Er11' ion and the 

transition I,3/2 -F7/2 can occur. This is the case of Excited State Absorption 

(E.S.A.) shown in Fig.9. From this excited state the ion rapidly decays to the 2H1112  

and S3/2 and 4F912  levels (the dotted arrows in Fig. 1.11). Finally the Er" ion can relax 

to the ground level with emission of a photon at the wavelengths of 520 nm or 550 
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nm 	(the green arrows in Fig. l.1l). This is called green up-conversion process. With 

smaller probability, a photon emission at 490 nm, in the blue region, can also occur 

due to the 4F7/2 ->I,5/2. is the blue up-conversion (blue arrow in Fig. 1.11). Finally, 

red upconversion (red arrow in Fig. 1.11) can also take place with a photon emission 

at 650 nm due to the transition 4F9/2 ->115/2 It is clear that for optical amplification, 

excited state absorption can be a strong loss mechanism for pumping: two pump 

photons are absorbed with only one reemitted but in the visible wavelength region. 

The ESA. phenomena strongly depend upon glass composition and wavelength used 

for the pump mechanism. 30,31 

1.4.7 Content of OH groups 

Another process which quenches the population of the excited energy states results 

from OH groups present in the material .22' 
32-34  Especially for high concentrations of 

active ions where energy transfer processes occur the parasitic effects of hydroxyl 

groups become important. As the excitation energy "diffuses" through the material it 

will, of course, arrive at rare earth ions coordinated to OH-groups. At this site, the 

phonon activity is generally greater than in areas without hydroxyl groups. 

Consequently, phonon-assisted non-radiative relaxation processes are much more 

likely which causes a considerable loss of energy and leads to reduced luminescence 

efficiency. For instance, this is reflected in shorter lifetimes of excited states in 

materials containing high amounts of OH-groups. This is mostly the case for glasses 

obtained by processes involving water such as the sol-gel method. Several authors 

have reported problems achieving suitable luminescence lifetimes in sol-gel derived 

materials. 35' 
36  
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1.5 Fabrication of EDWAs 

The fabrication procedure for EDWAs usually included two steps: the first step is to 

prepare doped material; the second step is to make the optical waveguide. The heart 

of the process for an EDWA is the uniform distribution of high concentrations of 

erbium ions within a waveguide. The processes used for the fabrication of silica-on-

silicon planar lightwave circuits (PLCs) can also be employed to produce erbium-

doped glass waveguide. The major approaches in the fabrication of EDWAs include: 

chemical vapor deposition (CVD) and its variants, PECVD,24  LPCVD, flame 

hydrolysis deposition (FHD),37Sputtering,38  ion exchange ,39  ion implantation ,40 

electron beam vapour deposition, 4' doped polymer ,4244-and sol gel45. Fabrication 

processes like FHD, CVD and E-beam deposition are very expensive involve high 

capital investment and operation cost. Further, these fabrication processes have very 

low deposition rates and low yield because of the difficulties for ensuring the 

uniformity of the thickness and refractive index in each layers of waveguide 

structure. The ion exchange, sputtering and sol-gel processes should provide more 

cost-effective approaches for the fabrication of EDWAs. 

Table 1.1 lists the highest net gains reported to date from EDWA devices fabricated 

using each of the most significant routes. 
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Table 1.1. Highest net gain reported to date form EDWAs (from PhD Thesis by R.T.Thomson, Heriot-Wat,2006) 

Fabrication Er 
Propagation Net gain @ 

Transparency Waveguide 
Gain / unit Noise Pump 

method Core material 
concentration loss 

(dB cm') 
pump power 
(dB @ mW) 

pump power length (cm) 
length 

(dB cm') 
figure wavelength Ref. 
(dB) (nm) 

Sol-gel Er-Yb: 0.25 mol % 0.1 @ 175 25 5.0 1.08 - 980 46 

aluminophosphosilicate 

PECVD Phosphosilicate glass 0.48 wt. % 0.17 5.0@ 120 23 7.5 0.67 - 980 24 

FHD Silicate 0.45 wt. % - 27@ 264 55 47.7 0.56 - 980 37 

RF-Sputtering Bismuthate glass 6250ppm 0.13 18@280 24 0.75 0.75 5.5 980 47 

FWI Er-Yb: Phosphate 2.0 wt. % 0.4 7.3@ 460 200 3.7 1.97 115 980 48 

Ion 	diffusion! Er:Yb:Phosphate 2.0 wt. % 00.I 11.6@ 120 NA 4.5 2.58 E14.5 975 49 

exchange 

Ion Implantation Er:A1203  2.7 x 1020 0.35 2.3@ 9 3 4.0 0.58 - 1480 50 

ions.cm 3  

Doped Polymer Er-Yb 	doped 	organic 0.33 x 1020 - 13@110 - 1.8 - - 980 
polymer ions.cni3  (relative) 
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It can be seen from Table 1.1 that EDWAs have been fabricated using a wide range of 

fabrication routes. Although FHD has been successfully used for the fabrication of 

EDWAs devices exhibiting high net gains, homogenous doping of core layers at 

higher concentrations is still limited. Currently, this limitation is met by increasing 

the length of waveguide to provide necessary gain which leads to an increase in the 

device size and fabrication costs. 

The fabrication of smaller amplifiers can be achieved by using materials that allow 

large net gains/ unit length. The highest net gain/unit length was published by Patel 

et al., who used ion-exchange technology to fabricate a 3 mm long waveguide in an 

Er-Yb doped phosphate glass. 52  A net gain/unit length of 13.7 dB/cm was obtained 

in the device exhibiting a net gain of 4.1 dB. Another approach to reduce the device 

size involves the use of materials which allow the waveguides with high refractive 

index contrasts and therefore small bend radii to be fabricated. Kondo et al., ' 

fabricated a 24 cm long Er-doped bismuthate EDWA by RF-sputtering on a chip 

only 1 cm2  area using a spiral waveguide path. An impressive peak net gain of 18 

dB/cm was obtained from this device. 

Recently, a great deal of research activity is focused on finding low cost fabrication 

routes such as sol-gel and doped polymer waveguides. For example, Wong et al., has 

recently reported a direct UV printing (A process which involves simple IJY 

exposure of an erbium doped polymer followed by development process on an UV-

senstive polymer) of Er-doped polymer waveguide arrays on thermally oxidised 

silicon 53, a proof-of-concept demonstration that certainly shows the feasibility of 

fabricating very low cost EDWA devices. Similarly Liu et al., have demonstrated the 
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fabrication of an Er-doped waveguide amplifier via sol-gel process. The device 

exhibited an internal gain of 1.9 dB via evanescent wave amplification near 1550 

MU. 54 

It is clear from this discussion that EDWA area as a whole is still very much at the 

research stage and many different routes to fabrication of EDWA devices are being 

investigated. Each of the fabrication routes has its own potential benefits in terms of 

cost and scalability. 

1.5.1 EDWA fabrication via sol-gel 

The sol-gel offers a very simple and cost effective way of fabricating dense smooth 

glass/ceramic layers on virtually any substrate. The sol-gel method involves two 

main steps. In the first step a sol is made by mixing glass forming precursors in a 

suitable solvent in desired quantities followed by the hydrolysis and condensation 

steps in water. The second step involves spin coating or dip coating the sol onto a 

desired substrate. In this way a thin porous gel layer containing all the glass forming 

elements and a substantial amount of water is obtained. The gel layer is then heat 

processed in an oven at high temperature to get rid of the solvent and any residual 

organics leading to a densified glass film. In practice preparation of sol-gel glass 

films requires only a fume cupboard, spin coater and an oven. 

The first attempt to fabricate erbium doped planar waveguides using a sol-gel route 

was reported by Bahat et al in 1994 using a Ti02  host material 55  . Since then, 

various groups have investigated other host materials such as, Si02 56,  A1202-Si0257, 

Ge0258, A1203  59, BaTi0360, multicomponent silcate6' and Y20362  to name a few. Few 

groups have however fabricated channel waveguides from these films. The first 
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reported attempt to fabricate erbium doped channel waveguide devices using the sol-

gel route was published by Orignac et al in 1999 using a predominantly Si02-TiO2  

host material .63  The group used a strip loaded waveguide structure and an Er- Yb 

doped core layer doped with 0.2 at.% Er. Although the device structure was not 

optimum, the group reported a relative gain (signal enhancement) of 2.7 dB for a 5.7 

cm long device (0.5 dBcm 1 ) under 100 mW of 980 nm pumping, and estimated the 

fraction of excited ions to be about 25 %. Later on that year Yeatman et al reported a 

slightly higher relative gain coefficient of 1 dB.cm 1 , but with only a slightly higher 

fraction of the ions excited (30%) 64  Over the next 3 years little work was reported 

in this area until in 2002, Huang et al reported the first fibre-device-fibre net gain 

from a sol-gel fabricated EDWA. The device exhibited a net gain of 5.75 dB for a 5 

cm long device and was fabricated using a hybrid sol-gel / PECVD fabrication route 

whereby the multicomponent silicate core material, doped with 0.25 mol% Er203  and 

0.25 mol% Yb203, was deposited using the sol-gel route, but the upper cladding 

material was deposited using PECVD. Clearly the results reported by Huang et al 

demonstrate the potential for the fabrication of low cost EDWA devices using the 

sol-gel route. In a later paper published by the same group 65,  it was reported that the 

advancement in the fabrication was moving to a material host with lower process 

temperatures than the Si02-TiO2  host previously investigated. As a result, high 

doping concentrations were possible while maintaining a high degree of doping 

homogeneity. Although the results reported by Huang et al are impressive, the 

fabrication of the device was time consuming and therefore not cost-effective in a 

commercial environment. The core layer required the use of 20 iterative spin coating 

cycles to overcome problems with stress induced cracking in thick films, and the 
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cladding layer was fabricated using PECVD, an expensive technology that would 

negate the commercial benefits of using the sol-gel route. A breakthrough in 

deposition of sol-gel thick films without cracks was made by Thomson et al., 66  who 

managed to produce sol-gel films as thick as 10 jtm in a single sol-gel deposition. 

The group performed waveguide losses, fluorescence lifetime and gain 

characterisation studies on a 5.6 cm long sol-gel EDWA sample with composition 

(mol %) S102  B203  : P205  : Ge02  : A1203  : Er203  = 87.1 : 4.8 : 0.75 : 6 1.1 

0.25. The propagation losses were found to be 0.4 dB/cm and the fluorescence 

lifetime was measured to be 5.6 ms for 4 I13/2 - I15/2 which was found to decrease at 

high pump powers. Despite low waveguide losses and moderately high fluorescence 

lifetime, the sample exhibited only a small relative gain of over I dB/cm. The authors 

found that there was a fairly high unsaturable absorption in the sample arising from 

Er-Er clustering leading to suppression of net gain in the waveguide. Recently 

Goncalves et al., 67  reported fabrication and photoluminescence studies on Si02-Zr02  

sol-gel waveguides doped with 0.3 mol % of Er"' ions and fabricated by multilayer 

dip coating method. The authors reported a fluorescence lifetime of 9.0 ms for the 

planar Si02-Zr02  sol-gel waveguide containing 10 mol % of Zr02  which decreased 

to 8.0 ms when Zr02  was increased to 20-30 mol %. The authors, however, did not 

report any gain measurements on these waveguides. 

1.6 Sol-gel Technology 

1.6.1 Introduction 

The first paper on the use of sol-gels was published by a French writer, M.Ebelmen, 

in 1845. 68  He reacted SiC14  with ethanol to form the alkoxides tetraethoxysi lane 

(TEOS). He found that the compound gelled when it was exposed to the atmosphere 
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and heating lead to the formation of Si02. In spite of the early discovery of the basic 

principles of the sol-gel process, it took about a century before it enjoyed more 

interest. There has been a tremendous progress in the area of sol-gels where today 

nearly any glass or ceramic material and most polymers can be fabricated by the sol-

gel process. 

Another factor which greatly stimulated interest in the sol-gel process was the search 

for new ceramic materials to be used in electronics, solar energy conversion, optics, 

heat insulation and other fields of high technology. In this context, sol-gel processes 

offer possibilities in the tailoring of materials which result in high purity, high 

homogeneity, low temperature preparations, direct moulding, and the need for only 

simple facilities .69  

1.6.2 Sol-gel process 

Sol-gel processing allows the creation of high optical-quality coatings and monoliths 

through the strict control of processing parameters (pH, temperature, humidity, 

pressure) in combination with high-purity sol-gel precursors. 70  The main strengths 

of this method include its ability to use low to mid processing temperatures and 

standard atmospheric conditions. It also offers the possibility to control optical and 

structural properties from chemical and processing points of view (e.g., refractive 

index, layer thickness, etc.). The sol-gel process has the capacity to produce highly 

pure materials, synthesised at the molecular level. 

A sol is a subset of the colloid substances group. A colloid is a suspension of a small-

dispersed phase (-1-1000 nm) of particles, where gravitational forces can be 

neglected, and is dominated by short-range forces such as van der Waals forces and 

33 



Chapter 1. Introduction 

surface charges. 71  Therefore a sol is a colloidal suspension consisting of a solid phase 

dispersed in a liquid phase. The sol-gel process thus involves the formation of a 

colloidal suspension (so!) and further polymerization of the sol to form an inorganic 

network in a continuous liquid phase (gel). 

In general, the sol-gel process can be understood from the evolution of the following 

steps reported by Hench 72:  (1) Mixing, (2) Deposition, (3) Gelation, (4) Aging, (5) 

Drying, (6) Dehydration and stabilization, and (7) Densification (by furnace or laser 

heating). Fig.1.12 shows a flow diagram of the sol-gel process. Fig.1.13 shows the 

sol-gel processing of various glass and ceramic materials. 

WE 
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Figure 1.12. Flow chart showing general sol-gel synthesis process 
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1.7 	Sol-gel Chemistry 

1.7.1 General 

In the silicon system, there are two main reaction types, hydrolysis and condensation 

by which the macromolecular metal-oxygen network of the Si02 gel is produced 

starting from silicon alkoxides. The overall reaction scheme consists of three 

reactions. During hydrolysis, one of the alkoxide groups (-O-R) on a tetravalent 

silicon atom is replaced by the nucleophilic attack of the oxygen atom by a hydroxyl 

group (Scheme 1).6957375 
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hydrolysis 

—Si—OR + H20 
esterification 

—Si—OH + 
.
W
ri. kA• 

Scheme 1: Hydrolysis reaction of a silicon alkoxides 

In the condensation reaction, dimeric, oligomeric and polymeric species with 

siloxane bonds are formed. Again, this occurs via nucleophilic substitution of an 

alkoxide or hydroxide group through the oxygen atom of the silanol group of a 

second molecule (Scheme 2). 

Alcohol condensation 

—Si—OR + HO—Si— 	 —Si—O —Si—  + ROH 

I 	 alcoholysis 	I 

water condensation 

—Si—OH + HO—Si—  - 	 —Si— O —Si— + HOH 
I 	 I 	hydrolysis 	I 	I 

Scheme 2: condensation reactions of silicon alkoxide 

Under normal conditions these reactions are very slow. Important reaction 

parameters are: the type of alkoxides, the value of r (r = H20 (mol) I Si (mol)), 

solvent, catalyst type, pH, temperature and pressure. 

1.7.2 Hydrolysis 

Water starts the hydrolysis reactions of the silicon alkoxide. Since, however, these 

compounds and water are not miscible, a common solvent (generally ethanol, 

methanol or NN-dimethylformamide (DMF)) has to be added to obtain an initially 

homogeneous solution. The alcohol acts not only as a solvent, but participates in the 
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reactions as well (Schemes 1 and 2). Water is not only used in the hydrolysis 

reactions, but is also a by-product of the condensation reaction. A molar ratio 

water/alkoxide r = 2 should be sufficient for a complete reaction. Under most 

conditions however, the hydrolysis of the alkoxide and the condensation reactions 

proceed simultaneously. Hydrolysis is incomplete even at ratios 2 < r < 10 (r = 

water/alkoxide molar ratio). The hydrolysis can be acid or base catalysed.76  Mineral 

acids or ammonia are often used as catalysts in sol-gel processing. Under acidic 

conditions an alkoxide group is protonated in a first step making the silicon more 

susceptible to a nucleophilic attack by water (Scheme 3). As a water molecule 

attacks, it acquires a partial positive charge, making the protonated alkoxide a better 

leaving group. 

H 
fast 	 le 

—Si—OR + H30 	 —Si—O—R + H20 

Scheme 3: protonation of an alkoxide group 

The acid catalysed hydrolysis is usually described as a SN2-type reaction (Scheme 4) 
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RO 	L 	
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Scheme 4: Acid catalysed hydrolysis. 

Sometimes a mechanism is favoured involving a stable 5-coordinated intermediate. 

Hydrolysis and condensation reactions decrease the electron density on silicon. 

Conversely, substitution of alkyl groups for alkoxy groups increases the electron 
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density on the silicon. Under acidic conditions, the hydrolysis rate decreases with 

each subsequent hydrolysis step (electron withdrawing), whereas under basic 

conditions, the increased electron withdrawing capabilities of 0-H (and 0-Si) 

compared to 0-R may establish a condition in which each subsequent hydrolysis step 

occurs more quickly as the condensation proceeds. 

1.7.3 Condensation 

Polymerization to form siloxane bonds occurs by either an alcohol-producing 

condensation reaction or a water-producing condensation reaction. At high pH, these 

reactions result in a typical sequence of condensation products: monomer, dimer, 

linear trimer, cyclic trimer, cyclic tetranier and high-order rings. The rings form the 

basic framework for the generation of discrete colloidal particles commonly 

observed in aqueous systems. This sequence of condensation requires both 

depolymerisation (ring opening) and the availability of monomers, which are in 

solution equilibrium with the oligomeric species or are generated by 

depolymerization. Condensation is minimized near the isoelectric point (The pH at 

which a Si02  surface carries no net electrical charge: pH = 1-3) and maximised near 

neutral pH. The most widely accepted mechanism for the base catalyzed 

condensation reaction (pH > 2) involves the attack of a nucleophilic deprotonated 

silanol on a neutral silicate species. 	Reactions occur between larger, more highly 

condensed species, which contain acidic silanols, and smaller, less weakly branched 

species. Grubb proposed a SN2  mechanism. 77  Swain et al. have proposed that silicon 

forms stable pentacoordinate intermediates (Scheme 5). 78  
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Scheme 5: Base catalysed condensation 

In an acid catalysed condensation (pH < 2), a neutral species attacks a protonated 

silanol. Protonation of the silanol makes the silicon more electrophilic and thus more 

susceptible to nucleophilic attack. The most basic silanol species, situated on 

monomers or weakly branched oligomers, are the most likely to be protonated. 

Therefore, condensation reactions may occur preferentially between neutral species 

and protonated silanols situated on monomers and end groups of chains (Scheme 6). 

The proposed reaction is of a SN2-type,  although mechanisms with pentacoordinate 

intermediates are also possible. 
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Scheme 6: Acid catalysed condensation 

1.7.4 pH dependence of Hydrolysis and Condensation 

The hydrolysis, condensation and depolymerization occur simultaneously. The pH- 

dependences of these reactions are schematically represented in Fig. 1.14. 	The 

scheme can be divided in three pH regions: below pH = 2, between pH = 3-7 and 

above pH = 7. At low pH (pH <2) hydrolysis is fast compared to condensation and 

dissolution. At high r-ratios, most monomer alkoxides are hydrolyzed before 

condensation. Monomers react forming dimers. After monomers are depleted the 

condensation occurs via cluster-cluster aggregation. Dissolution is low in this region 

and weakly branched structures are formed. At lower r-ratios, condensation starts 

before hydrolysis is complete. 
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Figure 1.14.Schematic representation of the pH-dependences of hydrolysis (H), 
condensation (C), and dissolution (D) reactions. 

Unhydrolyzed O-R groups reduce the functionality and more weakly branched 

structures are formed. In contrast, for pH > 7, dissolution is fast and solubility is 

high. Dissolution provides a continual source of monomers and redistribution 

reactions. Condensation occurs preferentially between weakly acidic monomers and 

more strongly acidic larger species. This means that the rate of dimerisation is low, 

but once dirners are formed they react preferentially with monomers to form trimers 

which in turn react to form tetramers. In this way, larger branched structures are 

formed. Additions of water in less than stoechiometric quantities cause unhydrolyzed 

sites in the growing clusters. Above pH = 7, all the condensed species are likely to be 

ionized and therefore mutually repulsive. In the absence of salt, no chaining or 

aggregation occurs. Stable sols of large particle sizes can be prepared (e.g. Ludox 

collodial Si02  particles with average particle size of 14 nm). At intermediate pH 
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values, a large variety of structures is expected. The condensation rate is maximized 

near neutral pH where significant concentrations of both protonated and 

deprotonated silanols exist. A minimum rate is observed near the isoelectric point. 

1.7.5 Gelation, aging and drying 

After the formation of the sol by hydrolysis and condensation reactions, different 

processing routes can be chosen. 74  The sol can be poured in a container and dried to 

make a xerogel (xero means dry). A second option is to make a thin film on a 

substrate by spin-coating or dip-coating. The silica clusters continue to grow by 

condensation until the clusters collide. Now links can bridge clusters. After further 

links are formed a giant cluster reaches across the fluid phase. If one molecule 

reaches macroscopic dimensions so that it extends throughout the solution, the 

substance is said to be a gel. The gel point is the time at which the last bond is 

formed that completes this giant molecule. Thus a gel is a substance that contains a 

continuous solid skeleton enclosing a continuous liquid phase. Bond formation does 

not stop at the gel point. In the first place, the network is initially compliant, so 

segments of the gel network can still move close enough together to allow further 

condensation. Moreover, there is still a sol within the gel network and those smaller 

polymers or particles continue to attach themselves to the network. Eventually the 

clusters overlap and become nearly immobile. The term aging is applied to this 

process of change in structure and properties after gelation. Most gels exhibit 

spontaneous shrinkage called syneresis, as bond formation or attraction between 

particles induces contraction of the network and expulsion of the liquid from the 

pores. By this process, the gel is strengthened, stiffened and shrinks. When 

evaporation of the solvent is allowed (drying), in a first stage the network is forced to 
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shrink by capillary tension. A second stage starts when the network is too stiff to 

shrink further. Now evaporation drives the liquid-vapor meniscus into the gel. 

Cracking is a major problem for most soT-gel based ceramics. Two important causes 

of stress are the non-uniform contraction and stress due to pore size distribution. If 

the gel dries starting from only one side, the pressure distribution is asymmetrical. 

The shape will be affected by this pressure distribution, by gravity and by adhesion 

to the mold or substrate. If the stress caused by non-uniform contraction exceeds the 

strength of the network, the drying gel cracks. Cracking is also attributed to the 

existence of a pore size distribution. As larger pores empty first, the higher tension in 

smaller pores creates stress that can crack the wall between pores. Minimising the 

capillary stress between pores or strengthening the network is important for crack-

free drying. Several methods are proposed .73 

. With slower evaporation, a large asymmetrical pressure distribution is avoided. 

Making larger pores and a smaller pore size distribution. Adding a drying control 

chemical additive (DCCA) like formamide or oxalic acid can narrow the pore size 

distribution. 

Strengthening the network by aging. 

. With supercritical drying the liquid is removed from the network above the critical 

temperature and pressure of the liquid, where there is no distinction between the 

liquid and vapor phases. Capillary pressure is absent. The aerogel can be produced as 

large as the volume of the autoclave. 
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. Organoalkoxysilanes, like DEDMS, containing a flexible side group can be used as 

precursor. The side groups give the structure flexibility to avoid cracking. 

It was observed that inorganic films thinner than 0.5 im do not crack, regardless of 

the drying rate. If organic parts are introduced in the film, it is possible to dry thicker 

films without fractures. 

After drying, the materials can be sintered or melted. There has been some discussion 

about the possible differences between glasses made by melting of conventional 

materials and sol-gel derived glass. 

1.7.6 Silica Precursor TEOS 

Tetraethylorthosilicate (TEOS) is the most widely used precursor for the Si based 

sol-gel and has been employed throughout in this thesis for the sol-gel derived silica 

based thin films, glass and glass ceramics. The key chemical reactions in the sol-gel 

synthesis of 5i02  from TEOS involve basic hydrolysis, condensation and 

polymerisation of the TEOS precursor in an alcohol solvent. 

Si(0C2H5)4 + 4 HO 	 No Si(OH) + 4 C2H0H 	(1) 

Si(OH)4 	 SiO 	+ 2 H20 	(2) 

The pH of the solution greatly influences the above reactions.80  If the pH of the 

solution is low (acid) pH <7 and the molar ratio of H20: TEOS is between 2 and 4, 

then the first equation happens in several minutes and the second proceeds very 

slowly. These reactions happen at the same time due to the lack of water for equation 

(1) to happen quickly, therefore relying on equation (2) to give up H20 to continue 
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the reaction. The reason equation (2) is the limiting factor is the lack of available OH 

groups. Therefore polymerization proceeds slowly. Conversely, in solutions with 

high pH levels (basic), an abundance of OH groups causes a rapid termination of the 

network growth resulting in powder precipitates, which can be used in particulate 

processes.81  Acid catalysed gels are essentially free of organics after drying and 

firing, whereas high pH powders and gels may preserve significant amounts of alkyl 

groups in the structure. The major problem with acid catalysed so] gels for making 

thin film and bulk materials is the difficulty of drying without mechanical fracturing. 

Drying is a very tricky process and requires a lot of luck and skill. For example, a 

polymerized silica gel with 4:4:1 water:ethanol:TEOS molar ratio that is acid 

catalysed can contain as much as 670 g of water and alcohol per only 100 g SiO2 82  

hence the dry packs of gel silica as drying agents used for keeping packed materials 

dry during shipping. When the water and solvents are dried, the pores can collapse 

due to the stresses caused on the network when the liquids are removed. 

For most applications, single component glasses are not the desired product when 

producing devices and materials. Multi-component glasses, with properties 

associated to each component, are the desired final product similar to semiconductors 

that use many dopants and multi component materials. Two problems arise when 

dealing with multicomponent glasses. First the alkoxides and other solids are not 

always soluble in alcohol. Second, even if the multi components are soluble in 

alcohol, the rate of hydrolysis may be very different than that of SiO2 as in Ti(Zr)02-

S102 acid catalysed gels. 82  These gels can still be formed by partial hydrolysis of 

silicon dioxide by limiting the water added before the titanium or zirconium 

alkoxides are added to the solution. Another approach consists of using soluble salts 
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such as nitrates and acetates. Nearly any oxide glass composition can be prepared by 

the alkoxide salt method and it has been reported that even non-oxide gels can be 

prepared by this method. 83  

1.8 Dopants 

Doping is a very important issue in materials science. Doping corresponds to the 

deliberate introduction of elements (atoms, ions, molecules) in a given material 

usually to improve its properties. When foreign elements are found in material but 

not resulting from a controlled procedure, the term impurity is used instead. By 

definition, a doping element is found at a low concentration compared to the main 

elements of the material typically ranging from a few ppm to a few percent. In many 

cases the functionality of the material is directly related to doping elements. In some 

other cases, doping can allow a structural control over the material. Sometimes 

doping can even induce unexpected effects on the material structure, morphology or 

functionality. 

During the last few decades, sol—gel processing of materials has been considerably 

developed. Among the numerous advantages brought by the use of sol—gel chemistry 

for the preparation of materials, the greater homogeneity obtained by comparison 

with classical routes is sometimes underestimated. The use of molecular precursors 

intimately mixed in solution yields definitive homogeneity which is usually 

conserved throughout the whole process from solution to the final material. As far as 

doping is concerned, this ability of the sol—gel process to provide materials with a 

good chemical homogeneity is a very crucial point. Homogeneous doping yields 

materials with homogeneous properties; this is a fundamental issue for big scale 
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production and low doping levels. As far as doping is concerned, another tremendous 

advantage of sol—gel chemistry is its high versatility which allows easy variation of 

the nature of the doping ion and of its concentration. 

Luminescent materials are a very good example of materials doping where the 

function of the material is directly related to the doping ions. Almost all inorganic 

luminescent materials used commercially result from the association of a matrix (in 

many cases oxide) and an emitting ion (rare earth or transition metals ion) .84  In this 

case, the optical properties of the material come from the doping ion and the undoped 

material is not even luminescent. 

Erbium doped waveguide amplifier devices being less than tens of centimetres 

require higher concentration of Er" ions in order to provide net optical gain per unit 

length. By doping with a very high amount of Er" ions, cluster formation takes 

place, which may cause non-radiative energy transfer between neighboring Er" ions, 

producing shorter decay time and quenching of luminescence. Thus, it is important to 

note that doping must be done without the loss of homogeneity to minimise the Er 

ion—ion interactions and subsequent reduction of gains by co-operative upconversion. 

In particular, the effects of the codopants on the amplifier emission spectrum 

are of major importance for increasing the available gain bandwidth for WDM 

network applications. 

The sol—gel process based on silica has become a promising candidate for fabricating 

integrated optical devices. Incorporation of much higher concentrations of Er" ions, 

which is responsible for optical amplification, is also found to be more suitable by 

this method as compared to that of the conventional glass-melting methods. 
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However, pure silica still has a low solubility for the Er" ions due to some chemical 

limitation. Thus, use of codopants, such as A1203, Ti02, P205, or/and Ge203  etc., 

which modifies the spatial structure of silica increases the solubility of Er11 ' ions with 

a controllable refractive index. 

1.8.1 Phosphorus co-dopants 

Phosphorus is known to favour the dilution of rare earth ions in the silica host matrix 

and to prevent clusterisation.23  For example, Coutier et al., reported a phosphorus co-

doped composition 20Ti-0. 5Er— lOP showing improved photoluminescence 

properties. 85  A high gain of 20 dB has also been reported for an Er" ion doped P205-

Si02  waveguide containing Er"' ions concentration ranging from 0.4-0.7 wt.% and 

P205  concentration of 14.6 wt.%. 86  

Phospho-silicate gels and aerogels have been synthesized starting from alkoxides and 

phosphoric acid and/or organo-phosphate precursors. 87-89 

These alkyl phosphates have been successfully employed in synthesis of Si02-P205  

sol-gel glass.90  Phosphorous has been incorporated in Si02 sol-gel film by using 

different P precursors. Ti02-P205  glasses containing large amounts of Ti02  were 

prepared. The derived glasses from the xerogels made from titanium tetra-

isopropoxide and triethyiphosphate have shown higher density and refractive index 

than the melt derived glasses of the corresponding components. 91  Zaharescu et al., 

have used different alkylphosphate precursors to synthesise smooth and 

homogeneous S102-P205  films. 92  Although these organophosphate precursors have 

been used as a source of P in the synthesis of Si02-P205  bulk glass and thin films, 
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there are hardly any reports on the synthesis of Er-doped Si02-P205  sol-gel films or 

wave guides. 

In this study we have used two alkyl phosphate precursors (Fig.1.15) for the 

synthesis of Si02-P205-Er203 SO]-gel  films. One of the major drives to use these 

organic precursors was to obtain thicker films by single spin coating cycle. In 

addition to this, these precursors contain phosphine oxide moity (P=O) in their 

structure and could potentially coordinate with Er centre by removing some of the 

coordinated water molecules which are abundant in sol-gel solutions. 

0 
II 

H3C-0 -I -O-C H3  

0 

OH3  

0 
11 

H3C 	
P0 CH3 

0  
O-CH3  

(a) trimethyl phosphate 
	

(b) tributyl phosphate 

Figure 1.15. Organophosphorus precursors (alkyl phosphates) used in the synthesis 
Of Si02-P205-Er203  system. 

1.8.2 Aluminum co-dopants 

Pure silica can incorporate only very small amounts of Er" ions. The net optical 

gain limitation in pure silica-based glasses is caused by the fact that when erbium 

concentration increases beyond levels of 1025  ions/cm3, microscopic clustering 

appears. These are very high erbium concentration phases in which interaction 

between erbium ions are several orders of magnitude larger and result in 

fluorescence quenching of Er" ions by energy transfer mechanism between closely 

spaced ions. In some cases undesirable erbium crystalline phases can appear 

rendering the Er" ions optically inactive and limiting the available optical gain. The 
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reasoning behind this phenomenon is that erbium fits very poorly in pure silica 

network. In compound such as erbium oxide the most common unit is Er06, in 

contrast to silicon oxide compound where SiO4  is the most common unit. Due to the 

difference in the valencies between the 	ions and silicate ions, Er" ions are 

believed to be network modifiers in sol-gel silica systems and form bonds with non-

bridging oxygens (NBOs), which are oxygens that form only one bond with silicon 

atom and not two, in the network. As a result the Er" ions tend to form clusters 

sharing limited number of NBOs in the matrix. 

Since the rate of energy transfer between the Er" ions is strongly dependent on 

interionic distance, the tendency of the Er" ions to cluster increases fluorescence 

quenching by the energy transfer among the Er" ions. Before the ability of sol-gel 

glasses to hold more Er" ions can be exploited, this quenching mechanism of energy 

migration needs to be addressed. A net optical gain of 1.5 dB/cm in Er" I Yb" co-

doped soda lime silicate glasses has been reported. 93,94  Their performance, however, 

was limited by relatively narrow fluorescence bandwidth, the full width half 

maximum (FWHM) value being around 17 nm. 95, 91 It is, therefore, important to 

develop novel materials that could offer a large bandwidth longer fluorescence 

lifetime. It is well known that introduction of aluminium in a silicate glass may lead 

to increased fluorescence lifetime and emission bandwidth. 97-99  Aluminum has been 

shown to be more efficient in enhancing fluorescence lifetime and emission 

bandwidth of rare earth dopants in silicate materials, than other co-dopants such as 

Ti,'°°  P 23  etc., and has become a standard co-dopant used by different research 

groups in the field. Thus, the enhancement of fluorescence and emission bandwidth 

when Al is added has been ascribed to better dispersion of Er-Er clusters leading to a 
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reduction in energy migration process. The lower coordination number of Al" ions 

increases the probability that Al-O-Er bonds form. 

In chapter 4 we have studied the effect of Al co-doping both in amorphous samples 

and samples containing passive nanocrystallites of Mullite (3A1203.2Si02) dispersed 

in amorphous Si02  host. 

1.8.3 Erbium Dopants 

Most of the earlier works described the preparation of Er-doped sol—gel glass, which 

involved the dissolution of corresponding salts in the solution. Introduction of Er 

ions in to the sol may lead to the formation of segregates during film formation. This 

tendency becomes more prominent with increasing the concentration of Er"' ions. 

Furthermore, the precipitation of Er salts in the gel film leads to the formation of Er—

Er clusters, which is again responsible for the fluorescence quenching. When it is 

heat treated at higher temperatures to improve the homogeneity of the Er" ions along 

with the sol—gel host materials, it may cause other undesired changes such as 

crystallisation and phase separation. Therefore, it is very important to modify the 

conventional process to overcome the above phenomenon, especially to reduce the 

segregation of Er" ions within the sol—gel host before annealing at high 

temperatures. 

In this context, different approaches have been adopted in the literature including the 

use of novel Er-Al bimetallic complexes 101  such as shown in Fig. 1.16 (a & b). The 

key structural feature of these complexes is encapsulation of Er centre by optically 

silent alkoxy derivative (Al). It was expected that if such complexes could survive 

during sol-gel hydrolysis step, Er-Er clustering could be avoided and higher doping 
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levels could be achieved. However, experimental studies 102  conducted on hydrolysis 

of complex b are not conclusive and it cannot be said with certainty if the complex 

keeps its structure intact once subjected to hydrolysis. Lim et al., 103  have investigated 

photophysical properties of sol-gel Si02-A1203  system containing 2 rnol% of Er" 

ions obtained by using ErAJ3(OPr1)12  shown in Fig. 1.16 (b). The authors observed a 

promising lifetime of 12 ms in the samples annealed at a temperature of 1100 T. 

However, these results were obtained from pellet samples and they could not 

reproduce the results in sol-gel thin films in order for this precursor to be used in 

fabrication of erbium doped waveguide amplifiers (EDWAs). 
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Figure 1.16. Different Er precursors. The precursors a & b have been used in 
literature and precursor c & d are employed in this study. 

The water stable erbium compounds shown in Fig.1.16 (c &d) could potentially be 

used as new erbium precursors for sol-gel and have been investigated in this thesis. 

These compounds might function as network modifiers in the sol-gel preparation of 

erbium doped waveguides. Since coordination number of the trivalent lanthanide ion 

is commonly eight or nine, it has been suggested 104  that coordination mode of the 

sulfonate anions changes upon removal of the hydrated water molecules from crystal, 

so that they act as multidentate ligands forming more metal-oxygen bonds in order to 

replace the removed water oxygen atoms in the first coordination sphere of the Ln" 

ions. It is hoped that using these erbium precursors would help keep Er" ions 

separated from each other and this would help prevent erbium ions from clustering 

and an increase in optical gain is expected. 
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2 Bulk materials 

This chapter begins with a brief introduction to new erbium and phosphorus 

compounds (erbium triflate, erbium tosylate, HL) as potentially new precursors for 

application in sol-gel derived erbium doped waveguide materials. This is followed by 

the detailed description of the preparation procedures from both a theoretical and 

experimental perspective, of the sol-gel used for this research, as well as the 

deposition method chosen. The main focus of the study in this chapter is on Si02-

P205-Er203  glass ceramics as potentially promising optical materials for waveguide 

applications. 

2.1 Glass ceramics 

Glass ceramic materials are polycrystalline solids containing nanometre to 

micrometre size crystals embedded in a residual glass matrix and are produced by 

devitrification of glasses. The first step toward this involves conventional techniques 

for glass production, followed by controlled crystallization; this process leads to the 

separation of a crystalline phase from the glassy parent phase in the form of tiny 

crystals, where the number of crystals, their growth rate and their final size are 

controlled by suitable heat treatment.1  

In the past few years, there has been a tremendous interest in synthesis of novel 

transparent glass-ceramic materials doped with rare earth ions due to their potential 

technological applications in the field of photonics and telecommunications.2  

Transparent glass ceramics can offer several potential advantages in optical 

components: 
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First of all, some dopant ions are difficult to incorporate into glasses, as they act as 

nucleating agents and induce crystallisation. With the glass-ceramics, this can be 

advantage, because nucleation helps to achieve the finely dispersed crystals. 

It has been demonstrated in the literature that transparent glass ceramics may offer a 

valid alternative for controlling the local environment around the Er"' ions to 

suppress the undesirable erbium-erbium clustering. 1,3-6  This approach involves 

incorporating 	ions into nanocrystals with low phonon energy dispersed 

uniformly in amorphous Si02  host. This class of materials is of great importance in 

photonics, because they combine the glass mechanical and optical properties with a 

crystal-like rare-earth ion environment. It has been reported that erbium containing 

nanocrystals dispersed in glassy matrix exhibit higher optical absorption cross-

sections of Er" ions transitions, together with broad and flat emission spectrum 

characteristics for WDM technology.4  Since the pioneering work of Wang and 

Ohwaki in 1993, when they discovered a novel glass ceramic system characterised 

by transparency comparable to glass,5  considerable efforts have been made to 

fabricate rare-earth activated glass ceramic materials with active ions embedded in 

the crystalline phase.7  It has been reported by Seddon 8  that transparent glass ceramic 

containing nano-crystals of Er" and PbF2  can accept higher doping levels of Er" 

ions and show a very broad and flat emission spectrum. Similarly Fick et al., 

9observed an increased photoluminescence lifetime of 9.4 ms in films containing 

ErPO4  nano-crystallites in the Si02  host. Yao 10  observed improved 

photoluminescence properties of Er" ions in amorphous Si02  containing yttrium 

silicate and aluminium silicate nanocrystallites. Recently Klein has demonstrated that 

yttrium silicate glass ceramics hold great promise as photonic 	 An 
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excellent review on promising optical and spectroscopic properties of transparent 

glass ceramic has been presented by Armelleni. 12  

2.2 Erbium Doping 

The realisation of the erbium doped waveguide amplifier (EDWA) on an integrated 

photonic device requires an Er" ion concentration of two orders of magnitude higher 

with respect to that of an erbium doped fiber amplifier (EDFA) with a path length of 

several meters to obtain a comparable level of optical gain. These levels must be 

achieved without loss of homogeneity, in order to keep scattering losses low and to 

limit Er ion-ion interactions, which leads to co-operative upconversion, which 

reduces gain by decreasing the fluorescence emission and lifetime of the 4, 13/2 

4 
115/2 energy transition. 13-15  Another, even more efficient, non-radiative relaxation 

mechanism results from the multiphonon-driven deactivation of the excited 4 
113/2 

state by high-energy 0—H vibrations. 16  It is important to eliminate these two 

quenching mechanisms for realization of an erbium-doped waveguide amplifier with 

high gain. 

Recently, a great deal of research activity on erbium doped waveguide amplifiers has 

focused either on finding new host materials 4, 17-20 or novel erbium precursors 21,22 

for enhancing and tailoring the emission properties of Er" ions (both the 

photoluminescence spectrum and luminescence lifetime) or low fabrication 

techniques for reducing the cost and size of the device. 

Erbium-doped silica based planar waveguides co-doped with A1203, P205, Ti02  

,Hf02, or / and Ge203  have been prepared by sol-gel processing, combined with a 

multilayer spin- coating technique and using a high (900-1000 °C) annealing 
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temperature. 23-28  However, a long lifetime (- 10 ms) of Er" ions with 1550 nm 

fluorescence is required to achieve the optimal conditions for stimulated emission in 

the 41 13/2 - 
	
115/2 transition. So far, attempts to prepare erbium-doped silica-based 

planar waveguides by this method have led to relatively short lifetimes for the 4
I13/2 

metastable level. For example, although a successful single step sol-gel fabrication of 

erbium doped waveguides was achieved by Thomson et al., 29  in the composition 

5102:P205:A1203:Ge02:B203:Er203  = 87.1: 0.75:1.1:6.0:4.8:0.25 (mol % ) a poor 

lifetime(5.3 ms ) for 4
1 ,3/2 energy level of Er" ions was observed. They found that 

this short lifetime even at such a lower concentration of Er" ions (0.25 mol %), is 

due to the fact that a strong ion—ion interaction by the clustering of Er" ions still 

exists, which leads to cooperative up-conversion and reduces the fluorescence 

performance Thus, the surrounding environment of Er" ions at the molecular level 

needs to be controlled in order to enhance the fluorescence properties of Er" ions. 

It is well established that the coordination environment of the rare-earth ion to the 

host material, 30  is critical to the optical properties of a material. 31,32  For many 

erbium doped materials (often grown as thin films), the choice of precursor reactant, 

especially one needed to introduce dopants or impurity centres, can often 

significantly impact the structural and optical properties of the resultant material that 

is deposited. This is particularly true in case of rare earth doped materials 21, 22, 33 

where higher concentrations are required to maximise their photophysical properties 

(e.g. high amplification in erbium doped waveguide amplifiers). It has been reported 

that erbium precursors with a large Er-Er minimum distance (- 5 A or less) 13  could 

potentially be used to overcome the parasitic Er-Er clustering which results due to 

higher concentration doping of Er" ions. In most cases sol-gel films and bulk 
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materials have been made using inorganic erbium salts such as ErC13.6H20 or 

Er(NO3)3.5H20 27  as doping precursors for erbium doped waveguide core materials. 

However, it has been observed that traditionally used erbium salts show poor 

solubility in sol-gel solvents and results in precipitation of sols when used in higher 

concentrations. For example, Yeatman et al., found that incorporating higher 

concentrations (> 0.5 mol % of Er" ions) of erbium salts (ErC13.6H20 and 

Er(NO3)3.9H20) into sol results in precipitation of the salts as the solvent is lost 

during spin coating leading to a segregated film. 34,35  These inorganic erbium salts 

are incapable of shielding the Er" ions from OH oscillators which are inherent in 

sol-gel process and are known to quench fluorescence lifetime of the excited Er" 

ions. 

In addition to inorganic salts, erbium alkoxide and acetylacetonates are other less 

commonly used precursors in sol-gel synthesis of erbium doped waveguide 

amplifiers (EDWA). However, due to the air and moisture sensitive nature of 

alkoxide precursors; special handling techniques are required for sample preparations 

with these precursors. An additional problem which arises when using erbium 

alkoxide as doping precursors, is the precipitation of Er(OH)3  in the sols. This 

reduces the solubility of Er" ions at the molecular level leading to a poor lifetime of 

113/2 energy level of Er" ions in the final heat treated samples. 36 

In this work, we have investigated water-stable erbium triflate and tosylate 

compounds (shown in Fig.2.1) as potential new erbium precursors. The syntheses of 

these water tolerant compounds were carried out according to the methods reported 

in the literature. 37,38  These compounds exist at ambient temperature in highly 
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hydrated forms 37  [Ln(H20)9[03SCF3]3  and [Ln(H20)9][03SC7H7]3  which at first 

sight would appear to be unsuitable precursors for Er"' cations in a waveguide 

material due to their high level of hydration, high concentration of fluoride Fig.2. 1 

(a) and higher carbon content Fig.2. 1 (b). 

/ 0 F\ 
11  Er-O- (F 	 Er(O-_-O_CH3) 

0 F)3 

a 	 b 

Figure 2.1. a) erbium triflate b) erbium tosylate 

However, it has been shown 39  that the coordination mode of the sulfonate anions 

changes upon removal of the hydrated water molecules from crystal, so that they act 

as multidentate ligands forming more metal-oxygen bonds in order to replace the 

removed water oxygen atoms in the first coordination sphere of the lanthanide (III) 

ions. 40  The OH oscillators will offer the non-radiative quenching pathways for the 

excited state 4 
113,2, whereas higher content of residual carbon in waveguide material 

attenuates huge optical losses. The higher content of fluorine in erbium triflate will 

lower the refractive index 41  if it remains incorporated in the matrix and may render a 

material unsuitable for waveguide fabrication. However, the triflate ligands contain 

no C-H oscillators, and render the complex much more compatible with non-aqueous 

solvents and additives, and importantly, the compound thermally decomposes 

according to Scheme 2.1 to produce erbium fluoride ErF3, and at temperatures above 

600 °C in an oxygenated environment, to erbium oxide Er203. 

190-200°C 	 600°C 	 700°C 
Er(H20)9[03SCF3]3 	o, Er(03SCF3)3 	b ErF3  + 3S02  + CO2  + CF30CF3 	I,  Er203  

Scheme 2.1. Thermal decomposition of erbium triflate into Er203 
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There exists only one previous report concerning the use of erbium triflate in sol-gel 

derived xero-gels for applications in optoelectronics.42  Accordingly, we have studied 

the potential for erbium triflate to remain miscible with different co-dopants in the 

sol-gel syntheses of silica waveguide materials. 

In our initial sol-gel experiments with erbium tosylate it was observed that this 

erbium precursor has lower solubility in ethanol solvent and solubility in sols was 

achieved by using a 50: 50 mixture by volume of ethanol and water. This could lead 

to a higher residual OH content in the sol-gel matrix resulting in a significant 

quenching of fluorescence of Er"' lifetime by OH oscillators. Another problem 

associated with the poor solubility of erbium tosylate was segregation of film during 

spin coating. It was observed that as the solvent evaporates during spin coating, the 

remaining matrix becomes rich in erbium tosylate which precipitates out of the film 

matrix resulting in a highly segregated film (Fig. 2.2). In the preparation of bulk 

samples with erbium tosylate it was observed that the transparent monolithic xero-

gels can be obtained at low temperature processing of the gels (below 100 °C). 

However, these monolithic transparent xero-gel turn into opaque pink powders when 

subjected to a high temperature annealing process (> 100 °C). The transparent 

monolithic glass pieces were, however, achieved with erbium triflate doping at 600 

°C. It can be inferred from this observation that erbium tosylate incorporation in the 

sol-gel leads to poor Si-O-Si network and results in powders. 
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Figure 2.2 segregation of the sol-gel film surface spin coated using erbium tosylate. 

In view of the problems discussed above, further use of erbium tosylate in sol-gel 

synthesis of Er-doped films was abandoned. However, promising results were 

obtained with erbium triflate. 

2.3 Phosphorus precursors 

It is well established in the literature that co-doping of rare earth doped Si02  host 

with phosphorus greatly improves the solubility of Er" ions in the Si02  matrix. 43 

Another advantage of phosphorus co-doping is that it increases the refractive index 

of the material to be used as core for waveguide synthesis. 44  In the beginning we 

adopted a pure coordination chemistry approach which involved the synthesis of a 

novel diphenyiphosphineoxide proligand (HL) shown in Fig.2.3. 
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Ph2P 

But 

III 
0 	OH 

Figure 2.3. Proligand (HL) 

This study had two specific objectives: 1) To synthesize and characterize new 

phosphineoxide ligands for application as codopants in sol-gel process and 2) to 

study their behaviour as ligand towards binding with Er1" ions in the sol-gel matrix. 

It was hoped that target ligand (HL) being sterically demanding would make a 

chelate complex with Er' ions in the sol-gel matrix and bulky -Ph and But  group 

being hydrophobic in nature would not only provide the stability to the complex but 

also shield the erbium centre from OH oscillators which are abundant in sol-gel 

matrix. Pure inorganic Si02-P205-Er203  system should then be accessed by high 

temperature processing of xero-gel containing Er(L)3. 

2.3.1 Synthesis of Ligand HL (Ph2P (0) CH2  CH (But)  OH] 

The synthetic reaction for HL is shown in the scheme 2.2 The treatment of diphenyl 

phosphine (Ph2PH) with n-BuLi produced Ph2PLi via deprotonation which reacted 

readily with 3,3-dimethylepoxybutane, subsequent oxidation with 30% H202  to give 

HL, a phosphineoxide with a pendant, alcohol-functionalised group (2-hydroxy-3, 3-

dimethylbutyl) phosphineoxide (Ph2P(0)CH2CH(But)OH, which was purified by 

flushing a chloroform solution of the product through a silica gel. The product was 

recrystalised from a mixture of chloroform and hexane at -10 T. 
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Ph2PH + 
0
L>_But  

n-BuLl (-78 °C) 

30 % H202  (0 °C) 

Ph2P 	

But 

III 

 

0 	OH 

HL (Racemate) 

Scheme 2.2. Synthesis of Ligand HL 

A crop of crystals was obtained as colourless needles and found suitable for single 

crystal X-ray diffraction study. The molecular structure of HL is shown in Fig. 2.4 

Figure 2.4. Crystal structure of HL. The hydrogen atoms are omitted for clarity. 
Hydrogen bonding between Hi and 02 is shown by dotted line. 
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Table 2.1. Selected distances & angles for HL 

Atoms Distance (A) Atoms Bond Angles (°) 

01-02 1.543 02-Fl-Cl 112.11 

Cl-Pi 1.793 02-Pl-C13 112.13 

C2-C3 1.514 02-P1-07 111.01 

02-Pi 1.497 01-02-03 107.7 

01-02 1.447 01-02-Cl 108.7 

P1-013 1.804 

P1-07 1.806 

01-02 2.865 

H1-02 0.96 

It is evident from the data given in the table above that all the bond distances and 

bond angles are within standard ranges. The crystal structure shows a hydrogen 

bonding interaction between Hi and 02 forming a six membered ring. A racemic 

mixture was obtained, so the use of enantiomerically pure epoxide should yield an 

optically pure product which might be interesting in catalytic applications. 

Further purification of the ligand HL was achieved by sublimation. It was found that 

all the ligand sublimed at 138 C at a pressure of 10 ton. 

2.3.2 Sol-Gel Experiments with HL 

Sols containing HL were made to assess the ability of HL to form homogeneous 

xerogels which could be processed to pure inorganic erbium doped Si02-P205  

system. It was found through extensive experimentation that although the sols 

containing HL form transparent gels, the gelation process was very long, ranging 
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from 4-6 weeks. In addition to this, any attempts to cure the gel in order to obtain 

transparent xerogel failed as the gels broke and cracked forming a powder (Fig.2.5). 

Figure 2.5. Sol-gel sample doped with HL. 

Another serious drawback of HL based sol-gels was the high porosity observed in the 

final heat-treated films (Fig.2.6). It has been well documented that a highly porous 

waveguide film induces huge optical losses due to scattering of light from the 

pores .45 
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Figure 2.6. Highly porous films from HL- doped sample. 

Due to these sol-gel processing limitations encountered at the initial stage of 

experiments on HL doped samples, further use of HL in sol-gel synthesis of 

materials was abandoned. 

Of the phosphineoxides available, alkylphosphates [OP(OR)3] have been employed 

as a source of P in the synthesis of Si02-P205  Sol-gel systems. 

The majority of the research in this thesis is based on the use of two alkyiphosphate 

precursors [PO(OCH3)3] and [PO(OC4H9)3]; detailed studies on these will follow 

later in this chapter. 

2.4 Synthesis of P co-doped sol-gel materials 

The syntheses of sol-gel materials in two section; bulk samples (this chapter) and 

thin films (chapter 3). 
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2.4.1 TEOS Precursor 

Sol-gel studies reported in this thesis work have been conducted using 

tetraethoxysilane (TEOS). This precursor has been extensively applied for the 

synthesis of bulk materials and the deposition of sol-gel films. 46  The hydrolysis and 

condensation reactions that govern the chemical processes of this silica-based system 

are described by the following chemical equations. 46 

Hydrolysis 

Si—OR + H20 	- 	 Si—OH + ROH 

Alcohol condensation 

Si—OR + HO—Si 	- 	 Si—O—Si + ROH 

Water condensation 

Si—OH + HO—SEE 	EESi—O—Si + H20 

Scheme 2.3. Hydrolysis and condensation of silicon alkoxide precursors (—OR = 
C2H5) 

The first reaction is an hydrolysis which induces the substitution of OR groups linked 

to silicon by silanol Si-OH groups. These silanol groups might further react together 

to form Si-O-Si (siloxane) bonds which lead to silica network formation. This 

establishes a 3D network which invades the whole volume of the container. Of 

course, for this sol-gel synthesis of silica the liquid used as solvent to perform the 

different chemical reactions remains within the pores of the solid network. A gel is 

thus obtained. This two phase material consists of a shaped solid exhibiting specific 

properties. 

The stoichiometric ratio of water to alkoxide (TEOS in this case) that balances the 

above equations (scheme 2.3) corresponds to Rwa  = 4. However, still less water is 
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required since the condensation reaction in scheme 2.3 results in the production of 

excess water as a by-product. The reactions are reversible and can occur in an 

undesirable way, depending on the initial concentrations. 46  For this reason the ratio 

Rwa  is one of the most important factors to control. 

Due to its hydrocarbon component, TEOS is immiscible in water, so a solvent is 

generally used prior to the addition of water. Ethanol is typically used and was the 

choice for this research. Fig.2.7 represents a ternary diagram for the system TEOS-

H20-EtOH. 46  It also represents the curve for water/alkoxide ratio Rwa  and the curve 

for constant solvent/alkoxide ratio Rsa. These two serve as good parameters when 

designing a so]-gel experiment, since they summarise molar concentrations, and are 

correlated to reaction rates and material properties. 

TEOS 
1.o_ 0 

0.9 

\o.2 

0.7 	
Im:uicibk 

0.6 

0.3 	 0,7 tj  

EtOH 

	

LO 0.9 0.8 0.7 0.6 0.5 0.1 0.3 0.2 0.1 0 	- 

Figure 2.7. Ternary diagram for basic silicate sol-gel from TEDS.46  
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2.4.2 Influence of pH 

One of the most influential factors that affects the hydrolysis and condensation 

reactions is the pH of the initial sol. Solutions hydrolysed under acidic conditions 

form long polymeric chains manifested as a three-dimensional network. On the other 

hand, hydrolysis under basic conditions tends to form nano-size particles grouped in 

clusters. Acid-catalysed solutions are preferred for the formation of optically clear 

films. They are more appropriate for deposition by spin coating. 11,4'  Additionally, the 

pH has been found to have a direct relation with the gel time. 	For example, gel 

time is considerably minimised for 0 <pH < 1, while it begins rapidly increasing for 

1 <pH <2, after which it decreases again. 

2.4.3 Sol-gel Preparation procedure 

The physicochemical characteristics of the sol-gel system are well documented in the 

literature, 48  however the preparation procedures are rarely described in detail. 

Experiments with single step sol-gel process adopted from literature produced 

inconsistent results, and thus a two step preparation procedure was developed. It is 

based on combination of procedure developed by Almeida et al., 50  and from our 

own observations. The process begins with an initial pre-hydrolysis step, with a 

water/alkoxide ratio of Rwa = 1. Then this is followed by the addition of reagents to 

drive the molar concentration, Rwa and Rsa to a desired point where the reaction is 

complete. 
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2.4.4 Synthesis of sol-gel monoliths 

A general method for the synthesis of sol-gel monoliths is shown in Fig.2.8 

Synthesis of sol-gel monoliths 

Figure 2.8. sot-gel synthesis of monoliths. 

The samples were prepared by using conventional sol-gel process. 

2.4.5 Sal preparation 

The first step in sol-gel synthesis involved the pre-hydrolysis of TEOS. In a typical 

procedure a flask was charged with a magnetic stirrer bar, and TEOS, deionised H20, 

ethanol and 1M HOTf were mixed in a molar ratio of 1: 4: 4: 0.0167 on a scale 120 

mmol of TEOS. The reaction mixture was refluxed at 80 °C for 3 hours to obtain a 

partially hydrolysed Si02  sol. The S102  sol obtained in this way was equally divided 

into 5 vials each containing 5 g (24 mmol) of partially hydrolysed TEOS. Finally 

clear and transparent pink solutions were obtained by adding ethanolic solutions of 

erbium triflate and trimethyl phosphate (the quantities as shown in Table 2.2) in to 

each of the vials via a syringe. The solutions were then filtered (0.4 jIm porosity). 
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Table 2.2. Sample compositions and xero-gel characteristics 

C 
I.. 

E : 	C 
© C-) 

Er(OTf)3. 9H20 
PO(OCH3)3 

 monolithic, 
T 84:15:1 

(0.22 g, 0.28 mmol) 
(0.600 g, 4.28 

transparent 
mmol)  

Er(OTf)3. 9H20 
PO(OCH3)3 

 monolithic, 
U 83:15:2 

(0.45 g, 0.58 mmol) 
(0.607g. 4.34 

transparent 
mmol)  

Er(OTf)3. 9H20 
PO(OCH3)3 

monolithic, 
X 80:15:5 

(0.68 g, 0.88 mmol) 
(0.614 g, 4.39 

transparent 
mmol)  

Er(OTf)3. 9H20 
PO(OCH3)3 

 monolithic, 
Y 75:15:10 

(1.16 g, 1.50 mmol) 
(0.600 g, 4.28 

transparent 
mmol)  

B 98:0:2 
Er(OTf)3. 9H20 monolithic, 

(0.38 g, 0.49 mmol)  transparent 

All of the erbium solutions were made in 5 ml ethanol 

A clear, transparent, pink solution was obtained upon addition, which was allowed to 

stir for a further 16 hours. The sol solutions were then filtered (0.4 tm porosity).The 

range of compositions synthesised is collected in Table 2.2 

2.4.6 Xero-gels 

The xero-gels were obtained by the gelation of the sols. The gelation of all the 

samples was achieved in an oven maintained at 40 °C. The typical gelation time 

ranged from 2-5 days depending on the composition. After the gelation the samples 

were further allowed to age at gelation temperature until the synersis takes place 

(expulsion of solvents from pores of the gel due to further condensation of Si-OH 

groups). The porous dry xero-gel were then obtained by slowly heating the wet gel in 
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the temperature range 40-120 °C in the steps as shown in scheme 1. All the dried 

xero-gels were monolithic, transparent and pink-coloured throughout the whole 

range of compositions (Table 2.2). The synthesised xerogels were characterised by 

TGA/DTA, XPS, Solid-state NMR and TEM. 

2.4.7 Thermal Processing of xerogel 

The xerogel synthesised under acidic catalysis is a highly porous structure.46  

Therefore the sol-gel structure is thermally processed in order to increase the density, 

while at the same time removing the organic components and promoting further 

condensation of the network. Fig.2.9 presents a depiction of the evolution of the sol-

gel network's microstructure as the temperature is increased. 

As the temperature is increased, the organic solvent and residual water (by-product 

or unreacted) are driven out of the structure. In addition, the pores begin to collapse 

and the structure begins to shrink dramatically. The total shrinkage can reach 30-40 

% or even more in some cases. 

sol 	 Gel 	Aging 	Drying 	Sintering 

Xerogel 	Glass / ceramic 

Figure 2.9. Sol-gel structural evolution. 

From a macroscopic viewpoint the refractive index of the material begins to shift. 

These large physical changes also induce the residual stress in the material. In most 

cases, large residual stresses result in catastrophic failure or cracking of the sol-gel. 
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The thermal history has a great effect on the final structure and density of the sol-gel 

and, heating rate in particular, plays a key role in this structural evolution. 11,12  This is 

even more important for sol-gel systems that show some crystallisation, which is the 

case of Si02-P205-Er203  sol-gel system studied in this work. For the systems which 

exhibit crystallisation, a competition between crystallisation and densification is 

observed.52  The combination of high heating temperatures and short dwell times is 

preferable for such sol-gel systems, as reported by Syms in the work on 

phosphosilicate sol-gel films. 53  The typical heating temperatures can range between 

400-1200 °C for such systems. 

From a processing standpoint, the observations made above translate to the need for 

controlling four main aspects of thermal process: 

Heating rate 

Maximum temperature 

Dwell time 

Atmosphere during thermal treatment: 02,  N2, He 

These are essentially the key parameter of thermal processing of sol-gel materials. 

Some of the main challenges of thermal processing of sol-gels are to avoid cracking 

and shrinkage of the material. Cracking of the sol-gel films and monoliths is 

associated with the large shrinkage that occurs during thermal processing and with 

residual stresses at the evaporation stage of sol-gel. 54  

The nature of the atmosphere surrounding the sol-gel matrix during heating is very 

important. The interaction between the atmosphere and sol-gel matrix depends on 
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temperature. In some cases atmosphere can diffuse into the matrix or react with it, 

causing a negative impact on the certain properties. For this reason, selection of an 

appropriate atmosphere plays a vital role in the fabrication of optical components. 

Most of the studies found in the literature regarding structural evolution with 

temperature change, suggest the use of either standard air or 02 with a low degree of 

humidity ( :!E~
53,55 

The glass-ceramic monoliths were obtained from the xero-gels by the annealing 

process described in Fig.2. 10. The high temperature annealing treatment was carried 

out in a furnace at a heating rate of 1°C/mm. The slow heating rate was necessary to 

avoid severe cracking of the samples. In the first stage the samples were allowed to 

anneal at 600 °C for a dwell period of 72 hours. A physical investigation of the 

samples at this stage revealed that all the samples have cracked yielding monolithic 

transparent pink coloured glass pieces. The colour intensity was found to increase 

with increasing Er"' ions concentration. The high transparency of the samples might 

be attributed to better incorporation of Er"' ions into Si02 network. 

In the second and final heating treatment samples were annealed at 1000 °C for a 

dwell period of 2 hours. The physical characteristics of the samples after this heating 

treatment were similar to the one annealed at 600 °C annealing treatment (For details 

see Table 2.3). 
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TEOS : H20 : EtOH : 1 M HOTf 
1 	4 	4 	0.0165 

............................................. 
-i Reflux at 80 °C for 3hours 

(CH30)3P0 

SO2  sal 

I 	 Er(OTf)3 . 9H20 

	

Stir overnight 	 :  

I Gel at 40 °C for 2-5 days I 

Age 40 °C for 1 week, Dry at 90 °C ,120 °C and 
250 °C for dwell time of 24 hours at each stage 

I Annealing: 600 °C /24hr, 1000 °C /0.5-2 hr 	I 

Figure 2.10. Synthesis of sol-gel monoliths 

Table 2.3. Effect of the heat treatment on physical and structural properties of the 
samples. 

Sample Composition 
[mol %] 

Annealing 

Si02  : P205  : Er203  

Physical 
Observation 

Phase crystallite 
size {nm] 

Tx 84: 15 : 1 600/72 hr transparent amorphous  
Ty 84: 15 : 1 1000/2 hr opaque amorphous  
Ux 83: 15 : 2 600/72 hr transparent amorphous  
Uy 83 : 15 : 2 1000/ 2 hr Translucent apQ 28,9 
Xa 80: 15: 5 600/72 hr Transparent amorphous  
Xb 80: 15 : 5 1000/30 mm. Translucent apQ 12.2 
Xc 80: 15: 5 1000/2 hr Translucent ap 13.8 
Za 75 : 15 : 10 600/72 hr transparent amorphous  
Zb 75 : 15 : 10 900/ 30 mm. transparent ap 5.0 
Zc 75: 15: 10 1000/30 min. Translucent ap 11.5 
Zd 75: 15 : 10 1000/2 hr Translucent ap 15.0. 

'EPO = ErPO4  

MEI 
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2.4.8 Er-doped sol-gel glass ceramics 

In the synthesis of Si02-P205-Er203  sol-gel glass ceramics, a few problems needed to 

be addressed. First of all if an attempt to synthesise xero-gels is made from P205, 

precipitation of the solution takes place as soon as Er(OT03.91-120 is added to Si02-

P205  solution. This precipitation occurs due to the following chemical reactions. 56 

'205 3H20 	2H3PO 	 (1) 

(2) 
H3PO4  + Er(OT03 	ErPO4  + 3HOTf 

This problem was overcome by replacing P205  with PO(OCH3)3. We discovered that 

although transparent and clear sol-gel solutions can be accessed through the use of 

erbium triflate and trimethyl phosphate, gelation of the solutions at 60 °C resulted in 

the precipitation of a white compound (nature of which was not investigated) 

rendering the samples useless for further sol-gel processing. After an extensive 

experimentation we found that the optimum temperature to produce transparent xero-

gels without any precipitation is 40 °C. Therefore, all of our samples in this study 

were gelled at 40 °C and the gelation was found to depend on the concentration of 

erbium triflate as the samples with higher concentration of erbium triflate had 

reached the gelation faster compared to the ones with lower concentration. To make 

a comparative study, we also attempted to make samples with erbium chloride 

ErC13.61-120 and trimethyl phosphate. However, it was found that the solution 

containing ErC13.61-120 and trimethyl phosphate results in the precipitation even at 

room temperature , thereby, showing a clear advantage of erbium triflate over 

ErC13.6H20 for sol-gel synthesis of ED WAs. 
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All the gel samples were annealed at 600 °C for 48 hours then 1000 °C for a further 

two hours. A visual inspection of the samples revealed that all the samples 

underwent considerable shrinkage after treatment at 1000 T. All the samples 

showed a fairly high transparency by eye, and in the UVVis-NIR spectrophotornetric 

range. However, cracking was unavoidable in all samples resulting in monolithic 

pieces of 0.5-1 mm thickness which retained their shapes at 1000 °C. 

2.5 Characterisation 

2.5.1 TGA/DTA 

Differential thermal analysis (DTA) is a technique which identifies the temperature 

regions and the magnitude of critical events related to the phase changes occurring 

during a drying or firing process. Thermogravimetric Analysis (TGA) measures the 

weight loss of a material from a simple process such as drying or from more complex 

reactions that liberate gases, such as structural water release, structural 

decomposition, carbonate decomposition, sulfur oxidation, and fluoride oxidation 

etc. The TGA also measures the weight gain of a material from a simple process, 

such as re-hydration, or from more complex surface reactions from reactive gas 

atmospheres. The principal of DTA involves measuring the temperature difference 

between a sample and a reference while both are heated in a furnace at a constant 

rate. A change in latent heat H raises or lowers sample temperature relative to the 

ci( J-1) 
reference. The DTA signal is therefore proportional to dT and the mass of 

substance undergoing the phase transition. 57 
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The results of DTA measurements depend on the heating rate. A higher heating rate 

gives higher transition temperatures due to the thermal mass of the system. Thus the 

lowest possible heating rate and small sample mass are used.
57  
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Figure 2.11. TGA/DTA curves of xerogel sample Z (Si02: P205: Er203 = 75:15:10). 

All samples were subjected to thermal analysis by TGA and DTA; all behaved in an 

almost identical manner. The TGA and DTA curves for sample Z versus temperature 

are shown in Fig.2. 11. In each case, the total weight loss between 30-1000 °C is 38-

40 % and occurs in three distinct regions. The first weight loss (- 20 %) occurs in a 

gradual manner from 40-250 °C and can be ascribed to the removal of alcohol and 

water produced from the hydrolysis and condensation process. The second weight 

loss (- 15 %) is observed in range 250-400 °C and is associated with removal of 

physically adsorbed water and the partial elimination of organic fragments that have 

been formed in the thermal decomposition of erbium triflate and trimethylphosphate. 

This is confirmed by an endothermic dip recorded in DTA curve at about the same 

temperature region. The weight losses (-5%) in the third region 400-750 °C are 
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probably due to the loss of remaining trimethylphosphate, 58  this was confirmed by 

corresponding endothermic dip observed in DTA curve in this region. The further 

evidence for the loss of phosphorus at this point comes from the XPS analysis 

(Fig.2.12) which shows that almost half of the phosphorus is lost during high 

temperature (1000 °C) annealing of the samples. There was hardly any weight loss at 

temperatures higher than 750 °C implying the formation of a thermally stable 

inorganic material at 1000 °C. 

2.5.2 XPS Analysis 

X-ray Photoelectron Spectroscopy (XPS), also known as Electron Spectroscopy for 

Chemical Analysis (ESCA), is used to determine quantitative atomic composition 

and chemistry. It is a surface analysis technique with a sampling volume that extends 

from the surface to a depth of approximately 50-70 A. Alternatively, XPS can be 

utilized for sputter depth profiling to characterize thin films by quantifying matrix-

level elements as a function of depth. The process works by irradiating a sample with 

monochromatic x-rays, resulting in the emission of photoelectrons whose energies 

are characteristic of the elements within the sampling volume. 

XPS analysis performed on selected sample is discussed below. 

Sample Zd (Si02: P205: Er203  = 75:15:10, annealed at 1000 °C/2hr) was analysed by 

X-ray photoelectron spectroscopy (XPS). The spectrum, (Fig.2. 12), shows that the 

material contains silicon, oxygen, erbium and phosphorus, but no fluorine. 

Quantitative information about elemental concentration is given in Table 2.4. 

Comparison of the amount of phosphorus in the original sol (15 mol %, Table 2.2) 

with that in Table 2.4 of 5 mol % shows that that almost half of the phosphorus is 
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lost during the high temperature processing of the xero-gel. This correlates with the 

proposed loss of phosphorus during the third, 750 °C, step 3 in the TGA/DTA curve 

(Fig.2.1 1). The Er concentration is determined as 9 %, compared with the theoretical 

value of 10 % suggesting that there is a very little loss of Er during the high 

temperature annealing treatment, although the XPS technique only analyses the 

sample to depth of less than 10 nm so another method for analysis of the bulk is 

required (Fig.2.12). Another important result that can be inferred from the XPS 

profile is that it does not show any peak for fluorine content. It was expected that 

some fluoride might remain trapped in the material either in the form of ErF3  or 

ErOF or SiF4, but this is clearly not the case at the surface of the material by the end 

of the final 1000 °C heat treatment. 

Ols 

Ener'o) 

Figure 2.12. XPS of sample Zd (composition Si02:P205:Er203  = 75:15:10) annealed 
at 1000 °C and dwell for 2 hours. 
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Table 2.4. Concentration atom % from XPS 

Element Position Atom % 

0 is 530.4 64.4 

Er 4p 318.3 9.0 

Si 2s 152.7 21.9 

P 2 132.5 5.8 

2.5.3 Solid State MAS 

Solid state NMR is an extremely powerful technique that provides information 

complementary to that provided by XRD, other spectroscopic methods, and various 

types of microscopy. It is element specific technique with the most direct information 

available from the resonance position which is largely determined by the chemical 

shift. The chemical shift is determined by the bonding environment of the nucleus, 

arising from the shielding of the nucleus from the magnetic field by surrounding 

electrons. The chemical shift is affected by factors such as the connectivity of the 

framework for example in silicates or phosphates. Thus, the NMR spectrum can 

provide information about the coordinating species, coordination number, etc., of the 

immediate chemical environment in which the nucleus is located. 

In solution NMR, spectra consist of a series of very sharp transitions, due to 

averaging of anisotropic NMR interactions. By contrast, solid-state NMR spectra are 

very broad, as the full effects of anisotropic or orientation-dependent interactions are 

observed in the spectrum. These include interactions between the dipole moments of 

adjacent nuclei, interactions between the quadrupole moment of quadrupolar nuclei 

and the electric field gradient (EFG) at the nucleus, and by anisotropy of the 

electronic shielding at the different sites in the structre. A number of these 
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broadening effects can be cancelled out by magic angle spinning (MAS) in which the 

sample is spun very rapidly (up to 20,000 revolutions per second is not uncommon) 

at an angle of 54.74° to the magnetic field axis (the magic angle). Magic angle 

spinning can produce sharp spectra from many solids. Lines may appear on either 

side of the central line; these spinning side bands are harmonics of the spinning 

frequency, and move further away from central peak at faster spinning speeds. 

Fourth-order broadening effects in quadrupolar nuclei are not removed by MAS and 

require specialised spinning techniques, or different pulse sequences. 59 

To be NMR-active, a nucleus must possess a nuclear spin.. The target nucleus must 

also occur in good natural abundance. Nuclides of particular importance in materials 

research are 27Al, 29Si, 7Li, 11B, 19 	
23Na, 31P, 113Cd, 119Sn, 139La, 217  Pb. Other 

nuclides of interest to material scientists are possible but less readily accessible for 

various reasons; these include 25  Mg, 39K, 43Ca, 49Ti, 91Zr, 137Ba. For details see 

ref. 58. 

To determine the incorporation of phosphorus and residual fluorine in the bulk 

material we have obtained solid state 31P and '9F MAS NMR spectroscopic data on 

sample C. Both phosphorus (31P) and fluorine (19F) have a nuclear spin I = 1/2 in 

100% natural abundance. 

2.5.4 19F MAS NMR 

The solid state '9F MAS NMR spectra of sample Xa (Si02:P205:Er2O3  = 80:15:5, 

annealed at 600 °C/72 hr) and sample Xb (Si02:P205:Er203  = 80:15:5, annealed at 

1000 °C/30 mm.) were recorded to identify the presence of any remaining fluoride in 

the material, and if so to probe its local environment. Two 19F MAS NMR spectra of 
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samples Xa and Xb are shown in Fig. 2.13. It is evident that after annealing at 600 °C 

for 72 hours, Fig.2.13 (a), the sample Xa contains fluoride ions in a single, 

paramagnetically shifted environment with a chemical shift of -157 ppm. The side 

band intensities in this spectrum are particularly high, which is indicative of the 

influence of the strongly paramagnetic erbium centre on the F environment. It 

confirms the proximity of the fluoride ions to the Er"1  centre. However, there was no 

resonance for F from the sample Xb which had been annealed at 1000 °C/ 30 mm.; 

Fig.2.13 (b), the only resonance observable in the spectrum is from the teflon probe. 

This confirms that all the F is being lost at high temperature (1000 °C), at the 

expense of erbium oxide materials. 

-157.8 

Ii 	
a 

k 
/ 	I 	I 

22.9 
b 

300 200 100 0 -100 -200 -300 -400 -500 

Chemical Shift [ppm] 

Figure 2.13. a) 19F MAS NMR for samples a)Xa (Si02  : P205  : Er203  = 80:15:5 
annealed 600 *C for 72 hours and b) Xb (Si02  : P205  : Er203  = 80:15:5 annealed at 
1000 00  for 30 mm. The side bands are denoted by * and separated from the centre 
band by frequencies which are multiples of the spin rate. 
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2.5.5 31P MAS NMR 

Fig. 2.14 shows the 31P spectra for sample Uy (Si02: P205: Er203  = 83: 15: 2, 

annealed at 1000 °C/2 hr) and sample Xc (Si02: P205: Er203  = 80: 15: 5, annealed at 

1000 °C/2 hr). It can be seen from the spectra that sample Uy, Fig.2.14 (b), which has 

a lower concentration of Er" ions (2 mol %), shows a centre band at around -39.097 

ppm with a minor peak around -4.786 ppm. The spectrum also shows very high 

sideband intensity which is indicative of the strong paramagnetic interaction 

(coupling 	ions with 31P centre). The paramagnetic interaction of 31 P nucleus 

with Er" results in signal loss due to rapid relaxation rates. This is because nuclear 

spins of 3'p  are influences by the unpaired electrons in paramagnetic Er" centre, just 

as they are influenced by the spins of the neighbouring nuclei. The difference is that 

the magnetic moment of electrons is much greater than any nuclei on account of 

much smaller size of the electron, and hence the effects are greater. This 

paramagnetic influence is even more significant in sample Xc, Fig.2.14 (a) which has 

a higher doping level of Er" ions (5 mol %) and we could not detect any 31P signal 

for this sample. It can be inferred from these observations that most of the P is 

present in the form ErPO4  in both the samples and there is a strong coupling of the P 

nucleus with the paramagnetic Er centre. 
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Figure 2.14. 31P MAS NMR Spectra of samples annealed at 1000 00/2  hr.a) sample 
Xc (Si02: P205: Er203  = 80: 15: 5) and b) sample Uy (Si02: P205: Er203  = 83: 15: 2). 

2.5.6 UV-Vis/NIR Spectroscopy 

UV-Vis/NJR absorption spectra of samples were recorded in transmission mode. The 

absorption spectra of sample Xa (Si02: P205: Er203  = 80:15:5, annealed at 600 °C/72 

hr) Fig.2.15 (b) and sample Xc (Si02: P205: Er203  = 80:15:5, annealed at 1000 °C/2 

hr) Fig.2.15 (a) are shown. The spectral features are characteristic of erbium-doped 

Si02  glass. 12  All the typical f-f transition of Er" ions from the ground state I,5/2  to 

various excited energy level are observed in the TJV/Vis and NIR region which is 

indicative of the fact that the Er" ions are well dispersed in the sol-gel matrix. The 

absorption spectrum for sample Bx (Si02  : Er203  = 98 : 2, annealed at 600 °C) 

without P co-dopant (Fig.2.15c) is also shown for comparison. It is important to 

mention here that sample Bx which was a transparent glass at 600 °C, when annealed 

at 1000 °C has become an opaque ceramic material not suitable for UV-Vis/NIR 

studies. 

Om 
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Figure 2.15 Room temperature UV/Vis/NIR absorption spectra of samples a) sample 
Xc (Si02 : P205 : Er203 : 80 : 15 : 5, annealed at 1000 00  for 2 hours) b) sample Xa 
(Si02 : P205 : Er203 : 80: 15: 5, annealed at 600 00  for 72 hours) and c) sample Bx 
(Si02  : Er203  : 98 : 2, annealed at 600 C  for 72 hours). The characteristic f-f 
transition from 41 

15/2 ground state to various excited state of Er" ions are labelled 

It is evident from comparison of the spectra after a heat treatment of 600 °C for 72 

hours, sample Bx (Si02  : Er203  = 98 : 2) shows higher OH content with huge 

absorption bands around 1390 nm, 1890 nm and 2200 nm due to OH moieties 

present in sol-gel matrix. The band located around 1390 nm is assigned as overtone 

of SiO-H stretching vibration of hydrogen bonded silanol groups 60  The bands 

around 1890 nm and 2200 nm are associated with combined stretching and bending 

vibrations of silanol groups. Further, it can be seen that these OH bands greatly 

diminished in intensity in sample Xa (S102: P2O5: Er203: 80: 15: 5, annealed at 600 

°C/72 hr) and almost completely disappear when the sample Xc (Si02: P205: Er203: 

80: 15: 5, annealed at 1000 °C/2 hr).Further it can be seen that a intensity of the 

absorption bands in P co-doped samples Xa and Xc is significantly reduced when 

compared with the sample Bx. Similar results were reported by Zhou et al., 61  in their 

UV-Vis/NIR studies on glass ceramic containing Er"' :CaF2  nanocrystals. This 
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change in intensity of transitions in sample Xa and Xc suggests that there is a 

significant change in local environment around the Er" ions caused by P and NIR 

region for the sample Xc shows only characteristic laser transition 4 I15/2 - '13/2 as 

most of OH moieties in this sample were removed by a heating treatment of 1000 °C 

for 2 hours. 

2.5.7 Powder X-ray Diffraction (PXRD) 

The microstructure of the samples co-doped with P and annealed at 1000 °C for 

different dwell times was investigated by using powder X-ray diffraction technique 

and data are collected in Table 2.3 (see page 73). Fig.2.16 shows powder X-ray 

diffraction profiles for selected samples (Ty, Uy, Xc and Zd) after annealing at 1000 

°C for 2 hours. It can be seen from the PXRD curves that sample Ty with the lowest 

concentration of Er" ions (1 mol %) remains amorphous showing a broad hump 

which is characteristic of the amorphous nature of the material. However, diffraction 

patterns were observed for all other samples which have been assigned as ErPO4. All 

the peaks of the XRD patterns for each sample (Uy, Xc and Zd) in Fig.2.16 can be 

readily indexed to Xenotime (zircon) type crystal structure with tetragonal phase of 

ErPO4, in good agreement with the data in JCPDS cards (tetragonal, PDF no. 83-

664). Furthermore, there is no passive crystalline phase caused by the crystallisation 

Of Si02  which indicates dispersion of only ErPO4  nanocrystallites in amorphous Si02  

host. The samples show an increasing trend in crystallinity with increasing 

concentration of Er" ions. The width of the diffraction peaks is significantly 

broadened because of the small size of the crystallites which was found to be around 

15 rim in sample Zd (Fig.2.16 (a)) by Scherer's equation. 
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KA 

r - j5Cos5 

Where t is the crystal size,k the wavelength of the X-ray used (CuKa  = 0.154 nm), B 

the angle of diffraction, f3 the full width at half maximum (FWHM) and K is a 

constant depending on particle shape (K = 0.9). The average crystallite size was 

calculated from strongest peak [200]. 

Similar findings on ErPO4  precipitation have been reported by Fick et al., 9  in Si02-

Ti02- Er203  sol-gel films co-doped with P. 

10 	20 	30 	40 	50 	60 

MAI 

Figure 2.16. Powder X-ray diffraction patterns of the samples after annealing at 1000 
°C for 2 hours a) sample Zd (Si02:P205:Er203  = 75:15:10) b) sample Xc 
(Si02:P205:Er203  = 80:15:5) c) sample Uy (Si02:P205:Er203  = 83:15:2) d) sample 
Ty (Si02:P205:Er203  = 84:15:1) 

2.5.8 High Resolution Transmission Electron Microscopy (HRTEM) 

The transmission electron microscope is an analytical tool that allows detailed micro-

structural examination at high-resolution. With the High Resolution Transmission 

Electron Microscope (HRTEM), magnifications of up to 1,200,000x and detailed 
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resolution below 1 nm can be achieved often. Thus, a HRTEM is able to image the 

atomic arrangement of a single crystal. It also enables the investigation of crystal 

structures, orientations and chemical compositions in phases, precipitates and 

contaminants by measurement of x-ray diffraction, and electron-energy analysis. 

Quantitative and qualitative elemental analysis can be provided from features smaller 

than 30 nm. For crystals with interplanar spacing greater than 0.12 nm, crystal 

structure, symmetry and orientation can be determined. Structural examination of 

defect sites, including stacking faults, interstitial, precipitates and vacancies is 

possible. 

(a) 

13 
1) k 

Figure 2.17. HRTEM images of sample Zb (Si02:P205:Er203  = 75:15:10) (a) HRTEM 
micrograph showing ErPO4  nano-crystals homogenously dispersed in amorphous 
Si02  matrix. (b) HRTEM image showing crystalline fringes and two dimensional 
lattice planes (inset (c & d)) of the nano-crystals. 

The nano-structure of sample Zb (Si02:P205:Er203  = 75:15:10) annealed at 900 °C 

for 30 mm. was studied by HRTEM and is shown in Fig.2.17 (a)-(b). The two 

phases are visible in the HRTEM image: the black spots indicate the crystallites in 

the diffraction condition and the grey back-ground represents the amorphous glassy 
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matrix. The crystallites are spherical in shape and their size is quite homogeneous. 

The crystalline domains are clearly visible in Fig.2. 17 (b) with two dimensional 

lattice planes (inset Fig.2.17 (c & d)).The average crystalline size calculated from 

HRTEM micrographs is in the range 4-5 nm which correlates reasonably well with 

the size estimated from by XRD (8 nm, Table 2.3). Further evidence of ErPO4  was 

provided by EDX analysis which showed the presence of Er, P and 0 in the observed 

crystalline spot. 

2.6 Conclusion 

A detailed discussion has been made on the use of different Er and P precursors for 

the synthesis of sol-gel monoliths. It was observed that a combination of erbium 

triflate and trimethyl phosphate results in formation of high quality sol-gel 

monoliths. The high temperature processing of these monoliths leads to the 

precipitation of nanocrystals of ErPO4  in sol-gel matrix. The size of the nanocrystals 

was determined by PXRD and HRTEM techniques. It was established by XPS that a 

significant P loss occurs during the high temperature annealing of the S102-P205-

Er203  sol-gel monoliths. The controlled precipitation of ErPO4  nanocrystals has been 

achieved in the sol-gel matrix, which could have interesting photoluminescence 

properties. The solid state MAS 19F NIMR revealed that there is no residual F left in 

the samples annealed up to 1000 °C where as MAS 31P NMR provided an indirect 

evidence for presence ofErPO4 nanocrystals at in samples annealed at 1000 °C. 
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3 	Sol-gel films 

3.1 	Synthesis of sol-gel films 

Sol-gel process has been used to produce a wide range of compositions (mostly 

oxides) in various forms, including coatings and thin films, monoliths, composites, 

porous membranes, powders and fibres. Sol—gel is one of the most promising 

methods to fabricate passive and active components for integrated optics, including, 

e.g. Er-doped silicate glass optical amplifiers for Dense Wavelength Division 

Multiplexing (DWDM) systems 1-4  and guided-wave sensors. 

3.1.1 Film fabrication 

The film fabrication process used in this study is comprised of three main steps as 

given below; 

Sol preparation 

Spin coating 

Thermal processing 

The synthesis of sol-gel materials is a process which involves many parameters, 

including chemical (e.g., molar concentration, water/alkoxide ratio, etc.), thermal 

(e.g., densification temperature, dwell time, etc.), environmental (relative humidity, 

atmosphere, etc.). Typical parameters involved in the synthesis and deposition of sol-

gel thin films are shown in Table 3.1. 



Chapter 3. Sol-gel films 

Table 3.1. Parameters involved in the sol-gel process 

Mixing 
	

Deposition 	 Aging 	 Drying 

Molar concentration Solvent 
-alkoxide concentration 
-solvent 
-catalyst Volume, Vd  

Water/alkoxide ratio, Rwa Temperature, Td  

Solvent/alkoxide 	ratio, Humidity 
Rsa 
Catalyst type Atmosphere 

Mixing temp., Tmx 	Spin coating 
-acceleration 

Reflux temp., Tr 	-velocity 
-dwell time 

Reflux time, t1  

Temperature, 
Ta  

Dwell time, ta  

Atmosphere 

Humidity 

Total time, tdt 

Heating rate, 
iT/dtd  

3.1.2 Preliminary Experiments 

First, a series of sols were prepared using methods reported in the literature 6  to 

produce high optical quality and crack free films. This proved to be an elusive goal 

and lead to exploration of different processing approaches. 

In order to successfully synthesise mixtures suitable for deposition of thin-films, a 

proper selection of the precursors and molar concentrations must be done, in 

conjunction with a strict control of the environmental parameters, in particular 

humidity and aging time of the solution. The chemistry of the sol-gel has a direct 

impact in the physical properties of the thin film to be deposited, such as: refractive 

index, shrinkage, porosity, etc. A comprehensive list of parameters involved in the 

sol-gel process is shown in Table 3.1. 
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3.1.3 Preparation of Er- doped sols 

In this chapter three types of Er doped sol-gel systems will be discussed. These are as 

follows: 

S10-Er2O sol-gel system 

S102-P205-Er203  sol-gel system 

Si02-A1203-Er203  so]-gel system 

The detailed description for each of these sol-gel systems will follow later in this 

chapter. However, a general strategy for the sol-gel preparation is given here. 

TEOS+ EtOH + H20 
+ 

Hydrolysis Catalyst (HCl/ HOTf) 

Reflux at 70 °C for 3hr. L ..... 

Prehycirolyseci TEOSsolution 	I 

Stirred 1 hr. 	 P / Al precursor + EtOH 

Si02-P205  / 5i02- A1203  solution 

Std overn i ght j----+ ----- ----------- - - ------ - --t 
OH  

I 	5i02-P205-Er203  / Si02-Al 203-Er203  solution 

Aging 24 hr. 	 I 

Filtration, 0.4 tm syringe filter 	I 

Spin coating 	 I 

Thermal processing 	I 

Figure 3.1. General procedure for sQl-gel preparation 
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In a typical sol-gel process, TEOS is first hydrolysed with a mixture of TEOS: EtOH 

H20 : I M HCl/HOTf in an appropriate molar ratio. This produces a pre-hydrolysed 

transparent S102  sol which is filtered through 0.4 tm syringe filter and transferred to 

clean glass vials. In a separate container an ethanolic solution of P/Al precursor is 

made and mixed with Si02  sol in order to get Si02-P205/Si02-A1203  sols. Finally Er-

doped Si02-P205/Si02-A1203  is obtained by adding the ethanolic solution of Er 

precursor to S102-P205/Si02-Al203  sols. The solutions are filtered once again via 0.4 

im syringe filter and allowed to age for at least for 24 hours before the spin coating. 

3.2 Material Deposition 

The sols were deposited as films on the following substrates: silicon wafers, 

borosilicate glass slides, and silicon wafers with 10 ltm thick oxide layers. The Si-

wafers were P-type (100) orientation, polished on one side, from Silicon Inc. The 

silicon wafers with a grown layer of oxide are normally used as substrates for 

waveguide applications. The borosilicate substrates were standard microscope glass 

slides. The wafers were cleaved before use into pieces of average size 20 x 20 mm: a 

diamond scriber was used to mark the pattern manually on the wafer, which was later 

cleaved with the help of glass-cleaving tweezers. These substrates were cleaned 

thoroughly following a series of steps since a critical part for the deposition of high 

quality films is the proper surface preparation. 

1. 	Rinsing: The cleaved pieces of the silicon wafer were placed in a beaker and 

rinsed in an ultrasonic bath with high purity acetone, isopropanol, and deionised 

water, for 5 minutes in each solvent. 
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Piranha Solution: In this method silicon wafers were treated with a piranha 

solution (4:1 mixture of Conc. H2SO4  and 30% H202) followed by an extensive 

rinsing with deionised water. This helps to oxidise and detach any organics on 

the surface of silicon wafer and makes it hydrophilic. 

Drying: Finally substrates are dried with the help of a nitrogen blower making 

sure that no water marks were left. 

It is important to mention here that there are more sophisticated cleaning techniques 

for wafers, particularly in clean rooms and micro fabrication facilities. Yet if access 

to none of these is available, the procedures described above provide adequate results 

for experimental purposes. 

3.2.1 Deposition of Sol-gel films by spin coating 

Spin-coating technique has various processing parameters that affect the thickness, 

porosity and refractive index of the resultant films (Table 3.2). Following the 

mixture preparation and solution aging described in section 3.2, the sol is ready to be 

deposited on the substrate. The two most commonly employed techniques for the sol-

gel deposition of optical films are spin-coating and dip-coating, each having certain 

advantages. 6'8  For this research spin coating was selected as method of choice 

because it is a popular and compatible with microelectronics manufacturing, so 

relevant literature studies and equipment are readily available. It is important to filter 

the sols prior to spin coating because the presence of any particles in the sol results in 

a very rough film surface as a result of particles clinging to the surface. 
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Table 3.2. Design parameters for sol-gel spin coating depositions 

Velocity profile Environment Physico chemistry 

Acceleration Type: 	Inert 	(N2), Chemistry of sol 

Dwell time Oxygen 	enriched, Viscosity 
solvent enriched Solvent type 

3.2.2 Spin Coating process 

The purpose of the spin coating process is to spread uniformly a solution on a 

substrate material by centrifugal forces. For the deposition by spin coating, the 

substrate is placed in vacuum chuck (holder) and spun to the chosen velocity. 

Z:ww V swill  1W# 
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Figure 3.2. Evolution of sol-gel film fabrication. 

The successful deposition of high quality optical films depends on a number of 

factors. The most important parameters are: (1) Velocity profile; (2) environment; (3) 
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physicochemistry of the solution; and (4) deposition equipment. These are discussed 

in the next section. 

(1) Velocity profile 

The velocity profile is an important parameter which describes how the film 

thickness is related to the spin coating velocity. In designing a velocity profile, the 

parameters to consider include the acceleration (initial or any subsequent stage), 

dwell time (more than one can be used depending on the solution), and the maximum 

velocities of each stage, which is often the case. Another important factor to consider 

is whether the deposition is done as static or dynamic. For static deposition, a 

solution is dispensed before spinning the sample. Dynamic deposition on the other 

hand, is performed after spinning the sample at lower speed, dispensing the fluid, and 

then accelerating the sample through the rest of the cycle. From experimentation it 

was observed that dynamic spinning provided the best results for all the sol-gels 

here. 

Different velocity profiles were used depending on the nature of sol-gel mixture. For 

example, sols without any additives have very low viscosity and high evaporation 

rate, so an acceleration stage combined with a steady dwell time provided the best 

results. Sols with phosphorus and aluminium additives required multistep 

acceleration and dwell profile. Fig.3.3 (a) shows the profiles used for Si02-Er203  

system indicating time for dynamic deposition with an arrow. Due to the high 

organic component content of bulky organo-phosphorus compounds in the Si02-

P205-Er203  sol-gel system, a different spin coating profile had to be designed. This 

profile is shown in the Fig.3.3 (b), and it resembles the spin coating profile used for 
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spin coating photoresists.9  The main difference with this profile lies in deceleration 

after a small dwell period immediately after the main acceleration. This avoids a 

greater thinning of the film. From experimentation, dynamic deposition provided the 

best results for all the sol-gel systems. A modified version of the spin coating profile 

is shown in Fig.3.3 (c) for Si02-A1203-Er203  so]-gel system. For this profile the 

initial acceleration is much greater, to allow a rapid spreading of the sol, thus 

covering completely substrate's surface before gelling. A typical spin coating 

velocity range is between 1000 and 4000 rpm for all the samples reported in this 

work. In this thesis work we will focus on three types of systems for film deposition; 

(1) Si02-Er203, (2) Si02-P205-Er203, and (3) Si02-A1203-Er203  and details of these 

will follow later in this chapter. 
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Figure 3.3. Velocity profile for different so]-gels systems (a) Si02-Er203  system, (b) 
Si02-P205-Er203  system, and (c) S102-A1203-Er203  system. 
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Environment 

The most important environmental factors include type of atmosphere, relative 

humidity (RH), and exhaust rate. The relative humidity (RH) in the environment 

plays a key role in both proper spin coating and physicochemical characteristics of 

the film. This requires the spin coating process to be performed in a clean room with 

controlled humidity. The majority of the spin coating experiments were conducted in 

the clean room at the School of Electrical and Electronics Engineering, The 

University of Nottingham. It was observed through the experimentation that films 

spin coated in the clean room produced better and more consistent results. 

Physicochemistry of the solution 

The main physicochemical aspects to consider for sol-gel deposition include the 

viscosity of the sol and type of the solvent used to dilute the sol before deposition. 

Compared to other solutions deposited by spin coating (e.g. photoresists), sol-gels 

are characterised by a low viscosity and high evaporation rate, particularly inorganic 

sol-gels. Yet these two parameters are influenced by the chemistry of the sol; for 

example, the degree of connectivity of the silicate network, which increases as the 

condensation reactions progress. So they are greatly affected by the molar 

concentration of alkoxides, solvent, and H20. The viscosity and evaporation rate, 

which depend on the type of solvent, will affect the final thickness of the film. The 

most popular solvents for sol-gel solutions are ethanol (EtOH), isopropanol (IPA), 

and tetrahydrofuran (THF). 

The rheology of the sol also plays an important role during the release of the fluid by 

the pipette for dynamic deposition. The low viscosity sols do not tend to adhere to 
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the inner walls of the pipette tip, thus allowing a clean and complete release of the 

volume. On the other hand, based on observations, it was noted that more viscous 

sols particularly based on Si02-P205-Er203  and Si02-Al203-Er203  systems have a 

greater tendency to adhere to the pipette and form bubbles, resulting in a continuous 

jet followed by residual bubbles being expelled. This caused the films to have 

"comets" or streaks. This problem was overcome by adjusting the viscosity of the 

sols and spinning parameters. 

(4) Deposition Equipment 

The deposition of the sol-gel films was carried out in a programmable spin coater 

from Laurell Technologies and is shown in the Fig.3.4. Reducing human 

involvement in deposition of the sol-gel film is preferable for reproducible results. 

However, human intervention during spin coating was not completely eliminated, 

due to lack of an automatic liquid dispensing device. 

sample holder 
r ' 

L 	 . . 

. 	 •.1 

.• . 4 

 

Manual spin control 

Figure 3.4. spin coater 
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3.3 Experimental procedures used in this work 

In addition to the design parameters presented above, some other points were 

considered during the deposition procedure of sol-gel films for this work. These 

recommendations are based on observations from experimentation conducted during 

this research. 

After mixing and aging, the sol is diluted in a solvent immediately before deposition, 

as explained above. It is crucial during this final step before deposition, to avoid any 

particles in the sol. This can be achieved by working in a clean room, and by filtering 

the solution immediately before deposition. The sols were stored in a fridge before 

deposition, to prevent the sols from gelation. 

0 0 0 0 0 
Hpreparatio]n 

 
Sol-gel 

)I
Substrate  Sot-gel 

I 
_____ sample Heat _____ Sample 

cleaning  deposition treatment analysis 

degrease I furnace SEM 

clean Spin coating 
02  atmosphere AFM - dry 

Figure 3.5. Experimental procedure for sot-gel films. 

3.4 Defects in spin coated films 

Common defects to avoid during spin coating of sol-gel films include pin-holes 

(bubbles) or streaks caused by the presence of particles or other residues on the 

substrate or in the solution. Another type of defect is the presence of uncoated areas 

on the substrate, as a consequence of a low volume of sol and in some cases 

augmented by the "wetability" characteristics of the substrate. It is quite common to 
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observe in many sol-gel thick films, in particular for inorganic sol-gels, the 

development of cracks throughout the film.10  These cracks, which begin as micro-

cracks, can be caused by particle defects or most commonly develop due to residual 

stresses 1 1 induced during the evaporation stages of the film deposition process. The 

large structural changes observed during shrinkage of the film in the evaporation and 

thermal processing stages often result in the development and propagation of 

cracks. 12 

The solution to problem of particle defects includes filtering the solutions before 

conducting the spin coating process in a clean room to avoid the particles. 

3.5 Si02-Er203  system 

The Si02-Er203  was the first system studied in this work. In this system sol-gel 

compositions were made using three erbium precursors, namely erbium triflate, 

erbium tosylate and ErC13.6H20. TEOS was used as source of Si02  throughout. 

Ethanol was used as solvent. The compositions used in this experiment are shown in 

Table 3.3. The two molar ratios (water/precursors and solvent/precursor) were 

defined as: 

moles of water 
r= 

moles of precursors 

moles of solvent 

moles of precursors 
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The concentration is expressed in terms of mol % of Si02  and Er203  that would be 

present in the hypothetical water and organic free films matrix after high temperature 

annealing process. The final compositions were tested by XPS. The observed 

variations from the initial compositions will be discussed later in this chapter in the 

structural characterisation section. 

The sot-gel solutions were prepared using two step hydrolysis process and spin 

coated on two types of substrates: Si(100), and borosilicate glass slides. These were 

cleaned prior to the deposition, following the procedure described in section 3.3. 

Spin coating conditions (e.g., velocity profile and deposition methods) were varied 

until appropriate parameters were found. A typical range is between 1000 to 2000 

rpm for a complete cycle range of 30-60 seconds. Figure 3a shows the deposition 

velocity profile used for the Si02-Er203  sol-gel system. 

After the deposition, a set of samples was selected for heat treatment under various 

temperature conditions. The samples were placed in a rapid thermal annealer (RTA) 

and annealed at 1000 °C for 5 seconds. 
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Table 3.3. A list of sol-gel experiments conducted on S102-Er203  system 

Mixture composition 
[mol %] 

Er203  precursor 

S102  : Er203  

r R Catalyst sol 
observation 

1 99 	1 Er[H20]9[03SCF3]3  1 3 1 M HCI poor 

2 99: 1 Er[H2019[03SCF3]3  2 3 1 M HCI poor 

3 99: 1 Er[1120]9[03SCF3]3  3 4 1 M HC1 good 
4 98 : 2 Er[H20]9[03SCF3]3  3 4 1M TfOH good 

5 98 :2 Er[H20]9[03SCF3]3  4 4 1M TfOH good 

6 98 :2 Er[H20]9[03SCF3]3  4 8 1M TfOH good 
7 98:2 Er[H20]9[03SCF3]3  8 4 1M TfOH viscous 

8 98: 2 Er[H20]9[03SCF3]3  10 4 1M TfOH too viscous 
9 97 : 3 Er[H20]9[03SCF3]3  4 4 1M TfOH good 

10 96 : 4 Er[H20]9[03SCF3]3  4 4 1M TfOH good 
11 95 : 5 Er[H20]9[03SCF3]3  4 4 1M TfOH good 
12 92: 8 Er[H20]9[03SCF3]3  4 4 1M TfOH good 
13 90: 10 Er[H20]9[03SCF3]3  4 4 1M TfOH good 
14 99: 1 Er[H20]9[03SC7H7]3  4 3 IM TfOH poor 
15 98:2 Er[H20]9[03SC7H7]3  8 4 1MTfOH viscous 

16 98: 2 Er[H20]9[03SC7H7]3  4 4 1 M HCI good 
17 98: 2 Er[H20]9[03SC7H7]3  4 4 1M TfOH good 
18 97 : 3 Er[H20]9[03SC7H7]3  4 4 1 M HCI good 
19 96 : 4 Er[H20]9[03SC7H7]3  4 8 1 M HCI good 
20 95 : 5 Er[H2019[03SC7H7]3 4 4 1 M HCI good 
21 99: 	1 ErC13.6H20 4 3 IM HCI good 
22 98: 2 ErC13.6H70 4 4 1M HCI good 
23 97 : 3 ErC13.6H70 4 4 1M HCI good 
24 96 : 4 ErC13.6H20 4 4 1M HCI good 
25 95 : 5 ErC13.6H20 4 4 1M 1-ICI good 
26 92: 8 ErC13.6H20 4 4 1M 11C1 good 
27 90: 10 ErC13.6H20 4 4 IM HCI good 
28 95 : 5 ErC13.6H20 10 4 IM HCI too viscous 

In another annealing experiment a set of samples were annealed at 120 °C, 250 °C, 

500 °C, and 1000 °C respectively at a heating rate of 1°C/mm. 

A key requirement for the erbium doped waveguide films is that they should be 

either amorphous or contain nanocrystals with size in the range of 3-5 rim. This is 
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because the results obtained with glass ceramics containing small nanocrystals (- 3 

nm) show optical losses comparable with amorphous glassy films. 13  

3.6 Characterisation 

Following spin coating and in some cases heat treatment, the samples were 

characterised by the following techniques: Optical microscope, scanning electron 

microscope (SEM) to observe the topology of the film surface, XPS for elemental 

analysis, AFM to measure the surface roughness and Powder X-ray Diffraction 

(PXRD) to detect any phase changes in S102-Er203  system. 

3.6.1 Scanning electron microscope (SEM) 

Fig.3.6 shows the SEM images before annealing of selected mixtures from 

experiments shown in Table 3.3. These SEM micrographs clearly show how the spin 

coating parameters and optimal molar ratios affect the uniformity and morphology of 

the films. 

From these initial experimentation performed on sol-gel depositions, it was observed 

that only Er(OT03.9H20 leads to the formation of the best sols and allows the 

deposition of smooth and crack free films by spin coating. 

After successful deposition of the smooth and crack free sol-gel films by employing 

Er(OTf)3.9H20 precursor, annealing was performed on selected samples. The 

annealing treatment was carried out in a Rapid Thermal Annealer (RTA) for a period 

of 5 seconds. The morphology and microstructure of the annealed films were studied 

by AFM and XRD. 
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Mixture 10 (erbium tosylate) 
	 Mixture 22 (erbium chloride) 

Figure 3.6. SEM micrographs of the selected samples from table 4. Optical quality of 
the thin films spin coating with three different precursors is shown. 

3.6.2 Atomic Force Microscopy (AFM) 

An aspect of great importance in thin film technology for optical applications is the 

roughness of the film. This is because a great deal of optical losses might be induced 

due to the diffraction of light from surface roughness. This aspect was evaluated for 

various samples by atomic force microscope and is shown in Fig.3.7 These AFM 

images characterise the typical results of a successful film spin coated on Si substrate 

after annealing at 1000 °C for 30 mm. As seen from the AFM images the surface of 

the film is very smooth with RMS (root mean squared) value of 0.295 nm. 
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Figure 3.7. AFM image of Mixture 5 (Si02 : Er203  = 98:2) after annealing at 1000 °C 

3.6.3 XPS analysis 

After the annealing treatment the quantitative information about the Er" ions was 

tested with XPS. The experimentally determined concentration of Er" ions in 

mixture 9 ( Si02  : Er203  = 97 : 3) was found to vary slightly (Er 2,3 at. %) and is 

shown in Table 3.4. This suggests that some of erbium is lost in the form of volatile 

compounds which might be formed during high temperature annealing process. 

Table 3.4. XPS analysis of films Mixture 9 (Si02 : Er203  = 97: 3) 

Element atom % 

Ols 64.1 

Er 4p 2.3 

Si 2p 33.6 

3.6.4 Powder X-ray Diffraction (PXRD) 

In order to get more detailed information about the structural phases of the smooth 

and crack free films obtained from the erbium triflate containing sol, powder x-ray 

diffraction patterns were recorded and are shown in Fig.3.8 and Fig.3.9. It was 

revealed by xrd studies that a higher concentration of Er" ion (5 mol % or higher) 

leads to the crystallization of Si02  upon annealing at 1000 °C for 30 mm. Thus at 
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concentrations higher than 4 mol% a phase separation between Si02  and Er203  takes 

place which results in the massive crystallization of a bulk Si02  phase as shown in 

Fig.3.9 (c). A similar behavior of phase separation and crystalisation has been 

reported by Almeida et al., 14  in Si02-TiO2  sol-gel films doped with Er" ions . Fig. 

3.9 shows the XRD profiles of the sol-gel films annealed at 800 °C and 1000 °C 

respectively with a dwell time of 30 min at each stage. It is evident that 

crystallisation is observed only in the sample doped with 5 mol% of Er" ions after 

annealing at 1000 °C for 30 minutes as shown in Fig. 3.9 (d). This limitation of phase 

separation can be overcome by introducing the phosphorus or Al co-dopant in the 

sol-gel systems and will be discussed in the next sections. 

MIA 

Figure 3.8. a) Powder x-ray patterns of so]-gel films after annealing at 1000 00  a) 
Si02 : Er203 = 98:2 b) Si02:  Er203 =90 :4, c)S102 : Er203 =90:5 
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I 

10 20 30 40 50 60 

Figure 3.9. PXRD profiles of samples. a) Si02 : Er203 = 98 : 2 annealed at 800 00. 

b) Si02 : Er203 = 98 : 2 annealed at 1000 00 c) Si02 : Er203 = 95 : 5 annealed at 
800 00. d) Si02 : Er203 = 95: 5 annealed at 100000 

3.6.5 Conclusions 

The following observations can be drawn from this study on S102-Er203 system. 

The water/precursors ratio r has a greater influence on the viscosity of the sol than 

solvent / precursors R. 

A sol with a higher viscosity is easier to deposit by spin coating to get thicker films. 

The morphology of the spin coated films is influenced by both the molar 

composition and spin coating parameters. 

Sol-gel films from mixtures with higher r values, r ~!!4, present a high degree of 

cracking during thermal treatment. 

Erbium tosylate did not produce nice sols and the films produced using this 

precursor were very rough and full of cracks. 
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The best spin coating sol-gel results were obtained with Er(OT03.91120 but a high 

degree of cracking was also unavoidable when films were subjected to high 

temperature annealing. 

Phase separation was observed in Si02-Er203  films containing Er" ions 

concentration higher than 4 mol %. 

3.7 Si02-P205-Er203  systems 

It was discussed in the chapter 2 that transparent glass ceramic materials containing 

ErPO4  nanocrystals show promising photoluminescence properties. The main focus 

here is on the Si02-P205-Er203  systems. The usefulness of co-doping the sol-gels 

with phosphorus has also been discussed in detail in chapter 2. The focus here would 

be on thin film preparation with phosphorus incorporated into the Si02  sol-gels using 

erbium triflate and different phosphorus precursors (Table 3.5). 
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Table 3.5. Compositions and precursors used for synthesis of S02-P205-Er203  films 

sample composition [mol %] Si02  : P205  : Er203  P precursor sol observation 

1 84 : 15 : 1 P205  poor 

2 83 : 15 : 2 P205  poor 

3 82 : 15 : 3 P205  poor 

4 81: 15 : 4 P205  Precipitation 

5 80 : 15: 5 P205  precipitation 

6 84: 15: 1 (CH30)3P0 good 

7 83 : 15 :2 (CH30)3P0 good 

8 82: 15 : 3 (CH30)3P0 good 

9 81: 15 : 4 (CH30)3P0 good 

10 80: 15 : 5 (CH30)3P0 good 

11 77: 15 : 8 (CH30)3P0 good 

12 75 : 15 : 10 (CH30)3P0 good 

13 84: 15 : I (C41190)3P0 good 

14 83 : 15 : 2 (C4H90)3P0 good 

15 82: 15: 3 (C4H90)3P0 good 

16 81: 15 :4 (C4H90)3P0 good 

17 80: 15 : 5 (C4H90)3P0 good 

18 77: 15 : 8 (C41-190)3P0 good 

19 75 : 15 : 10 (C4H90)3P0 good 

Different problems encountered during the preparation of sol-gel solutions using 

these alkyiphosphate precursors have been discussed in chapter 2. In this section the 

focus is on obtaining smooth and crack free sol-gel films by spin coating. 

The initial experiments on Si02-P205-Er203  system were conducted employing P205  

as source of phosphorus precursor. The precipitations of the species during mixing, 

and non-homogeneous or "cloudy" sol-gels were frequently observed in the 

experiments involving P205  as phosphorus precursor. Due to these problems 

encountered with P205  precursor, attention was made to the use of organophosphorus 

ligands (alkylphosphate) as the source of phosphorus precursor. These alkyl 

phosphates have been successfully employed in synthesis of S102-P205  Sol-gel 
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glass. 15  Phosphorous has been incorporated in S102 Sol-gel film by using different P 

precursors. Ti02-P205  glasses containing large amounts of Ti02  were prepared. The 

derived glasses from the xerogels made from titanium tetra- isopropoxide and 

triethylphosphate have shown higher density and refractive index than the melt 

derived glasses of the corresponding components. 16  Zaharescu et al., have used 

different alkyiphosphate precursors to synthesise smooth and homogeneous Si02-

P205  films- 
17 Although these alkylphosphate precursors have been used as a source 

of P in the synthesis of Si02-P205  bulk glass and thin films, there are hardly any 

reports on the synthesis of Er-doped Si02-P205  Sol-gel films or waveguides. 

In this study we have used two alkyl phosphate precursors (Fig.3.10) for the 

synthesis of Si02-P205-Er203  sol-gel films. One of the major drives to use these 

organic precursors was to obtain thicker films by single spin coating cycle. In 

addition to this, these precursors contain phosphine oxide moity (P=O) in their 

structure and could potentially coordinate with Er centre by removing some of the 

coordinated water molecules which are abundant in sot-gel solutions. 

0 
II 

H3C-0 -F -O-CH3  

0 

CH3  

0 
11 

H3  C ° P0
CH3 

O--.CH3  

(a) trimethyl phosphate 
	

(b) tributyl phosphate 

Figure 3.10. Organophosphorus precursors (alkyl phosphates) used in the synthesis 
Of Si02-P205-Er203  system. 

A list of different compositions used in this study with different phosphorus 

precursors is shown in Table 3.5. 
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The synthesis of sol-gel films comprising Si02-P205-Er203  system was carried out in 

similar manner as for Si02-Er203  system. First TEOS solution was pre-hydrolysed 

with TfOH catalyst. This was followed by the addition of a phosphorus precursor 

(trimethyl phosphate or tributyl phosphate) via a syringe. The solution mixture was 

allowed to stir for an hour and finally an ethanolic solution of Er(OTf)3.9H20 was 

added to the mixture to obtain S102-P205-Er203  sol. A transparent pink coloured 

solution was obtained by stirring the mixture overnight. The solution mixture was 

aged for 24 hours. Prior to spin coating all the sol-gel solution mixture was filtered 

through a 0.4 m syringe filter. The whole process of Si02-P205-Er203  sol-gel thin 

films synthesis is shown in the Fig.3.11. 

A series of experiments was conducted on Si02-P205-Er203  system in order to obtain 

the suitable composition which could provide best results for spin coating. This 

involved experimentation with different molar ratios r (H20/precursor) and R 

(solvent/precursor) as defined in section on Si02-Er203  and various spin coating 

parameters. The spin coating velocity profile for Si02-P205-Er203  system is show in 

Fig.3.3 (b). 

The films were deposited on Si(100) wafer with native oxide layer and typical 

spinning speed ranged between 500-4000 rpm. 
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TEOS+ EtOH + H20 
+ 

Hydrolysis Catalyst (HCl/ HOTf) 

Reflux at 70 IC for 3hr.  

I 	PrehydrolysedlEOSsolution 	I 

Stirred 1 hr. 	 (CH 3O)3P0 I (C4H90)3P0 

I 	Si02-Al203  solution 	I 

r(OTf)3 9H20+EtOH 

I SiO,P2Oç Er2O 3  solution 
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I 	
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I 
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I 	Thermal processing 	I 

Figure 3.11. Flow chart for the synthesis of S02-P205-Er203  sol-gel thin films 

The first set of experiments on Si02-Er203-P205  involved trimethyl phosphate as 

source of precursor. The films deposited by using this precursor were investigated in 

detail. In the initial design experiments the water to precursor ratio (r) was kept low 

in order to minimise the amount of residual water which might be present after the 

films are consolidated at high temperature annealing. The set of experiments is 

shown in Table 3.6. All the samples in this experiment were spin coated at spinning 

speed of 3000 rpm for 60 s. 
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Table 3.6. sol-gel thin films spin coated at speed of 3000 rpm for 60 seconds 

Mixture water/precursor ratio (r) solvent/precursor ratio (R) result 
1 2 3 striations 
2 2 3 Striations 
3 2 3 Striations 

3 3 Striations 

3 4 Striations 
6 3 3 Striations 
7 2 4 Striations 
8 2 4 striations 

All the above mentioned spin coating experiments with the sols resulted in films 

which were imperfect, containing a series of striations (radially oriented lines of 

variable thickness variation) in the structure as shown in Fig.3 12. 

'ItIi!I! !(i•I 	!. 

. 	- 

Figure 3.12. Optical micrograph of (SiO2  P205  : Er203  = 83 15 : 2) spin coated on 
Si (100) wafer showing striations in the film. 

Evaporation of solvent from the surface of the solution during spinning has been 

demonstrated to be the cause of these defects. 18  The striations on the film surface 

were visible under an optical microscope. These striations were caused due to rapid 

evaporation of the EtOH. The remaining sol-gel thus becomes enriched in water as 
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this happens, and the resulting matrix, which is less soluble in water, starts to 

precipitate out in this characteristic banded pattern. This results in spin coatings 

which are non-uniform and highly striated. 

It was established by Dunbar19  through extensive experimentation on sol-gel thin 

films coatings that problem of striations is related to the surface tension of the 

solvent. He found that surface flatness of the coating films can be improved by 

selecting a suitable solvent additive that can influence the surface forces during 

drying. Similarly Almeida et al., 20  succeeded in spin coating striation free Nd doped 

5i02-TiO2  sot-gel films co-doped with phosphorus by employing a new process 

where a saturated ethanol atmosphere is created over the spinning substrate. 

In view of these literature reports a set of experiments was designed with solvent 

modifications. In this design experiment initial sot was diluted with IPA (Isopropyl 

alcohol) down to 2:1 (starting solution: [PA). A higher H20/precursors ratio (r) and 

solvent/ to precursors ratio (R) were used. The details of sols are collected in the 

Table 3.7. 

Table 3.7. S102-P205-Er203  sol-gel thin films spin coated with co-solvent IPA 

Mixture water/precursor ratio 
(r) 

solvent/precursor ratio 
(R) 

Spin speed 
(rpm)  

result 

1 3 4 3000 smooth 
2 3 4 3000 smooth 
3 4 4 3000 smooth 
4 4 4 3000 smooth 

5 4 6 2500 smooth 

6 4 10 1000 smooth 

7 4 10 2000 smooth 

8 4 10 2000 smooth 
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As can been from the data shown in Table 3.7, spin coating with modified solvent 

system resulted in smooth and striation free films. Although striations were 

overcome in this method the thickness of the films was in the nm range. It is 

important to have a thickness of at least 1-2 tm for the films to be used as 

waveguide. 

In order to deposit thicker films a modification to the above design experiment was 

made and a new experiment was designed. In this experiment design sols were made 

with compositions including a higher water / precursor ratio (r ~t4). These are given 

in Table 3.7. The sol-gel solutions in the glass vials were allowed to age at 40 °C in 

an oven until the solutions became very viscous due to further hydrolysis and 

condensation of un-hydrolysed TEOS. Care must be taken to prevent the sols from 

gelling. It was observed that sols with higher water/precursor ratio reach the gelation 

point quickly compared to the sols having lower r values. In this way, very viscous 

sols were obtained which were then taken for spin coating. 

The spin coating was performed at different spinning speeds ranging from 1000-3000 

rpm. The results are shown in Table 3.8. 

Table 3.8. Deposition of the films with sols aged at 40 °C 

Mixture r R 
Spin speed 
(rpm) result 

Thickness 
(Pm) 

1 3 3 3000 smooth 0.5 
2 3 4 2500 Smooth 0.5 
3 4 4 2000 Smooth 1.5 
4 6 4 2000 Smooth 2.1 
5 8 10 1500 Smooth 3.2 
6 10 10 1500 smooth 3.5 
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This strategy proved very successful as the spin coated films were very smooth, thick 

and free from any kind of striations. 

Consistent and reproducible results were obtained with sol-gels having r = 4. The 

higher water/precursor molar ratio is generally used when making bulk sol-gel 

samples but was used here to spin coat thick films. This, however, resulted in the 

formation of films that crack more easily, caused by the stress of the shrinking of the 

films (Fig.3.13 (b)). This happens when the oxide material forms too fast allowing 

for large pore sizes to be formed. This allows the excess water and solvent to become 

trapped inside the matrix. As rapid drying occurs subsequently, solvents and water 

evaporate quickly, reducing the amount of liquid material, condensing and collapsing 

the matrix, which adds compressive stresses to the film, forming cracks. 

Figure 3.13. SEM micrograph of the samples before annealing, a) Si02  P205  
Er203 = 83: 15:2withr=4 and b)Si02: P205: Er203= 83: 15:2withr=10. 
Cracks are visible in sample with higher water / precursor ratio. 

A set of the best representative samples were selected for heat treatment. The 

samples were placed in a digitally controlled tube furnace for the heat treatment. The 

samples were heated at 150 °C, 500 °C and finally at 1000 °C. The heating rate was 

kept constant at 1°C / min throughout the annealing process. 
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3.8 Characterisation 

Following heat treatment the samples were characterised by SEM to observe the 

topography of the surface, AFM to measure the surface roughness, XPS and EDX for 

elemental analysis, and XRD to investigate the microstructure of the film material. 

3.8.1 SEM 

Fig.3.14 shows the SEM micrograph of a successful composition after annealing at 

1000 °C for 2 hours. Severe cracking was observed in all the compositions subjected 

to annealing process. 

Figure 3.14. SEM micrograph of the sQl-gel films annealed at 1000 00  for 2 hr. a) 
Si02 : P205 : Er203 = 83 : 15:2(r=4) and b) Si02 : P205 : Er203 =75: 15: 10(r= 
8) 

This cracking of the sol-gel films is associated to large shrinkage that occurs during 

thermal processing and to the residual stresses at evaporation stage of the film 

deposition. 21  Further observation of SEM images reveals that peeling of the film 

from the surface also takes place during thermal processing. These results are in 

agreement with Sakka who observed that films spin coated with high viscosity 

coating solutions undergo severe cracking and tend to peel off the substrate surface 

on heating at temperature above 500 0C22  The cracking and peeling renders the films 
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useless for optical applications as the majority of the light will be scattered from 

these cracks. 

A modification of the heating process was also tried where films were subjected to 

annealing in Rapid Thermal Annealer (RTA) for 5 seconds. This, however, did not 

work as the films were found to have cracked and peeled off the substrate surface in 

exactly the similar manner as slow heating process. These results on thick spin 

coated films are in accordance with literature studies 22  which report severe cracking 

in the films thicker than the thickness (0.2-0.5 gm). 

It is evident from the EDX and elemental mapping shown in Fig.3.15 that the whole 

film does contains Si, P and Er elements dispersed in the film matrix after annealing 

treatment at 1000 °C. More quantitative information about the composition after 

annealing process was obtained from XPS analysis (discussed in chapter 2). It was 

revealed by XPS that more than half of the P is lost during the high temperature 

annealing process due to thermal decomposition of alkyiphosphate precursors used in 

the synthesis of Si02-P205-Er203  so]-gel films. This result is in agreement with M. 

Anastasescu et al., 15  who also observed P toss in their 5i02-P205  sot-get films due to 

volatilisation of P the precursors (trimethyl phosphate, triethyiphosphite and 

phosphoric acid) during thermal annealing at 200-500 °C. 
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RI 

C 

P 

Figure 3.15. EDX analysis of sot-gel films (Si02  : P205  : Er203  = 75 : 15 : 10) 
annealed at 1000 00  for 2 hr. a,b,c &d represent the elemental mapping of the film 
surface for 0, Si, P and Er X-rays respectively (dark patches). 
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3.8.2 PXRD 

Powder X-ray diffraction was used to study the structural changes taking place in the 

films matrix during the annealing process. Fig.3.16 shows the XRD pattern of the 

sol-gel films with two different phosphorus precursors, namely trimethyl phosphate 

and tributyl phosphate. It was already discussed in chapter 2 that sol-gel monoliths 

made from trimethyl phosphate lead to ErPO4  nanocrystals in the sol-gel matrix. This 

was also observed in the case of sol-gel films when subjected to high temperature 

annealing at 1000 °C. The average size of the crystallites was determined using 

Scherrer's equation from the broadening of the [200] peak and was found to be 

around 5 nm. This kind of result has also been reported by Coutier et al. ,23  who 

observed precipitation of ErPO4  nanocrystals in S102-Ti02- P205  films doped with 5 

mol % of Er' 1  ions after an annealing treatment at 1000 °C. However, sol-gel films 

deposited by using tributyl phosphate precursor did not show any crystallisation. 

This is particularly good because for waveguide applications amorphous films are 

required to minimise the optical losses which might be induced due to crystallinity 

present in the sol-gel film core matrix. 
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Figure 3.16. PXRD patterns of sol-gel films annealed at 1000 °C. a) Si02  : P205  
Er203  = 80: 15 : 5 codoped with tributyl phosphate and b) Si02 : P205 : Er203  = 80: 
15 : 5 co-doped with trimethyl phosphate. Crystallisation was observed in sample 
co-doped with trimethyl phosphate. 

3.8.3 Conclusions 

In this study, deposition of sol-gel films on Si02-P205-Er203  system was 

investigated. It was learned through the design experiments that smooth and striation 

free films can be deposited by modifying the conventional EtOH solution with 

isopropanol. A dilution of sol-gel solutions with isopropanol (2:1, starting sol-gel 

solution: Isopropanol) lead to the coatings free from any striations. It was also 

learned that thicker films could be spin coated from the sol-gel solutions aged at 40 

°C to achieve high viscosity. However, cracking was unavoidable in all the sol-gel 

thick films. The thermal processing revealed that sol-gel compositions made from 

trimethyl phosphate lead to the phase separation at 1000 °C resulting in the ErPO4  

nanocrystals with size ranging from 5-10 ni-n (composition S102  : P205  : Er203  = 80 

15 : 5) as determined by PXRD. This problem was not observed in the sol-gel films 

incorporating tributyl phosphate as precursor which showed fully amorphous 
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structure in PXRD after annealing at 1000 °C. This clearly shows the advantage over 

trimethyl phosphate and allows for the synthesis of amorphous Si02-P205-Er203  sol-

gel films for waveguide applications. 

3.9 Si02-A1203-Er203  system 

The basic requirements for the erbium-doped part of optically active waveguides are 

an amorphous structure, the absence of scattering centres to avoid optical losses, high 

refractive index, and low phonon energy. Once introduced into a network such as 

Si02 matrix, rare earth cations tend to gather due to the absence of non-bridging 

oxygens. 24  Such a clustering can result in a decrease of the lasing efficiency of the 

material25' 26  and it can also lead to phase separation. 27  It has been observed that 

when a third component such as A1203  is added to silica, the lifetime of i3/2  energy 

level increases and rare earth clustering is reduced .25,28  The alumina ions could be 

either a network former (Network formers are atoms that are directly incorporated 

into the network), supplying non-bridging oxygen bonds, or an octahedral-

coordinated network modifier (network modifiers are unable to be incorporated 

directly into the network of bonds, and thus force the network to be formed around 

them), and its role is still under investigation. 29  Si02—A1203  glasses have high glass 

transition temperatures which depend on the composition, low thermal expansion 

coefficient and high chemical durability. In addition, as already observed for other 

binary systems, S102—A1203  glasses show a linear variation of density, of refractive 

index and of Young's modulus 30  as a function of alumina content. 

In this section the focus is on the synthesis of Er" doped Si02-A1203  films by spin 

coating. The synthesis of sol-gels and deposition of the films by spin coating was 
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carried out in the similar way as mentioned in the previous section for Si02-P205  

system. 

Various aluminium precursors have been reported in the literature for the synthesis 

Of Si02-A1203  sot-gets doped with Er" ions. The most widely used Al precursors 

such as aluminium isopropoxide, 31,32  aluminium sec-butoxide,33  and aluminium ter-

butoxide M  often lead to the precipitation of the solutions 35  and also require special 

handling due to their higher reactivity towards hydrolysis with respect to silicon 

precursor (TEOS). Since phase separation in binary systems such as Si02—A1203  

depends upon the relative rates for homocondensation (Si—U—Si) and 

heterocondensation (Si-0—Al),33  the first step of the study was devoted to the 

optimisation of the silicon and aluminium precursor solution and to the preparation 

Of 5i02—Al203 thin glassy layers. In order to prepare sot-gels in an aerobic 

environment, Al(NO3)3.9H20 and A1C13.61120 were used as a source of Al" ions. 

3.9.1 Preparation of Si02-A1203-Er203  compositions 

All the Si02-A1203-Er203  sot-gel films were made using Er(OTf)3.9H20 as the 

doping precursor for Er" ions. The Er(OT03.91120 (Er" ion) concentration is 

expressed in terms of mol% of Er203  that would be present in a hypothetical, fully 

densified Si02  glass free of residual water and organics. 

The preparation procedure is similar to the one used for S102-P205-Er203  system 

described in section 3.12. A sot-get strategy of aging the solutions at 40 °C was also 

tried in the synthesis of S102-A1203-Er203  sot-gels and proved very effective in 

obtaining thick crack free films. Fig. 3.17 shows the flow chart for synthesis of Si02-

A1203-Er203  films. 

134 



Chapter 3. Sol-gel films 

The sol-gels Si02-A1203-Er203  were made with lower water to precursor molar ratio 

(r 15 4). The details of the sol-gel compositions are collected in Table 3.9. The spin 

coating was made on Si(I00) substrates with typical deposition velocity ranging from 

500-4000 rpm. 

TEOS+ EtOH + H20 
+ 

Hydrolysis Catalyst(HCl/ HOTf) 

Reflux at 70 IC for 3hr. 

I 	PrehydrolysedlEOSsolution 	I 

Stirred 1 hr 	 AI(NO3)3  9H20 / Aid 3  6H20 

I 	S102-AL03  solution 	I 

r(OTf)3 9H20+EtOH 

I Si02-P205-Er20 3  solution 	I 

.1 

I 	Aging 40'C 	 I 
4. 

Filtration, 0.4 pm syringe filter 	I 

I 	Spin coating 	I 

	

Thermal processing 	I 

Figure 3.17. Flow chart for the synthesis of Si02-A1203-Er203  sol-gel films 
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Table 3.9. Si02-A1203-Er203  sol-gel compositions. Spin coating was performed at 
velocities ranging from 1000-4000 rpm. 

Mixture Composition (mol %) 
S102  : A1203  : Er203  

Al precursor water/precursor 
molar ratio (r) 

solvent/precursor 
molar ratio (R) 

1 84 : 15 : 1 A1C13.6H20 3 3 

2 83 : 15 : 2 A1CI3.6H20 3 3 

3 82 : 15 : 3 A1C13.61-120 4 3 

4 81: 15 : 4 A1C13.6H20 4 3 

5 80: 15 : 5 A1C13.61120 4 4 

6 84: 15 : 1 A1(NO3)3.9H20 4 4 

7 83 : 15 : 2 A1(NO3)3.9H70 3 4 

8 82 : 15: 3 A1(NO3)3.9H20 4 4 

9 81: 15 : 4 A1(NO3)3.9H20 4 4 

10 80: 15 : 5 Al(NO3)3.9H20 4 4 

11 77: 15:8 Al(NO3)3.9H20 4 4 

12 77: 15 :8 A1(NO3)3.9H2O 4 4 

The focus was to obtain thicker Si02-A1203-Er203  films free from cracks. For this 

purpose, viscous sol-gels obtained by aging at 40 °C were used for spin coating. 

It was observed that so]-gel composition made with Al(NO3)3.6H20 produced better 

quality films assigned to the better viscosity and flow properties of the sols compared 

to the A1C13.6H20. The spin coated films were studied on an optical microscope 

which showed very thick smooth and crack free film surface (Fig. 3.18). 

Figure 3.18. Optical micrograph of the sol-gel film (i02 : A1203:  Er203  = 80 : 15: 5) 
spin coated at 2000 rpm. 
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The surface of the film (Fig. 3.18) shows presence of some pinholes which may be 

caused due to either particles in solutions or particles on the surface of the wafer 

substrate. The air bubbles during the spin coating process may also lead to the 

pinhole defects. 

3.9.2 Thermal processing 

After the successful deposition of smooth, crack free Si02-Al203-Er203  sol-gel films, 

high temperature thermal processing was carried out to obtain fully densified pure 

inorganic films. In the case of purely inorganic sol-gel films it has been reported that 

a nitrogen enriched atmosphere employed during thermal processing results in films 

with poor surface quality. 36 

By contrast, the use of a standard air or oxygen-based atmosphere produces films 

with a chemical composition highly similar to silica (Si02). Most of the studies 

found in the literature regarding structural evolution with temperature change, 

suggest the use of either standard air or 02 with a low degree of humidity (< 

40%). 3738 

In view of the literature reports mentioned above, the annealing process was 

performed in air using a digitally controlled electrical furnace. In all the cases 

heating was performed at a constant rate of 1°C/min for a maximum annealing 

temperature of 1000 °C for a dwell time of 5 minutes. This high temperature 

annealing is necessary to remove all the residual organics and OH moieties to obtain 

fully densified purely inorganic films. In the next section structural and 

morphological characterisation of the films will be described. 
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3.9.3 SEM 

For waveguide applications, fabrication of thick, uniform and crack free films is the 

key requirement. It has been mentioned previously that thicker films tend to crack 

when subjected to a high temperature annealing process. Fig.3.19 shows the SEM 

micrograph of the Si02-A1203-Er203  Sol-gel films after annealing at 1000 °C. 

Cracking and breaking of the film at wafer edge is visible in SEM image. This 

cracking is caused by residual stress during the heating process and has been studied 

by Kozuka in a variety of sol-gel films. 39  A close observation shows that although 

the film tends to break at the edges, its surface morphology is quite uniform. This is 

in contrast to Si02-P205-Er203  which peeled off the surface and cracked into pieces 

after annealing at high temperature. Further investigation of the films surface by 

EDX showed incorporation of Si, Al, Er in the finally densified film matrix Fig.3.20. 

Figure 3.19. SEM micrograph of sol-gel film (Si02  A1203  : Er203  = 80 : 15 : 5) 
annealed at 1000 00  for 5 minutes. 
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IJI 

Figure 3.20. EDX analysis of sal-gel film (Si02  : A1203 : Er203  = 80: 15: 5) annealed 
at 1000 00  for 5 minutes. a, b &c represent the elemental mapping of the film 
surface for, Si, Al and Er respectively. 
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3.9.4 AFM 

Atomic Force Microscope was used to measure the surface roughness of the Si02-

A1203-Er203  after annealing at 1000 °C and is shown in Fig. 3.21. The RMS value of 

the film surface was found to be less than 5 nm which is indicative of a very smooth 

surface. 

MUMS____I 	I 	 5.0 nm 

1  

4 	• 	.. 

: 	-- 	;.. 	.- 	. ,: 	. 
.j. 	. 	1• 

. 

0.0 	 1: Height 	 5.9 Pm 

Figure 3.21. AFM image of the so[-gel film (Si02  A1203  : Er203  = 80 : 15 : 5) 
annealed at 1000 °C for 5 minutes. 

3.9.5 TGAIDTA 

An important tool to help define the heat treatment profile is a TGAIDTA 

((Thermogravimetery and Differential Thermal Analysis) analysis. Figure 20 shows 

the TGA/DTA profile for SiO2-A1203-Er203  xerogel annealed at 10 °CI min up to 

1000 °C under N2  atmosphere. 
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Figure 3.22. TGA/DTA curve of the Si02-A1203-Er203  xerogel (Si02  : A1203 : Er203  = 

80: 15: 5) 

It is evident from TGA curve (red) shown in Fig.3.22 that major weight loss occurs 

in three distinct stages: (1) 50- 300 °C (2) 300-420 °C (3) and > 420 "C. During the 

first stage, the rapid decrease in weight (- 30 %) is mainly attributed to the removal 

of water from the gel pores as well as from the coordination sphere of 

Er[(H20)91[OTfJ3 40 and the volatilisation of remaining solvent (EtOH, Isopropanol). 

In the second stage a rapid weight loss (- 20 %) occurs which is attributed to the 

combustions of organic compounds. The final stage is characterised by a low weight 

loss (- 5%) corresponding to loss of oxygen molecules due to structural changes 

until it stabilises at - 45% suggesting the formation of stable Si02-A1203-Er203  

network. The structural changes occurred at 400-600 "C detected by two endothermic 

dips observed in DTA profile (blue) at around 400 "C and 550 "C respectively. 
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3.9.6 Conclusion 

Three types of sot-gel film systems namely, S102-Er203, Si02-P205-Er203  were 

investigated. A strategy of aging solutions at 40 °C proved very effective in 

producing highly viscous sols for thick films deposition. It was observed that in 

Si02-P205-Er203  involving trimethyl phosphate as precursor lead to the precipitation 

of ErPO4  nanocrystals after annealing at 1000 °C. However, the use of tributyl 

phosphate produced amorphous films. XPS analysis proved that almost half of P is 

lost during thermal processing of Si02-P205-Er203  films incorporating these 

alkylphosphate precursors. Thick, smooth and crack free Si02-Al203-Er203  films 

were successfully spin coated on Si(100) wafers. Cracking was unavoidable in all 

thick film samples annealed at 1000 °C. However, cracking in Si02-Al203-Er203  

system was less severe compared to Si02-P205-Er203. AFM analysis performed on 

annealed films showed a very smooth surface with RMS value less than 5 rim. 
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4 Optical Characterisation 

In this chapter optical properties of the Er-doped materials are discussed. The 

majority of the optical characterisation experiments were conducted at the measuring 

station built at the University of Nottingham in the lab of Dr. Slawomir Sujecki. 

Some of the experiments were also conducted in collaboration with Professor Ajoy 

K. Kar and Dr. Robert Thomson at the Heriot-Watt University. Optical up-

conversion studies were performed in collaboration with Dr. Julia Weinstein at the 

University of Sheffield. In the next section details of the measuring station at 

Nottingham University will be discussed. 

The most exciting results were obtained with the phosphorus co-doped samples 

containing active ErPO4  nanocrystals (ave.size ranging from 4-5 nm) showing a 

broad and flat emission spectrum with FWHM > 100 nm. The Al co-doped samples 

containing passive Mullite (3A1203  2SiO2) nanocrystals also showed interesting 

photoluminescence properties (red up-conversion and fairly broad emission 

spectrum). 

4.1 Measurement station (University of Nottingham) 

The majority of optical characterisation activities were performed at this station. The 

measurement station is dedicated to the characterisation of optical parameters of Er-

doped materials. The system consists of the following components: 

> 980 nm laser diode 

> l550nm laser diode 

> Laser diode driver 
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> Optical modulator 

> WDM coupler 

> Spectrometer 

> Stepping motor 

> Stepping motor driver 

> Waveform generator 

> Lock-in- amplifier 

> Three power suppliers 

600 jim core fibre ended with a lens to collect the measuring signal 

Three X-Y-Z tables for positioning fibres and samples 

Using the above mentioned components allows the investigation of optical properties 

of Er-doped materials both in thin film and the bulk form. The sample under 

investigation must be located between collimating lens and collection fibre 

(multimode fibre with 600 jim core diameter). 

4.1.1 Optical characterisation setup 

The entire set up design is shown in Fig.4. 1. The positioning stages are used to align 

the fibres with the mounted sample. The pump and signal light is provided by 

pigtailed laser diodes. Pump and signal wavelengths are combined using WDM fibre 

couplers. Optical modulator is used to send a modulated frequency to lock-in 

amplifier. The photoluminescence signal is collected by a multimode fibre and 

delivered to the monochromator and detected by InGaAs photodetector. 
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Figure 4.1. Schematic diagram of the optical characterisation set up. 
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Figure 4.2. Equipment used for the optical characterisation of Er-doped materials. 
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4.1.2 Sample positioning 

The coupling efficiency between pump signal and sample on the one side and sample 

and collecting fibre on the other side has the deciding influence on the measurement 

quality. Therefore it is important to set correctly the sample on the stage (Fig.4.3). To 

facilitate the alignment process the positioning area is magnified and observed on a 

monitor. The ends of both fibres should be as near to the sample surface as possible 

to collect the biggest optical power. The whole alignment setup is shown in Fig.4.3. 

AL 

1 	4 

4 

Figure 4.3. Sample alignment set up. 

4.1.3 Measurement 

The measurement was remotely controlled by a PC. A LabVIEW program was 

created by colleagues at School of Electrical and Electronics Engineering, The 

University of Nottingham, to control the instruments and was entered into the set-up 

composition. Front panel of the program called doped samples. vi  has been illustrated 

in Fig.4.4. 
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Figure 4.4. Front panel of doped samples.vi. 

As shown in Fig.4.4 the controls, displays and buttons are organised into several 

groups. The program consists of two parts responding to operation with stepping 

motor driver and lock-in amplifier. The set up allows the control over a range of 

parameters used in the measurement. The most important parameters are listed 

below; 

> 	Control over the spectral range of the measurement 

> Control over the frequency of stepping motor rotation 

> 	Storing of the data in txt form which can be plotted in excel or origin 

4.2 Photoluminescence studies of Er-doped materials 

Fig.4.5 shows the energy level diagram for Er" ions and is important to understand 

the spectroscopy of Er" ions. Only the most important optical transition for this 

work is shown. The 41 
I3/2 - 	'15/2 transition at 1550 nm is used in optical 

communications and therefore its emission band shape and lifetime are of prime 

importance for any of the materials discussed here. The pump wavelengths most 
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commonly used for excitation are 980 rim for pumping into I,1/2  level and 1480 rim 

for directly populating the metastable energy level I,3/2. 

2H1112  _______  

540 iun 
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660 11111 
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ErIII free ion in solid (4" 5s2  51)6) 

Figure 4.5. Energy level of the Er" ions in solid host with relevant transitions and 
crystal field splitting (right). 

In this work optical pumping has been carried out with 980 nm laser diode pump, for 

the photoluminescence studies of Er" ions at 1550 rim. Excited state absorption 

(ESA) and energy transfer upconversion processes (ET) ' can populate higher 

energy levels and result in Er" emission at 660 rim (4F912  4
4,,5/2 : red) , 540 nm ( 

S3/2 - 	'15/2 green) and in rare cases (4F712 44,,i  blue ) fluorescence. 

Several publications have reported up-conversion in rare earth doped fluoride 2  

20 

15 

5 
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chalcogenide , phosphate , oxide and silicate hosts. 6  A more detailed discussion 

of up-conversion process is given in section 4.7. 

4.3 Experimental 

4.3.1 Sample preparation 

Photoluminescence measurements were performed on the bulk samples both in the 

form of flakes and pellets. Samples in the form of flakes (variable shape with the size 

in the range of 1-3 mm) were obtained by direct processing of the xero-gel monoliths 

annealed at 1000 °C for dwell time ranging from 0.5-2 hours. The samples were also 

made into pellets for measurement of photo luminescence properties. To prepare the 

pellets the xerogels and flakes were crushed into powders using a pestle and mortar 

and then formed into discs of 1 cm length and -. 2mm thickness at 10 MPa press. The 

pellets thus obtained were subjected to high temperature annealing at 1000 °C for 

dwell time in the range of 0.5- 2 hours. A considerable shrinkage in the size of 

pellets (z 10 %) was observed upon annealing at 1000 °C which confinTns the porous 

nature of the sol-gel materials. 

It was observed that photoluminescence properties of the samples in the pellet form 

are different from flake samples. A detailed discussion of the experimental 

observations follows next. 

4.4 Photoluminescence studies of Si02-Er203  samples 

The photoluminescence studies were performed on selected samples shown in Table 

4.1. The thrust of the study was to investigate if doping with Er(OTf)3.9H20 

precursor could lead to improved photoluminescence properties. The comparison 

with conventional ErC13.61120 was also made. 
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Table 4.1. Details of sol-gel sample compositions with annealing treatment. 

sample Composition (mol %) S102:  Er203  Precursor Annealing 

A 99 : 1 Erbium triflate 1000 °C/2 hr 

B 98: 2 Erbium triflate 1000 °C12 hr 

C 97 : 3 Erbium triflate 1000 °C/2 hr 

D 96 : 4 Erbium triflate 1000 °C/2 hr 

E 995: 5 Erbium triflate 1000 °C/2 hr 

F 99: 1 Erbium chloride 1000 °C/2 hr 

G 98 :2 Erbium chloride 1000 °C12 hr 

H 97 : 3 Erbium chloride 1000 °C/2 hr 

1 96 : 4 Erbium chloride 1000 °C/2 hr 

J 95 : 5 Erbium chloride 1000 °C/2 hr 

44.1 Photoluminescence (PL) Spectra 

Fig.4.6 shows the room temperature photoluminescence spectra of sol-gel samples 

(samples A-D, conc. 1-4 mol %) doped with erbium triflate after annealing at 1000 

°C for a dwell time of 2 hours. The PL spectrum of the sample doped with erbium 

chloride (sample I, conc. 4 mol %) is also shown for comparison. The spectra of the 

samples (sample A-D) incorporating Er(OT03.91420 as doping precursor show a 

gradual increase in PL intensity with increase in concentration up to 4 mol% (sample 

with maximum PL intensity). This however, was not the case with sample I doped 

with ErC13.6H20 and a very poor signal was detected for this sample. This clearly 

shows that erbium triflate doping does produce a material in which Er" ions are more 

dispersed and show a lesser tendency to cluster. The normalised spectra shown in 

Fig.4.7 suggest that there is no significant difference in shape of the PL spectra of the 
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Figure 4.6. room temperature photoluminescence spectra of sol-gel samples A-D. 
The PL spectra of the sample I doped with ErCI3.61-120 is also shown for 
comparison. 
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Figure 4.7. normalised PL spectra of sol-gel samples A-D and sample I. 

samples containing different Er"' concentrations. These results were interesting and 

suggested that doping with Er(OTf)3.9H20 might help overcome Er-Er clustering, 
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however, a more precise information about the clustering could only be probed by 

measuring PL lifetime of the samples and will be the subject of the next section. 

4.4.2 Photoluminescence lifetime 

Fig.4.8 shows the dependence of lifetime as a function of Er"1  ion concentration in 

pellet samples. The plot shows a decreasing trend in lifetime value with increasing 

concentration of Er" ions, irrespective of the nature of the precursor. This clearly 

suggests that Er-Er clustering begins to take place as the concentration goes higher 

than 2 mol %. Similar trend of lifetime reduction with increasing doping levels of 

Er" ions has been reported by a number of authors in the literature .7-9  For example, 

Almeida et al., observed that the lifetime of metastable energy level '13/2  in 

multicornponent sol-gel silicate planar waveguides decreases from 6.3 ms to 3.5 ms, 

as the Er" ions concentration increased from 0.1 to 0.5 at.%. They attributed this 

reduction in lifetime to the Er-Er clustering at high concentration of Er" ions and 

residual OH species in the sol-gel derived waveguides.7  Orignac et al., also observed 

a decrease in the fluorescence lifetime with increasing Er" ion concentration in the 

sol-gel samples with compositions 8OSiO2-20TiO2  —xEr203-0.5Yb2O3-10A1203  (x = 

0. 1, 0. 15, 0.2, 0.3, 0.4, 0.5, 1, 1.5 and 2 at. % of Er"). '° 
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Figure 4.8. Dependence of lifetime on Er203  concentration. 

4.5 Si02-P205-Er203  materials 

4.5.1 UV-Vis I NIR Absorption spectroscopy 

UV-Visible/NIR Absorption spectra were measured on Perkin-Elmer Lambda 900 

spectrometer in the range of 190 - 3000 nm. The intensity of the transmitted beam 

allows the sample absorption cross section to be calculated. In all of the UV-Vis / 

NIR measurements described here air was used as the reference background. All the 

absorption measurements were carried out at room temperature. The details of the 

sample compositions along with their annealing treatment are shown in Table 4.2. 
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Table 4.2. Effect of the heat treatment on physical and structural properties of the 
samples. 

Sample Composition 
[mol %] 

Annealing 

S102  : P205  : Er,03  

Physical 
Observation 

Phase crystallite 
size 

Tx 84: 15 : 1 600/72 hr transparent amorphous  

Ty 84: 15: 1 1000/2 hr opaque amorphous  

Ux 83: 15 : 2 600/72 hr transparent amorphous  

Uy 83: 15 : 2 1000/ 2 hr Translucent apQ 28.9 

Xa 80: 15 : 5 600/72 hr Transparent amorphous  

Xb 80: 15 : 5 1000/30 mm. Translucent apQ 12.2 

Xc 80 : 15 :5 1000/2 hr Translucent apQ 13.8 

Za 75 : 15 : 10 600/72 hr transparent amorphous  

Zb 75 : 15 : 10 900/ 30 mm. transparent apQ 5.0 

Zc 75 : 15 : 10 1000/30 mm. Translucent apQ 11.5 

Zd 75 : 15 : 10 1000/2 hr Translucent apQ 15.0. 

Uz 83 : 15: 2 800/ 30 mm. transparent amorphous  

Xd 80: 15 :5 800/ 30 mm. transparent amorphous  

hF-'O = ErPO4  

Fig.4.9 shows the absorption spectra for both amorphous sample Xd (Si02  : P205  

Er203  = 80 : 15 : 5) and glass ceramic sample Xc (the sample containing ErPO4  

nanocrystals dispersed in amorphous Si02  host). 
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Figure 4.9. Absorption spectra of samples. a) Sample Xd (amorphous) b) sample Xc 
containing ErPO4  nanocrystallites. 
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The set of absorption peaks with their corresponding transitions is given in Table 4.3. 

The optical intensity of the transitions is markedly decreased in the sample 

containing ErPO4  nanocrystals suggesting that the majority of the Er" ions are 

present in the form of ErPO4  nanocrystals dispersed in amorphous Si02  host which 

induce the scattering of light resulting in poor optical intensity. 12  The peak positions 

and absorbance data for amorphous sample (a) is shown in Table 4.3. 

Table 4.3. UV-Vis-NIR absorption bands and associated Er" transitions in Sample 
Xd 5i02-P205-Er203  amorphous S102  host. 

No. Transitions peak position (nm) Absorbance (a.u) 
1 I 5/ 113/  1530 0.64 

2 115/21l1/2 974 0.42 
3 415/ 3I9/  798 0.24 
4 - 4F92  651 0.44 
5 41152 - 4S32  551 0.22 
6 41 

I5/2 - 2H1112  523 0.57 
7 4I15,2 - 4F 488 0.34 
8 4I1 12 -4F512  449 0.20 
9 -) (2G,4F,2H) 9/2 402 0.22 

10 41 15/2 - 4G11I2  380 0.51 

4.5.2 Photoluminescence Spectra of P co-doped samples 

The set up used for the measurement of photoluminescence spectra is shown in 

Fig.4.10. To generate the 1550 mi-i fluorescence, the sample was pumped using 980 

rim light from pump diode. The pump light was coupled into the sample by butt-

coupling the single mode fibre from diode against the sample facet. A proportion of 

the fluorescence from the sample was captured using a highly multimode fibre 

placed alongside the single mode fibre from the pump diode. The captured 

fluorescence was coupled into an Ando AQ6317B spectrometer for analysis. 
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Figure 4.10. The set-up for the measurement of fluorescence spectrum. 

Fig.4. 11 shows the photoluminescence spectra of the sample Zc (Si02:P205:Er203  = 

75:15:10) containing ErPO4  nano-crystallites (average size -11-12 nm) and an 

amorphous sample Uz containing 2 mol % of Er" ions. The structural features 

(Fig.4. 11 (a)) in the emission spectrum of the sample incorporating ErPO4  nano-

crystallites are characteristics of the crystalline environment due to Stark splitting of 

degenerate energy levels in the crystalline host. The bandwidth of the sample with 

ErPO4  nano-crystallites is significantly large (FWHM - 84 nm) with a peak 

maximum at around 1524 nm. The most striking feature of the spectrum for sample 

containing ErPO4  nanocrystals is that it has a consistently high and flat emission 

intensity in the region 1507-1557 nm ( 50 nm) which covers the most often 

employed C-band for WDM 13  This broad and flat emission spectrum occurs due to: 

a) inhomogeneous broadening which results from different crystallographic 

environment around the Er" ions in disordered Si02  host and b) a quantum 

confinement effect of ErPO4  nanocrystals uniformly dispersed in amorphous SiO2  

host. Similar results were obtained by Fick et al., 14 in sol-gel derived Si02-TiO2-P205  

films doped with 2 mol % of Er" ions and containing ErPO4  nanocrystals with 
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average size of 30 nm. The PL spectrum of amorphous sample (Fig.4. 1 1 (b)) is 

narrow (FWHM— 30 nm) and unstructured with a single emission line at around 

—1540 nm, typical of phosphorus-doped Si02  glasses where the erbium ions are 

dispersed in a disordered matrix. 

1400 	1450 	1500 	1550 	1600 	1650 

Wavelength X [nm] 

Figure 4.11. Photoluminescence spectra of a) sample Zc (Si02:P205:Er203  = 
75:15:10 containing ErPO4  nanocrystals) b) sample Uz ((Si02:P205:Er203  = 83:15:2, 
amporphous). 

The broad and wide fluorescence spectrum observed in the sample containing ErPO4  

(average size 12 nm) was very exciting and encouraged further investigations into 

size effect of ErPO4  nanocrystals dispersed in amorphous Si02  host on the shape of 

PL spectrum. In order to see if improved broadness and flatness in the spectral shape 

can be obtained by controlling the size of ErPO4  nanocrystals, we studied a sample 

Zb (Si02:P205:Er203  = 75:15:10) in which size of ErPO4  nanocrystals was kept small 

(- 4-5 nm) by a controlled heat treatment. The PL spectrum for this sample is shown 

in Fig. 4.12. It can be seen that spectral broadness has greatly enhanced with FWHM 
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- 110 nm. This remarkable increase in the spectral width can be assigned to quantum 

confinement effect and narrow size distribution of ErPO4  nanocrystals combined 

with their uniforin dispersion in amorphous Si02  host. These two factors lead to 

inhomogeneous broadening resulting in a significantly broad and flat emission 

spectrum. 

1400 1450 1500 1550 1600 1650 1700 

Wavelength A, [nm] 

Figure 4.12. Photoluminescence spectrum of the sample (Si02: P205: Er203 = 75 
15: 10 ) annealed at 900 °C for 30 mm. The sample contained ErPO4  nanocrystals 

with average size in the range of 4-5 nm. FWHM is — 110 nm. 

4.5.3 Photoluminescence lifetime of P co-doped samples 

The lifetime of Er 41 
13/2 level is an important parameter for the optical amplifier. A 

critical factor in the success of Er"' ions doped fibre amplifier in optical 

communication is the long lifetime of the metastable state that permits the required 

high population inversions to be obtained under steady-state conditions using modest 

pump powers. 15 
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Since for waveguide optical amplifiers, the optical interaction path is much shorter 

than in fibre amplifiers, a larger Er1I1  ion concentration (- 2 mol %.) and larger pump 

power density (120 mW) are needed to obtain a sufficient optical amplification gain 

of 11 dB. '6  

In order to characterise further for sample Zb (5i02:P205:Er2O3  = 75:15:10) 

containing ErPO4  nanocrystals with average size of 4-5 nm, photoluminescence 

lifetime of 41 
13/2 level was measured using the set up shown in Fig.4.13. A signal 

generator was used to modulate the drive current of a 980 nm pump diode as a square 

wave function. By modulating pump light in this manner, a pump switch-off time of 

<0.01 ms was obtained. The modulated pump light was coupled into sample by butt-

coupling the single mode fibre from the pump diode against the sample under test. 

The decay of the fluorescence generated by the sample was then detected by placing 

a large area photoreceiver (Model No.New Focus 2033) close to the sample. Silicon 

filters were used to block the pump light while allowing the fluorescence to pass in 

the region around 1550 nm. 
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Figure 4.13. The set-up used for lifetime measurement of 41 
13/2 level of Er" ions. 

The life time measurements were performed on both pellet and flake samples of 

composition S102  : P205: Er203  = 75 : 15 : 10. The lifetime of the sample containing 

ErPO4  (average size 5-10 nm) nano-crystallites was found to be 0.1 ms both in 

pellet and flake. The reduced lifetime can be explained on the basis that the sample is 

heavily doped with Er" ions (-10 mol %) leading to the Er-Er clustering resulting in 

quenching of the fluorescence lifetime. However, the large and broad bandwidth with 

FWHM 110 nm than nrn obtained in this material by controlling the size of ErPO4  

nanocrystals, clearly has advantage for applications in DWDM technology where 

amplification over a wide spectral region is required. 

4.6 PL measurements of Si02-A1203-Er203  samples 

In this section photoluminescence properties of the erbium-doped Si02-Al203-Er203  

materials are described. The optical characterisation was made on selected samples 

Sample under test 

Pump blocking 
filters 
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both in pellet form and as flakes. Significant differences were observed in the 

emission bandwidth and lifetime of the pellet and flake samples and the results are 

collected in Table 4.4. 

4.6.1 Photoluminescence lifetime measurement of Al codoped samples 

The photoluminescence lifetimes for S102-A1203-Er2O3  system were recorded at 

Heriot Watt University in collaboration with Dr. Robert Thomson. The lifetime data 

for both pellet and flake samples are collected in Table 4.4. 

Table 4.4. Photoluminescence measurements of the S102-A1203-Er203  samples 

Sample Composition 

(5i02: A1203 : Er203 ) 

Annealing Lifetime (ms) 

O(pellet) 80:15:5 1000 'Cl 2h 2.6 

P (flake) 80: 15 : 5 1000 °C/2h 1.7 

Q(pellet) 81: 15 : 4 1000 °C/2h 2.8 

R(flake) 81: 15: 4 1000 °C/2h 2.1 

S(pellet) 82: 15 : 3 1000 °C/2h 3.2 

T(flake) 82: 15 :3 1000 °C/2h 2.3 

U (pellet) 83 : 15 : 2 1000 °C/2h 3.3 

V (flake) 83 : 15 : 2 1000 °C/2h 2.7 

W(Powder) 75 : 15 : 10 1000 °C/2h N/A 
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Figure 4.14. Plot of Er203  concentration (mol %) vs lifetime. 

Fig.4.14 shows the lifetime dependence of 4l1312 metastable level on the concentration 

of Er203  in Si02-A1203-Er203  sol-gel pellet and flake samples. A decrease in lifetime 

values can be seen as the concentration increases. Further, the lifetime value of pellet 

samples is higher than the flake. In order to find out the reason for this difference in 

the lifetime values between pellet and flake samples, structural investigations were 

carried out by PXRD. It was revealed by PXRD that flake samples possess a high 

degree of crystallinity, and lead to the precipitation of a Mullite phase after annealing 

at 1000 °C for a dwell time of 2 hours. It has been well established that lifetime of 

the '13/2  metastable level in erbium doped materials depends on the local 

environment of the Er" ions in the host material. 17  It is known that the presence of 

symmetric crystalline environment around Er" ions leads to a decrease in lifetime 

due to high phonon energy and poor dispersion of Er" ions in the matrix, whereas a 

0 
0 
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higher lifetime is reported for the Er11' ions experiencing less symmetric or 

asymmetric environment. 18  The lowering of lifetime values in flake samples can 

therefore, be explained on the basis of the fact that most of the Er" ions in these 

samples are in a crystalline environment which enhances the Er-Er clustering. In the 

case of pellet samples, crystalline ordering is lost when applied pressure to press the 

pellet. This reduces the symmetry around the Er" ions and accounts for the higher 

lifetime values observed in these pellet samples in comparison to flake samples. 

It was further noted during the lifetime measurements that when sample P (flake: 

Si02  : A1203  : Er203  = 80 : 15 : 5) was excited with 980 nm laser, visible red and 

green light was observed in the sample. This visible upconversion emission of green 

and red light clearly shows the presence of Er-Er clustering between closely spaced 

Er" ions in crystalline host. However, we further found out that this phenomenon of 

visible green and red up-conversion is observed only when laser light hits the 

crystalline spot within the material. This also provides information about the 

inhomogeneous distribution of erbium ions within the flake sample P. 

4.6.2 Photoluminescence Spectra of Al co-doped samples 

Fig.4.15 shows the photoluminescence spectra for flake sample P (S102  : A1203  

Er203  = 80 : 15 : 5).and the pellet sample 0 (Si02 : A1203  : Er203  = 80 : 15 : 5) see 

Table 4.4. It is interesting to note that the flake sample P shows a broader emission 

spectrum (FWHM -. 60) nm compared to the pellet sample 0 (FWHM 50 rim). The 

PL spectrum of the flake sample clearly shows multiple peaks as opposed to that of 

the pellet sample which is relatively featureless. These multiple peaks in the flake 

sample arise due to the Stark splitting of 41 13,2 and 41 15,2 energy levels of Er" ions 
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which is induced by symmetric environment around the Er"' ions incorporated in 

Mullite crystalline host. The broadening in the spectrum shape of the flake sample is 

caused by the combination of homogeneous and inhomogeneous line broadening of 

energy levels of Er"' ions experiencing both amorphous and crystalline environment. 

These findings are in agreement with the literature 19  report which support the further 

splitting of Er" ions in a crystalline environment. 

The lifetime measurements of both the flake and pellet samples are shown in Table 

1400 	1450 	1500 	1550 	1600 	1650 

Wavelength ?. [nm] 

Figure 4.15. Photoluminescence spectra of samples a) flake sample P (Si02 : A1203 : 

Er203  = 80 :15 : 5). b) pellet sample O(Si02  : A1203  : Er203  = 80 : 15 : 5). It is 
evident from the spectral profile that flake sample which contains Mullite 
nanocrystals shows a significantly broader spectrum compared to the pellet which 
contains Er' in an amorphous host. 

The flake samples exhibit shorter lifetimes compared to the pellet samples. This 

shows that the local environment around the Er" ions is different in each of the pellet 
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and the flake samples. This needed a structural investigation of the two materials by 

PXRD which revealed the precipitation of mullite phase during high temperature 

densification process. There is a possibility that a majority of the Er" ions migrate 

into Mullite (3Al203 2SiO2) nanocrystals resulting in ions segregation which leads to 

the Er-Er interaction due to short Er-Er spacing in crystalline environment. Such Er-

Er interactions result in energy transfer between the two excited Er" ions in the 

metastable T,3/2  energy promoting one Er" ion to a higher lying level while the other 

one becomes de-excited (cooperative up-conversion). In this study red up-conversion 

was observed with the naked eye when samples were excited with 980 nm. 

Up-conversion is the generation of visible or UV light from lower energy radiation, 

usually NIR or JR through the doping of rare earth (RE) such as Er", Ho", Tm", 

Nd" and Cr" ions, into a solid state host (e.g. single crystals and glasses, etc.) 
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Figure 4.16.Schematic representation of the excited-state absorption (ESA) and 
energy-transfer upconversion (ETU) mechanisms. The 4F712  - 4F912  and 4F912 - 111,2  
cross-relaxation (CR) process responsible for populating the 4F912  is also shown. 
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The upconverted red luminescence of sample P (flake) was so strong that it can be 

observed easily with naked eye (Fig.4. 17). Further experimental investigation 

revealed that the sample gives red emission only when laser light hits a specific site 

in the material. This suggests that there are Er" ions in nanocrystals of Mullite which 

when exposed to 980 nm laser lead to cooperative upconversion resulting in emission 

of red light from 4F912- 4J1512 . Fig.4.16 shows the possible mechanism for red up-

conversion observed in this study. Up-conversion excitation works preferentially for 

Er" ions in low phonon energy sites, because the efficiency of this process increases 

with the lifetime of the intermediate level. 20  It is therefore most likely that Er" ions 

residing in the low energy phonon host Mullite nanocrystals give red upconversion 

(4F912 - 115/2) due to cooperative energy transfer between two closely spaced erbium 

ions (Fig.4.16). It has also been reported that extent of red up-conversion depends on 

Er" ions concentration in the material and shows an increasing trend with increase in 

Er" ion concentration. This is exactly the case with the flake sample which retains 

the crystalline structure in which Er" ions are imbedded. The pellet sample on the 

other hand loses its crystallinity upon pressing and therefore no red or green up-

conversion was visible with naked eye in pellet samples. These observations led us to 

conclude that a reduction in the lifetime of the flake samples compared to pellets is 

mainly caused by Er" ions residing in Mullite nanocrystalline environment. 
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Figure 4.17. The visible red up-conversion in sample G. The sample was excited 
with 980 nm laser diode. 

A more detailed discussion on up-conversion follows in the next section. 

4.7 Visible Up-conversion 

4.7.1 Introduction 

Infrared to visible up-conversion emissions in rare-earth doped glass materials have 

received significant attention due to a wide range of applications such as short-

wavelength laser, infrared viewers and indicators, sensors, colour displays, high 

density optical data reading and storage, etc. 
13, 21-27 The Er" ion can efficiently emit 

photons in the blue, green, and red regions of the spectrum and has the ability to 

convert infrared light to visible. This phenomenon whereby the material emits light 

that has higher photon energy than the pump source is known as upconversion and, 

for this reason, the Er" ion is widely used in upconversion phosphors and as an 

upconversion laser active ion. Er"-doped waveguide laser and upconversion laser 

operations have been achieved at room temperature 
.25, 28, 29 Efficient upconversion 



Chapter 4. Optical Characterisation 

laser at 540 nm, pumped with a laser diode at 800 nm, has been obtained with a 

higher efficiency than the one achieved by harmonic generation techniques. 30 

The upconversion efficiency depends largely on the energy level structure of rare-

earth ions and their local environment.The Er"' ion is an ideal candidate for 

upconversion since its electronic energy level scheme allows for many radiative 

transitions to occur. The excited states of the Er" ion possess long lifetimes and thus 

can be conveniently populated by the absorption of photons in the near-infrared 

(NIR) region.5  

Though fluoride glasses 2  have been extensively studied due to their low phonon 

energies, oxide glasses are more appropriate for practical applications due to their 

high chemical durability and thermal stability. Among oxides, silica based glasses 

show excellent durability and optical quality. In conventional silicate glasses, 

however, there are a few reports on the upconversion processes because of large 

multiphonon relaxation rates. 6,31,32 

On the other hand, the current interest in upconversion is due also to the availability 

of low-cost NIR laser diodes, which could populate the Er" ion levels at 800 33  or

980 nm and give rise to intense visible light. 

In this section we discuss the upconversion process in sol-gel derived Er III ion doped 

powders by exciting at 800 nm and 980 nm. The emission properties of the samples 

have also been studied under one-photon excitation with 488 nm or 532 nm light 

from pulsed Ti:Sapph laser. 
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The upconversion studies were performed on the samples in the powder form. For 

the powder preparation, xerogel samples were ground into fine powders by pestle 

and mortar and sintered at temperature 1000 °C. The details are collected in Table 

4.5. 

Table 4.5. Preparation of sol-gel erbium powders with annealing details. 

Sample Composition (mol %) Annealing 

A S102:Er203 =99:1 1000°C/2hr 

D Si02:Er2O3 -96:4 1000 *C/2 hr 

W SiO2: A1203: Er203  = 65:15:10 1000 °C/2 hr 

4.7.2 Emission Spectroscopy 

For all the emission measurements, sample powders were contained in quartz cell of 

1 mm path length. Emission spectra with green 488 nm excitation were recorded on a 

home built system comprising a Coherent Innova 300 CW Ar ion laser as the 

excitation source (excitation power up to 70 mW at the sample), and Bentham 

TMC600 spectrograph coupled with Andor iDus DU440A CCD camera in the 

detection part. The emission spectra were corrected for the overall spectral response 

of spectrograph and CCD detection system. The wavelength calibration was 

performed using Ne pen-type calibration lamp. 

The same detection system was used for emission spectral measurements with 980 

nm excitation, though the output of the home-made Ti:Sapphire tunable laser was 

used for excitation. The energy of nanosecond laser pulsed excitation delivered to the 

sample was up to 13 mJ per pulse at 980 nm, at 10 Hz repetition rate. The 

Ti:Sapphire laser was pumped with second harmonic (532 nm) of Q-switched 

Nd:YAG laser LS-2137U (LOTIS Til). 
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For the time-resolved emission measurements the second harmonic (532 nm, 7 ns 

pulse width, 10 Hz repetition rate) of Q-switched Nd:YAG laser LS-2137U (LOTIS 

Til) was used as the excitation source. The excitation energy delivered to the sample 

was up to 4 mJ per pulse, and was focused into 0.5x1 mm  spot on the sample. The 

sample emission was collected through the wide-angle lens and detected by a SPEX 

MiniMate rnonochromator equipped with a home-built detector unit, based on FEU-

118 PMT. Detector current output was coupled into Tektronix TDS 3032B digital 

oscilloscope and subsequently transferred to the computer. The instrumental 

response function is estimated as ca. 32 ns FWHM. 

The analysis of time-resolved data to obtain decay lifetimes was performed using 

Igor Pro software (WaveMetrics, Inc.). The decay kinetics were fitted to the 

exponential decay law using least-squares algorithm built-in into Igor Pro. 

4.7.3 One-photon excitation 

Excitation of sample A, sample D and sample W with 488 nm line of continuous 

wave Ar ion laser resulted in emission spectrum depicted at Fig.4.18, which shows 

characteristic highly structured Er"1  emission from several manifolds in the range 

500 to 1100 run, as assigned at Fig.4.18. In case of sample A and sample D, the 

spectra are dominated by the emission from 4F912  manifold at 660 rim (red region of 

the spectrum), and that from I,1,2  level centered at 980 rim. In sample W, which has 

10% content of Er" ions, the emission emanating from 411 1,2 level is twice as intense 

as that from 4F912, whilst emission from other manifolds remains comparatively 

weak. The inset in Fig.4.18 reveals 4F912  emission band with sharp sub-band structure 

due to stark splitting, which indicates a crystalline host around the Er" ions .34 
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Emission decay was studied using 532 nm, 10 ns pulsed Nd:YAG laser as an 

excitation source. Representative kinetic traces for sample W corresponding to the 

decay of 4F912  excited state at 660 nm are shown at Fig.4.19. The rise time of the 

emission obtained after deconvolution of the instrument response function is 37 ns. 

Emission decay is multiexponential. The unsatisfactory one-exponential fit to the 

data gives a lifetime of ca. 500 ns, which is significantly shorter than the lifetime of 

4F912  in the isolated Er"' ion. 	The multi-exponential decay signifies either 

inhomogeniety of the local surrounding of the Er" ions, and/or a combination of 

different quenching mechanisms which may include quenching by —OH 

oscillators 5,35  or quenching via energy transfer to another ErIllcentre. 36 
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Figure 4.18. Emission spectra of (a) sample A, (b) sample 0 and (c) sample W 
obtained under 488 nm, cw Ar ion laser excitation. The inset shows high resolution 
data for the emission from 4F912  manifold. 
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Figure 4.19. Sample W. Emission decay of 4F912  excited state recorded at 660 nm 
following excitation of sample W with 25 ns, 532 nm laser pulse. Solid lines 
represent a multiexponential fit to the data with the following parameters: Rise time 
37 nanoseconds (instrument response 32 nanoseconds), polyexponential decay 
with the lifetimes 103 nanoseconds (main component, 90% of the decay), 420 ns, 
1.39 microseconds, and 5.15 microseconds. 

4.7.4 Luminescence upconversion 

Luminescence upconversion studies were conducted under pulsed, 25 ns excitation 

into 4 I9/2 level at 800 nm, and into 411 1/2 level at 980 nm. 

4.7.5 Up-conversion under 980 nm excitation 

For 980 nm excitation, emission detection was performed from 350 to 850 nm. 

Excitation with 980 nm, 10 ns pulse resulted in bright green emission at around 500 

- 560 nm, which is assigned to the weak emission due to 2H1112 -' 41 15/2 transition 

(centered at 525 nm) and a strong emission (centered at around 555 rim) due to 
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4 S3/2 	115/2 transition (Fig.4.21). A weaker emission at around 410 nm and 390 nm 

originating from the decay of 2G9/2  and 2H912  levels to I15/2  was also detected. 
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Figure 4.20. Energy level diagram of Er" ions. The proposed cooperative energy 
transfer up-conversion mechanism under excitation at 980 nm. 
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Figure 4.21. Emission spectrum of sample W obtained under 980 nm, 25 ns pulses 
from Ti:Sapph laser. 
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The proposed mechanism of green up-conversion in sample W (10 mol % Er11' ions) 

under excitation at 980 nrn pumping is shown in Fig.4.20. In the first step two 

different Er" are excited to '11/2  by the absorption of 980 nm photons from 4
1,5/2 

ground state. In the second step two closely spaced Er" ions undergo energy transfer 

through cooperative interaction, with the acceptor Er"1  ion being promoted to 4F712  

energy level. The Er" ions populated to 4F772  undergo a fast non-radiative decay to 

underlying energy levels 2H,1,2  and 4S312. The green emission is observed by radiative 

de-excitation of Er" ions from these energy levels to the ground sate 41 15/2. A similar 

mechanism of green upconversion has also been reported by strek et al., in the so]-

gel silica glass samples. 37 

The slope of Log (Intensity) vs. Log(power) for the emission emanating from "S312  

level in all three samples was approximately 1.1, which indicates that the population 

of the emissive states was not achieved via a direct two-photon excitation process. 

4.7.6 Up-conversion under 800 nm excitation 

Upconversion studies under 800 nm were performed within the range 0 - 16 mJ, 

using pulsed Ti:Sapph laser. Excitation at 800 nm corresponds to two-photon 

population of 2G912  level (24100 - 25100 cm'), and to one-photon population of4 19,2 

level of Er" ion. Emission detection was performed in the range from 300 to 720 nm, 

the red-side detection limit was due to scattering of 800-nm excitation pulse. 

Excitation of sample A, sample D and sample W with 800 nm, 25 ns pulses resulted 

in the up-converted emission at higher energies, from 300 to 720 nm, which 

originated from the variety of excited states of Er" ions (Fig.4.22-4.24). The 

emission spectra in all cases are dominated by the emission manifold at 650 - 660 
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nm due to 4F912  —I15,2 transition. The relative intensities of the emission emanating 

from different excited state manifolds is similar to that obtained under one-photon 

excitation described above. Each emission manifold shows a well-pronounced 

progression characteristic of the Er" excited states. (Fig. 4.22-4.24). 

Excitation energy: 
0.15 mi 
2 0 M  
0 2 mJ 
lO5mJ 
1 3.9 mJ 
160 rnJ 

40 	 660 	 6 

Wavelength, nm 

- 	41 15/2  
2H912PG912  

4F712  
4FS4F312  

4F912  + 41,,12 

S312  _+ 41 1512 

400 	 500 	 600 	 700 

Wavelength, nm 

Figure 4.22. Emission spectrum of sample A obtained under 800 nm, 25 ns pulses 
from Ti:Sapph laser. The inset shows power dependence of the 4F912  —* 115,2 

transition. 
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Figure 4.23.Emission spectrum of sample D obtained under 800 nm, 25 ns pulses 
from Ti:Sapph laser. The transitions are from the excited states as labeled to the 
ground 41 15,2 state unless specified. 
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Figure 4.24. Emission spectrum of sample W obtained under 800 nm, 25 ns pulses 
from Ti:Sapph laser. The transitions are from the excited states as labeled to the 
ground 41 15/2 state unless specified. 
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To investigate the mechanism of upconversion, power dependence and kinetic 

studies were performed. Power dependence of emission intensity for all transitions 

and for all samples is not linear (Fig.4.25) shows power dependence of emission 

intensity for various transitions for sample W as a representative example, in 

Log(Intensity) vs. Log(Power) coordinates). 

547 nm 

393 nm 

410 nm 

457 nm 

1.0 	1.5 	2.0 	2.5 	i.0 

Ln(Exc. EnergylmJ) 

Figure 4.25. Power dependence of emission intensity for various transitions in 
sample W obtained under 800 nm, 25 ns pulsed excitation. The power dependence 
was measured at 393 nm (-o-), 410 nm (-A-), 457 nm (-V-), 547 nm (-.-), and 660 
nm (-A-). 

However, different transitions exhibit different power dependencies, indicating a 

difference in the mechanism of the population of corresponding excited states in the 

up-conversion process (Table 4.6). The majority of the transitions exhibit 

approximately quadratic power dependence of the intensity of the upconverted 

emission (Table 2), indicating participation of two photons in the upconversion 

process. Power dependence for 380 - 390 nm emission from 4G1112 state and for 410-

nm emission from 2G912  state is somewhat higher than 2. This is not surprising given 

that population of 390 nm level requires more energy than that of two photons of the 
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excitation light of 800 nm, and hence the fact that this emission is observed implies 

involvement of higher order processes. At the same time, the power dependence of 

the emission intensity at 650-660 nm (4F912) is only 1.1, which rules out two-photon 

nature of the process. It is noteworthy that this state is only 2880 cni' higher in 

energy than 800 nm quanta. 

Table 4.6. Power dependence of the emission intensity (slopes) for sample A, 
sample 0, and sample W under 800 nm, 25-ns excitation. 

Emission 
wavelength 

Emitting 
state 

Sample A 1% Sample D 4% Sample Wl0% 

384 nrn 1.7 2.2 1.5 (392 nm) 
410 nm* 2G912  2.2 2.2 1.8 

452 nm 1.6 1.6 1.7 (457 nm) 

548 rim S3/2 1.9 1.8 1.7 

656 nm 1.1 1.6 1.3 

Another possible mechanism is population of 4F912  via inefficient energy transfer 

from another Er" centre. 

Given the nearly quadratic power dependence for the majority of the transitions 

detected, at least two mechanisms can be envisaged for the population of higher 

lying excited states in Er" ion. The first mechanism is two-photon excitation, in 

which the first photon of light is absorbed by the ground state, and, for the 800 nm, 

would populate 4 
19,2 level of Er" ion, which then would absorb a second photon of 

800 mi populating the 2G972  level within the duration of the laser pulse. The second 

mechanism implies energy transfer between several Er" centres after absorption of 

one photon of excitation light per centre. To distinguish between those two 

mechanisms, kinetic studies have been undertaken. Fig.4.27 shows emission kinetic 
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traces for sample A, sample D and sample W obtained for upconverted emission 

from 4S372  level at 550 nm. 
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Figure 4.26. Possible upconversion mechanisms for green up-conversion (4S312, 
- 	115/2) and red up-conversion (4F912 - 115,2) under excitation at 800 nm. 

According to the energy level diagram of Er" ions (Fig.4.26), the 4S312  level can be 

populated by an excited absorption process involving the 4 I9,2 and 41 
13/2 states. In this 

process the absorption of an IR photon of 800 nm populates the 4 
I9/2 level from where 

the 41 
I3/2 level is populated. Ions in this level sequentially absorb an hR photon 

reaching the 2H1112  level. Another possibility is an ETU process. There are two 

possible energy transfer upconversion processes to populate the 4S312  level. One is 

(19/2, 19/2) 	(I,3/2, 4S312) (ETU 1 in Fig. 4.26). In this process, when two Er" ions 

are excited by an IR photon directly to the 4 I9/2 state, a transfer occurs by which one 
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ion loses energy and goes to the 41 13/2 state whereas the other one gains energy and 

goes to the 4S312  state. Another possibility is an energy transfer process involving an 

erbium ion in the 4 19/2 state that decays to the ground state and transfers its energy to 

a nearby ion in the 4, 13,2 level, which is promoted to level 4S312  (ETU2 in Fig. 4.26). 

In the case of level 4F912, there exist a different ETU processes to populate this level. 

In the first process, two Er"' ions, one of them in the 4 I9/2  level and the other one in 

the 4S312  level interact, going both to level 4F912  (ETU 3 in Fig. 4.26). Another 

possibility is an energy transfer via transition ( 19/2-  '13/2) and (41 1/2 - 4F912) (ETU 

4 in Fig. 4.26) and/or (i11/2 - 115/2) and (i13/2 - 4F912) (ETU 5 in Fig. 4.26). These 

interpretations of green and red up-conversion mechanism have already been 

reported in the literature. 3, 38 Recently, T. Som and B. Karmaker39  have made an 

indepth studies on K20-B203-Sb2O3  (KBS) glass system doped with different 

concentrations (0.1-1.0 wt.%) under excitation at 800 rim and explained the various 

mechanisms involved in the upconversion bands originating from 2H1112 - '15/2,
4 
 S3/2 

- 	I15,2 and 4F912- '15/2  transitions with the strongest emission in the red region of 

the spectrum (645 nm). The possible up-conversion mechanism proposed by them 

include, excited state absorption (ESA), energy transfer (ET), cooperative energy 

transfer (CET) and cross relaxation (CR) involving population of the metastable 

(storage) energy levels (2H11/2, 4S312  and 4F912) by effects of multiphonon de-excitation 

and thermal population. 

Deconvolution of the instrument response function from the emission data has shown 

that emission rise time is 17±5 ns for sample A at higher excitation energies, and 22 

± 5 ns for sample D at both low and high excitation energies. This fact rules out two- 
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photon excitation process within single Er III centre since if this were the case, as 

explained above, population of the emitting state would have been achieved within 

the laser pulse. In case of sample W the rise time of the up-converted emission is 

faster than in sample A/sample D and is within the instrument response function. In 

this case kinetic data do not allow to distinguish between a direct two-photon 

excitation and energy transfer between several Er" centres. However, given the 

power dependencies of emission intensities, it is proposed that up-conversion in 

sample H also occurs via energy transfer, which is faster than in sample Alsample D 

due to shorter Er" - Er" distance in a more concentrated sample. Emission decay is 

multiexponential in all cases. The multiexponential decay cannot be satisfactorily 

modeled even by a three-exponential function; the "mean" lifetime obtained by a 

monoexponential fit to the data constitutes approximately 700 ns in all cases which is 

significantly shorter than the lifetime of 4S312  in an isolated Er" ion. 

Power and lifetime studies of the upconverted emission in sample A, sample D and 

sample W can be rationalized as follows. The upconverted emission originates from 

energy transfer between several Er" centers, which populate higher energy level of 

one of the Er" centres acting as an energy acceptor; the efficiency of the process will 

be governed by selection rules and distance between the centres. 
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Figure 4.27. Emission kinetic traces for sample A (1% Er'), sample D (4% Er) and 
sample W (10% Er) obtained for upconverted emission from 4S312  level at 550 nm 
under 800 nm, 25 ns pulsed excitation. (a) normalized overall kinetic profile under 
Ca. 15 mJ/pulse; b) initial part of the kinetic trace showing rise time of the emission 
obtained under 15 mJ/pulse; c) a comparison between the data for sample H 
obtained under 2 mJ (low power) and 15 mJ (high power) excitations. The intensities 
are normalized. 
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Since spectral profile and rise time of the upconverted emission is not significantly 

different in sample A vs. sample D, we propose that Er"' ion has similar local 

environment in those two cases. This observation implies that there is a formation of 

clusters within the sample, the structure of which determines the population and 

decay of the various excited states in Er" ion. Sample W, on the other hand, has 

faster rise time, higher overall emission intensity, and somewhat different spectral 

profile to sample A and sample D, and more homogeneous emission behavior across 

the sample - the difference which can be attributed to the "dilution" effect of 

A1203-  

In summary, upon excitation with 800 or 980 nm laser light sample A, sample D and 

sample W exhibit upconverted emission, mostly in the green part of the spectrum. 

The emission rise time which is significantly longer than the excitation laser pulse 

rules out the possibility of a direct multi-photon excitation process within a single 

Er" centre. The mechanism of the upconversion is likely to be due to energy transfer 

between several Er" centres present in close proximity within local clusters. Our 

data do not permit elucidation of the specific mechanism of energy transfer. 
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5 	Experimental 

5.1 	Chemical and Instrumentation 

Dry solvents (THF, diethyl ether) and standard schlenk line techniques were 

employed only in the synthesis of ligand HL. All manipulations involving the sol-gel 

hydrolysis and condensation chemistry were performed in an aerobic atmosphere in a 

fume hood. Erbium oxide (Er203), n-Butyllithium (n-BuLi, 1.6 M solution in 

hexane), diphenylphosphine, 3,3-dimethyl-epoxybutane and all the reagents and 

solvents used in the sol-gel synthesis of EDWAs materials were purchased from 

Sigma Aldrich, Alfa aesar, and Lancaster and were used without further purification. 

The complexes erbium triflate [Er(H20)9][03SCF3]3  erbium tosylate [Er 

(H20)91[TOS]3  were prepared from Er203  according to literature methods. 

pH adjustments were made with HCl Merk (1 M, 0.1 M) and HOTf Sigma Aldrich (1 

M) solutions. 

5.2 	Analytical methods and apparatus 

5.2.1 NMR Spectroscopy in solution 

1 H-, 13C- 19F- and 31P-NMR spectra in solution were recorded on a Bruker DPX 300 

spectrometer, operating frequency 300.1 MHz (H), 75.5 MHz (13C) and 121.5 MHz 

(31P), variable temperature unit set to 300 K unless otherwise stated. Chemical shifts 

are reported in parts per million, and referenced to residual solvent proton resonances 

calibrated against external TMS. 
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5.2.2 Solid state NMR 

Solid state "Si-MAS, 19F-MAS and 31P-MAS spectra were run by Dr. David 

Apperley at Durham University. All 29Si-MAS and 19F-MAS spectra were run on a 

Varian Inova spectrometer operating at 59.56 MHz for 29  Si and 282.09 MHz for 19F. 

The 31P spectra were obtained using a Varian VNMRS spectrometer operating at 

162.88 MHz. All the spectra were recorded using direct- polarisation (pulse-acquire) 

pulse sequences. Chemical shifts given in [ppm] were referenced with respect to 

tetramethylsi lane (TMS), 85% H3PO4  or CFC13  as appropriate. 

5.2.3 Mass spectrometry 

Mass spectra were run by Mr. Tony Hollingworth and Mr. Graham Coxhill at the VG 

autospec instrument for the ligand HL or recorded on Bruker 3.0 T Apex II 

Spectrometer using Electrospray lonisation (ESI) technique at the University of 

Edinburgh. 

5.2.4 Elemental Analysis 

Elemental microanalyses were determined by Dr. Stephen Boyer at London 

Metropolitan University and by Mr. Trevor Spencer at the University of Nottingham. 

5.2.5 Melting points 

Melting point data were obtained in glass capillaries on a Stuart Scientific Melting 

Point SMP 1 apparatus and are reported uncorrected. 

5.2.6 Infrared spectroscopy (FT-IR) 

FT-JR spectra were recorded on a Jasco-FTIR spectrometer as KBr pellets in the 

range 4000-400 cm-1  with a spectral resolution of 4 cm-1. Characteristic absorptions 
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were assigned in wavenumbers [cm'] and characterised as weak (w), medium (m), 

strong (s), or broad (br) signals. 

5.2.7 Ultraviolet I visible I near- infrared spectroscopy (UV Nis I NIR) 

UV-Visible-NIR Absorption spectra were measured on a Perkin-Elmer Lambda 900 

UV/ Vis / NIR spectrophotometer using air as background. 

5.2.8 Thermogravimeteric and differential thermal analysis (TGAIDTA) 

Differential Thenrnal Analysis (DTA) and Therrnogravimeteric Analysis (TGA) 

studies of the samples were performed on a TA Instrument SDT 2960 Analyser at the 

University of St. Andrews. The samples dried at 60 °C for 48 hours were crushed 

into a powder by pestle and mortar and heated to 1000 °C under a flow of dry 

dinitrogen at a rate of 10 °C / min. Alumina powder was used as a reference in the 

DTA experiments. 

5.3 	X-ray Diffraction 

5.3.1 Single Crystal X-ray Diffraction 

For single crystal structure determination, the data were collected at 150(2) K, using 

Mo Ka radiation using w scans, and solved by heavy-atom and direct methods and 

were refined by least-squares methods on 172  values, with anisotropic displacement 

parameters for non-H atoms. U(H) was set at 1.2 (1.5 for methyl groups) times Ueq  

for the parent atom. Structure solution and refinement were carried out using the 

SHELX suite of programs. 
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5.3.2 Powder X-ray Diffraction 

Powder X-ray diffraction patterns were recorded on a Siemens D800 Diffractorneter 

using CuK radiation X = 0.15406 nm in the 5-60 28 range with a step size of 0.04. 

The crystal phases were determined with the help of Diffract EVA software which 

identifies the phases by a search/match method. The crystal size of the active erbium 

phases was determined by using Scherrer's equation: 

- 13 CosO 

Where t is the crystal size, ? the X-ray wavelength of the used, 0 the angle of 

diffraction, 13  the full width at half maximum (FWHM) and K is a constant 

depending on particle shape (K = 0.9) 

54 Raman spectroscopy 

The vibrational Raman spectra were recorded at room temperature in back-scattering 

mode on a Jobin-Yvon T64000 triple monochromator Raman spectrometer coupled 

with a notch filter and equipped with a CCD detector and a microscope attachment. 

The back-scattered radiation was excited using a He-Ne (633 rim) laser in a 

conventional macro-Raman setup with samples placed on the quartz slides and 

excited from the top. 

At the start of each run, the triple monochromator system was calibrated by the sharp 

LO (longitudinal optical modes) Raman scattering on the 519.9 cm 1  phonon for c-Si 

(Si crystal) sample. 
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5.5 X-ray photoelectron spectroscopy (XPS) 

The XPS spectra were recorded using XPS facilities at the University of Edinburgh 

by Dr. Ronald Brown and University of Cardiff by Dr.J.D Morgan. 

All the XPS measurements at the University of Edinburgh were performed on a VG 

Sigma probe spectrometer using a monochromatised Al Ka (ho = 1486.6 eV) X-ray 

source operating at 15 kV. 

XPS spectra at Cardiff University were recorded on a Kratos Axis Ultra DLD 

spectrometer using Al Ka (ho = 1486.6 eV) X-ray source. Samples were mounted 

using double-sided adhesion tap, and binding energies are referenced to C (Is) 

binding energy of carbon contamination taken to be 284.7 eV. 

5.6 Spin Coating 

A spin coating method was used to prepare sol-gel films. The preparation was 

conducted in collaboration with Dr. Nan Pham at COSMIC centre and Scottish 

Microelectronic Centre (SMC) located at the University of Edinburgh. The substrate 

materials used were microscope glass slides and silicon wafers Si (100). Both were 

cleaned with piranha solution (4:1, Conc. H2SO4:  30 % H202), rinsed with deionised 

water and dried with flow of pressurised N2  before being fixed to the spin coater 

plate. The sols were deposited onto cleaned substrates using a spin coater (Model 

WS-400E-6NPP-LITE) equipped with N2  flow. The spin coating conditions were 

varied (e.g. spin velocity, and deposition rate) until appropriate parameters were 

found. A typical spinning range is between 1000 and 3000 rpm. 
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5.7 Micro and nanostructure characterisation 

5.7.1 Scanning Electron Microscope (SEM) 

Scanning Electron Microscopy was used to study the morphology of the thin film 

and bulk materials. The experiments were performed at The University of 

Nottingham and The University of St. Andrews. At Nottingham University, 

micrographs were taken using a Philips/FEI XL30 JEOL 6400 scanning electron 

microscope attached with EDX facility. The experiments at St. Andrews University 

were conducted on Jeol JSM 5600 SEM equipped with EDX system for elemental 

analysis in three modes; Spectral Analysis, Point Analysis and Elemental Mapping. 

The thin film samples on Si and glass substrates were attached to the SEM sample 

holder using double sided adhesion carbon tape. All the samples were then coated 

with a thin layer of gold by sputtering for 1-2 minutes to reduce the charging effects, 

using a Technics Hummer VI sputtering system (Anatech, Ltd., Alexandria). 

5.7.2 Transmission Electron microscope (TEM) 

TEM images were taken on JEOL JEM-201 1 HRTEM fitted with a double tilt 

sample holder. For High Resolution Transmission studies samples were ground into 

a fine powder by mortar and pestle and suspended in ethanol. A drop of this 

suspension was deposited and dried onto a carbon-coated copper grid. The chemical 

composition of the deposited material was determined by Energy Dispersive X-ray 

analysis (EDX) coupled with the microscope. 

5.7.3 Atomic Force Microscopy 

The topography of the films were measured using Veeco SPM atomic force 

microscope system at the University of Edinburgh. 
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5.8 Optical Characterisation 

5.8.1 Photoluminescence spectra 

The set up used for photoluminescence spectra is shown in Fig.5.1 To generate the 

1550 nm fluorescence, the sample was pumped using 980 nm light from pump diode. 

The pump light was coupled into the sample by butt-coupling the single mode fibre 

from diode against the sample facet. A proportion of the fluorescence from the 

sample was captured using a highly multimode fibre placed alongside the single 

mode fibre from the pump diode. The captured fluorescence was coupled into an 

Ando AQ6317B spectrometer for analysis. 

Pump diode 	Sample under test 

LDiode drer] 

Multimode fibre 
(50 jm core /0.12 NA) 

I—Spectrorneter  

Figure 5.1. Schematic of the set-up for the measurement of PL spectra 

5.8.2 Photoluminescence lifetime 

The set-up for photoluminescence lifetime measurement is shown in the figure and 

the lifetime measurement was conducted as follows; 

A signal generator was used to modulate the drive current of a 980 nm pump diode in 

a square wave function fashion. By modulating pump light in this manner, a pump 
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switch-off time of < 0.01 ms was obtained. The modulated pump light was coupled 

into the sample by butt-coupling the single mode fibre from the pump diode against 

the sample under test. The decay of the fluorescence generated by the sample was 

then detected by placing a large area photoreceiver (new focus 2033) close to the 

sample. Silicon filters were used to block the pump light but allow the fluorescence 

to pass around 1550 nm. 

Signal 
generator 	 Oscilloscope 

Trigger signal 

Figure 5.2. Schematic of the set-up for PL lifetime measurement. 

5.9 	Precursor synthesis 

5.9.1 Synthesis of Ligand [HL] Ph2P(0)CH2CH( But  )OH 

A oven-dried 250 ml 3-neck round bottom flask fitted with a dropping funnel was 

charged with diphenyiphosphine (5 mL, 0.0287 mol) and 3,3-dimethylepoxybutane 

(3.5 mL, 0.0287 mol) in 20 ml of THF. This was followed by the dropwise addition 

of a 1.6 M hexane solution of n-BuLi (11.6 mL) at -78 °C under nitrogen. The 

reaction mixture was allowed to stir for 2 hours and then let warm from -78 °C to 

room temperature. The oxidation of the reaction mixture was carried out by dropwise 
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addition of 30% H202  (ca. 15 mL) at 0 °C. The stirring was continued overnight. The 

colourless organic layer was separated and the aqueous layer was extracted with 

CHC13  (3 x20 ml). The combined organic layer was further purified by flushing it 

through the silica gel using CHC13  as eluent. The purified product was collected and 

evaporated to dryness. The white product obtained was crystallized from a mixture of 

CHC13 (40%) and hexane (60%) as colourless needles after storage at 4°C for 2 days. 

The product was further purified by sublimation. The product sublimed completely at 

138°C and a pressure of 10 5  ton. Yield (5.23 g) (65%). 

'H-NMR 8 [ppm] (CDC13): 0.8 (s, 9H, (-CH3)3  ), 2.3 (m, 2H, CH2  ), 3.6 (t, 1H, CH), 

4.38 (s, 1H, OH) and 7.4-7.7 (m, 1OH, aromatics).13C-NIMR, 8 [ppm] (CDC13) 25.5 

(3C, CH3), 30.8 (1C, CH2), 35.2 (1C, CMe3), 74.2 (1C, C-OH), 130.5 (10 C, 

aromatics) .31p,  8 36.7 ppm. 

Elemental Analysis: Calculated for C18H23P02: C 71.5%, H 7.6%. 

Found: C 71.52%, H 7.66%. mp: 135-1390C. MS: elm (M 303). FTIR: 3136.36 cm 

(s, OH), 1150.30 cm-1  (m, P=O). Compound is soluble in THF, ethanol, CHC13, 

CH2C12  but insoluble in toluene, Et20 and water. 

5.9.2 Preparation of erbium triflate [Er(H20)9][03SCF3]3  

The synthesis was a modification of a literature procedure.' A 100 ml 2-neck round 

bottom flask containing a magnetic stirrer bar was charged with a suspension of 

Er203  (4.67 g, 12.21 mmol) in deionised water (120 mL). The flask was equipped 

with a reflux condenser and a dropping funnel. The flask was cooled in an ice bath 

before the addition of triflic acid. Trifluoromethanesulfonic acid (TIOH) (10 g, 66.6 
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mmol) was transferred to the dropping funnel and then allowed to add to Er203  

suspension over a period of 15 mm. After the complete addition of the triflic acid, the 

reaction mixture was heated to reflux and allowed to stir overnight. The pink 

coloured solution containing the title product was filtered through a fit using suction 

pump to remove unreacted Er203. The filtered solution was distilled to remove the 

volatiles, affording a pink coloured powder. The final product was dried under 

vacuum by heating in the oil bath in the temperature range of 100-130 °C. The dried 

product Er{(H20)9][OTf]3  weighed (15.3 g), Yield: 80.7 %. The title compound is 

highly soluble in water. 

5.9.3 Preparation of erbium tosylate [Er(H20)9][03SC7H7]3  

The synthesis is a modification of literature method 2  Erbium oxide (2 g, 5.2 mmol) 

was suspended in deionizer water (ca. 50 mL) in a round bottom flask containing a 

stirring bar. This was followed by the addition of p-toluene sulfonic acid (5.9 g, 31.2 

mmol) to the erbium oxide suspension. The flask was equipped with a reflux 

condenser and the reaction mixture was allowed to reflux overnight at 100 °C with 

stirring. After the reaction was complete a pink-coloured solution was obtained 

which contained the desired product. The excess of Er203  was removed by filtration. 

This gave a pink solution which was distilled to obtain a pink-coloured solid product. 

Finally the compound was dried under vacuum on a hot platAe fitted with 

temperature monitoring probe. The product [Er(H20)9][03SC7H7]3  was dried at 80 °C 

offering a pink powder Yield: 86%. 
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5.10 Sol-gel synthesis 

Synthesis of sol-gel samples was performed by modifying a method reported by 

Orignac et al., 3and involves pre-hydrolysis of tetraethoxysilane (TEOS) to obtain the 

Si02  sol. 

5.10.1 Synthesis of Si02-Er203  sols 

The first step in sol-gel synthesis involved the pre-hydrolysis of TEOS. In a typical 

procedure a flask was charged with a magnetic stirrer bar, and TEOS, deionised H20, 

ethanol and 1M HOTf were mixed in a molar ratio of 1: 4: 4: 0.0167 on a scale 120 

rnmol of TEOS. The reaction mixture was refluxed at 80 °C for 3 hours to obtain a 

partially hydrolysed Si02  sol. The S102  sol obtained in this way was equally divided 

into 5 vials each containing 5 g (24 mrnol) of partially hydrolysed TEOS. Finally 

clear and transparent pink solutions were obtained by adding ethanolic solutions of 

erbium triflate (the quantities as shown in Table 5.2 in Appendix B ) in to each of the 

vials. The solutions were then filtered (0.4 p.m porosity). The sols were then allowed 

to gel in an oven maintained at 40 °C. Typical gelation time ranged from 2-5 days 

depending upon the erbium concentration in the samples. It was observed that the 

samples containing higher concentrations of erbium had reached gelation earlier. 

The concentration is expressed in terms of mol % of S102  and Er203  that would be 

present in the hypothetical water and organic free solid matrix after high temperature 

annealing process at 1000 °C. 
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5.10.2 Synthesis of Si02-P205-Er203  sols 

The synthesis of Si02-P205-Er203  sols was performed as described in section 5.7.1. 

The only difference was that phosphorus precursors were added to the Si02  sols 

before the addition of erbium precursor. For sample details see Appendix C 

5.10.3 Synthesis of Si02-A1203-Er203  sols 

The sols co-doped with Al were also prepared using the method mentioned above. 

The Al precursor was added first to Si02  followed by the addition of Er precursors. 

Sample details are collected in Appendix D. 

5.11 References 
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Appendix A 

Following is a list of chemicals used in this thesis work. 

Table-A 

E 
-. 

- 

rID 

Tetraethoxysilane 
(TEOS) Si(0C2H5)4 Sigma Aldrich > 99 208.33 0.934 

Ethanol, EtOH C7H50H Sigma Aldrich 98.0 46.07 0.789 

Isopropyl alcohol C3H70H Sigma Aldrich 99.7 60.10 0.786 

De-ionised water 1120 N/A 18.01 0.998  
Hydrochloric 
Acid (70%.vol.) HC1 Sigma Aldrich 99.9 36.47 1.198 
Trifluoromethane- 
sulfonic acid CF3SO3H Sigma Aldrich 98.0 150.01 1.696 

Aluminum Nitrate Al(NO3)3.9H20 Sigma Aldrich ~!98 375.13  
Aluminum 
Chloride AIC13.61120  241.43  
Trimethyl 
phosphate OP(OCH3)3 Sigma Aldrich 97.0 140.07 1.197 
Tributyl 
phosphate OP(0C4H9)3 Sigma Aldrich 97.0 266.32 0.973 

Erbium triflate [Er(H20)9][03SCF3]3  776.47  

Erbium tosylate [Er(H20)9] [03 SC7H7]3  842.26  

Erbium chloride ErC13.6H20  381.71  
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Appendix B 

Preparation of Si02-Er203  sols 

The preparation of details for S102-Er203  sols are collected in the tables given below. 

All the Er solutions were made in 5 ml ethanol. 

Table —B Si02-Er203  sols 

C .- 
- 

C#D 

A 99: 1 [Er(H20)91[03SCF3]3  0.19g 4 3 
B 98 : 2 [Er(H20)9][03SCF313  0.38g 4 3 
C 97: 3 [Er(H20)9][03SCF3]3  0.58g 4 3 
D 96: 4 [Er(H20)9][03SCF3]3  0.78g 4 3 
E 95 : 5 [Er(H20)9][03SCF3]3  0.98g 4 3 
F 92 : 8 [Er(H20)9][03SCF3]3  1.62g 4 3 
G 90: 10 [Er(H20)9][03SCF3]3  2.07g 4 3 
H 99 : 1 [Er(H20)9][03SC7H7]3  0.20g 4 3 
I 98 : 2 [Er(H20)9}[03SC7H7]3  0.41g 4 3 
J 97: 3 [Er(H20)91[03SC7H7]3  0.62g 4 3 
K 96 : 4 [Er(H20)9][03SC7H7]3  0.84g 4 3 
L 95 : 5 [Er(H20)9]{03SC7H7]3  1.06g 4 3 
M 99: 1 ErC13.6H20 0.09g 4 3 
N 98:2 ErC13.6H20 0.19g 4 3 
0 97: 3 ErC13.6H20 0.28g 4 3 
P 96: 4 ErCI3.6H20 0.38g 4 3 

Q 95 : 5 ErC13.6H20 0.48g 4 3 
R 92: 8 ErC13.6H20 0.80g 4 3 
S 90: 10 ErC13.6H20 1.02g 4 3 
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Appendix C 

Preparation of Si02-P205-Er203  sols 

In this Appendix details of S102-P205-Er203  sol preparation are collected. Table-Cl-

Table-C2 contain samples prepared by using trimethyl phosphate (TMP) as source of 

P where as Table-C3-Table-C4 show samples prepared with tributyl phosphate 

(TBP) as P precursor. 

Table-Cl 

- C - 
: — 

ci) 

T 84: 15: 1 [Er(H20)9][03SCF3]3  0.22 TMP 0.600 4 3 

U 83 : 15: 	2 [Er(H20)91[03SCF3]3  0.45 TMP 0.613 4 3 

V 82: 15: 	3 [Er(H20)91[03SCF3]3  0.68 TMP 0.615 4 3 

W 81: 15: 	4 [Er(1120)9][03SCF3]3  0.92 TMP 0.622 4 3 

X 80: 15: 	5 [Er(H20)9][03SCF3]3  1.16 TMP 0.630 4 3 

Y 77: 15: 	8 [Er(H20)9][03SCF3]3  1.94 TMP 0.655 4 3 

Z 75 : 15: 	10 [Er(H20)9][03SCF3]3  2.48 TMP 0.672 4 3 

AA 84: 15: 1 [Er(H20)9][03SC7H7]3  0.24 TMP 0.600 4 3 

BB 83: 15: 	2 [Er(H20)9][03SCF3]3  0.49 TMP 0.613 4 3 

CC 82: 15: 	3 [Er(H20)91[03SCF3]3  0.74 TMP 0.615 4 3 

DD 81: 15: 	4 [Er(H20)91[03SCF3]3  1.00 TMP 0.622 4 3 

EE 80: 15: 	5 [Er(H20)91[03SCF3]3  1.26 TMP 0.630 4 3 

FF 77: 15: 	8 [Er(H20)9][03SCF3]3  2.10 TMP 0.655 4 3 

GG 75 : 15: 	10 [Er(H20)9][03SCF3]3  2.69 TMP 0.672 4 3 

HE 84: 15: 1 ErC13.61-120 0.11 TMP 0.600 4 3 

II 83 : 15: 	2 ErC13.61-120 0.22 TMP 0.613 4 3 

JJ 82: 15: 	3 ErC13.6H20 0.33 TMP 0.615 4 3 

KK 81: 15: 	4 ErC13.61120 0.45 TMIP 0.622 4 3 

LL 80: 15: 	5 ErCI3.61120 0.57 TMP 0.630 4 3 

MM 77 : 15: 	8 ErC13.6H70 0.95 TMP 0.655 4 3 

NN 75: 15: 	10 ErC13.6H70 1.22 TMP 0.672 4 3 
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Table-C2 

en 

.4- 

.4- . 

.t' 
cr E C 

D 

00 84: 15 : 1 [Er(H20)91[03SCF3 ] 3  0.22 TMP 0.600 10 4 

PP 83 : 15: 	2 [Er(H20)91[03SCF3 ] 3  0.45 TMP 0.613 10 4 

QQ 15: 	3 [Er(H20)9][03SCF3 ] 3  0.68 TMP 0.615 10 4 

RR 81: 15: 	4 [Er(H20)9][03SCF3 ] 3  0.92 TMP 0.622 10 4 

SS 80: 15: 	5 [Er(H20)9]{03SCF3 ] 3  1.16 TMP 0.630 4 4 

TT 77: 15: 	8 [Er(H20)9][03SCF3 ] 3  1.94 TMP 0.655 10 4 

UU 75 : 15: 	10 [Er(H20)91[03SCF3 ] 3  2.48 TMP 0.672 10 4 

VV 84: 15: 1 [Er(H70)9][03SC7H7 ] 3  0.24 TMP 0.600 10 4 

WW 83 : 15: 	2 [Er(H70)9][03SCF3 ] 3  0.49 TMP 0.613 10 4 

XX 82: 15: 	3 [Er(H20)91[03SCF3 ] 3  0.74 TMP 0.615 10 4 

YY 81: 15: 	4 [Er(H20)91[03SCF3 ] 3  1.00 TMP 0,622 10 4 

ZZ 80: 15: 	5 [Er(H70)9][03SCF3 ] 3  1.26 TMP 0.630 10 4 

aa 77: 15: 	8 [Er(H20)9][03SCF3 ] 3  2.10 TMP 0.655 4 4 

bb 75 : 15: 	10 [Er(H20)9][03SCF3 ] 3  2.69 TMP 0.672 10 4 

cc 84:15: 1 ErC13.6H20 0.11 TMP 0.600 10 4 

dd 83 : 15: 	2 ErC13.6H20 0.22 TMP 0.613 10 4 

ee 82: 15: 	3 ErCI3.6H-,O 0.33 TMP 0.615 10 4 

ff 15: 	4 ErCI3.6H20 0.45 TMP 0.622 10 4 

gg 80: 15: 	5 ErC13.6H20 0.57 TMP 0.630 10 4 

hE 77: 15: 	8 ErCI3.6H20 0.95 TMP 0.655 10 4 

Ii 75 : 15: 	10 ErC13.6H70 1.22 TMP 0.672 10 4 
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Table-C3 

rn 

C 

- — 
rj C 

--- 
. 

jj 

 

84: 15: I [Er(H20)9][03SCF3]3  0.22 TBP 1.141 4 3 

kk 83: 15: 	2 {Er(H20)91[03SCF3]3  0.45 TBP 1.155 4 3 

11 82: 15: 	3 {Er(H20)9][03SCF3]3  0.68 TBP 1.169 4 3 

MM 81: 15: 	4 [Er(H20)9][03SCF3]3  0.92 TBP 1.184 4 3 

nn 80: 15: 	5 [Er(H20)9][03SCF3]3  1.16 TBP 1.198 4 3 

oo 77: 15: 	8 [Er(H20)9][03SCF3]3  1.94 TBP 1.245 4 3 

pp 75 : 15: 	10 [Er(H20)9][03SCF3]3  2.48 TBP 1.278 4 3 

qq 84:15: 1 ErC13.6H20 0.11 TBP 1.141 4 3 

rr 83: 15: 	2 ErC13.6H20 0.22 TBP 1.155 4 3 

ss 82: 15: 	3 ErC13.6H20 0.33 TBP 1.169 4 3 

tt 81: 15: 	4 ErC13.6H20 0.45 TBP 1.184 4 3 

uu 80: 15: 	5 ErC13.6H20 0.57 TBP 1.198 4 3 

vv 77: 15: 	8 ErC13.6H20 0.95 TBP 1.245 4 3 

ww 75 : 15: 	10 ErC13.6H20 1.22 TBP 1.278 4 3 
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Table-C4 

C 
.- rd .4- 

-' 

E 
a'- '-' 

C 

Fo 

I 

xx 84: 15: 1 [Er(H20)9][03SCF3]3  0.22 TBP 1.141 10 4 

yy 83 : 15: 	2 [Er(H20)9][03SCF3]3  0.45 TBP 1.155 10 4 

zz 82: 15: 	3 [Er(H20)9][03SCF3]3  0.68 TBP 1.169 10 4 

Aa 81: 15: 	4 [Er(H20)9][03SCF3]3  0.92 TBP 1.184 10 4 

Bb 80: 15: 	5 [Er(H20)9][03SCF3]3  1.16 TBP 1.198 10 4 

Cc 77 : 15: 	8 [Er(H20)9][03SCF3]3  1.94 TBP 1.245 10 4 

Dd 75: 15: 	10 [Er(H20)9][03SCF3]3  2.48 TBP 1.278 10 4 

Ee 84: 15: 1 ErCI3.6H20 0.11 TBP 1.141 10 4 

Ff 83: 15: 	2 ErC13.6H20 0.22 TBP 1.155 10 4 

Gg 82: 15: 	3 ErC13.6H20 0.33 TBP 1.169 10 4 

Hh 81: 15: 	4 ErC13.6H20 0.45 TBP 1.184 10 4 

Ii 80: 15: 	5 ErC13.6H20 0.57 TBP 1.198 10 4 

Jj 77: 15: 	8 ErC13.6H20 0.95 TBP 1.245 10 4 

Kk 75 : 15: 	10 ErC13.6H20 1.22 TBP 1.278 10 4 
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Appendix D 

Preparation of Si02-A1203-Er203  sols 

In this Appendix tables show preparation details for Si02-A1203-Er203  sols. 

Table-Di 

C 

-4- 
E 

- -C 
'.4 

E 

Li 84:15: 1 {Er(H20)9][03SCF3]3  0.22 A1(NO3)3. 1.608 4 3 
9H20 

Mm 83:15: 2 [Er(H20)91[03SCF3]3  0.45 A1(NO3)3. 1.627 4 3 
9H20 

Nn 82:15:3 [Er(H20)9][03SCF3]3  0.68 Ai(NO3)3. 1.647 4 3 
9H20 

Oo 81:15:4 [Er(1120)91[03SCF3]3  0.92 A1(NO3)3. 1.667 4 3 
9H70  

Pp 80:15:5 [Er(H20)9][03SCF3]3  1.16 A1(NO3)3. 1.688 4 3 
9H20 

Qq 77:15:8 [Er(H20)9][03SCF3]3  1.94 Ai(NO3)3. 1.754 4 3 
9H20 

Rr 75:15:10 [Er(H20)9][03SCF3]3  2.48 Ai(NO3)3. 1.801 4 3 
9H20 

Ss 84:15:1 ErC13.6H20 0.11 Al(NO3)3. 1.608 4 3 
9H20 

Tt 83:15:2 ErC13.6H20 0.22 AI(NO3)3.  1.627 4 3 
9H20 

Uu 82:15:3 ErC13.61120 0.33 Al(NO3)3. 1.647 4 3 
9H20 

Vv 81:15:4 ErC13.6H20 0.45 Ai(NO3)3. 1.667 4 3 
9H20 

Zz 80:15:5 ErC13.6H20 0.57 Al(NO3)3. 1.688 4 3 
9H20 

Yy 77:15:8 ErC13.6H20 0.95 Al(NO3)3. 1.754 4 3 
9H20 

Zz 75:15:10 ErC13.6H20 1.22 Ai(NO3)3. 1.801 4 3 
9H20  
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Table-D2 

- © 

lD E C 

aaa 84: 15: 1 [Er(H20)9][03SCF3 ] 3  0.22 Al(NO3)3. 1.608 10 4 
91120 

bbb 15: 	2 [Er(H20)9][03SCF3 ] 3  0.45 A1(NO3)3. 1.627 10 4 
91120  

ccc 82: 15: 	3 [Er(H70)9][03SCF3 ] 3  0.68 A1(NO3)3. 1.647 10 4 
91120  

ddd 81: 15: 	4 [Er(H 20)9][03SCF3 ] 3  0.92 A1(NO3)3, 1.667 10 4 
91120 

eee 80 : 15: 	5 [Er(H20)9][03SCF3 ] 3  1.16 A1(NO3)3. 1.688 10 4 
91420 

fff 77 : 15: 	8 [Er(H20)9][03SCF3 ] 3  1.94 A1(NO3)3. 1.754 10 4 
9H20 

ggg 75 : 15: 	10 [Er(H 20)9][03SCF3 ] 3  2.48 A1(NO3)3. 1.801 10 4 
9H20 

hhh 15 : 1 ErC13.6H 20 0.11 A1(NO3)3. 1.608 10 4 
____ 9H20 
iii 83 : 15: 	2 ErC13.6H20 0.22 A1(NO3)3. 1.627 10 4 

9H20 
jjj 82 : 15: 	3 ErC13.6H20 0.33 A1(NO3)3. 1.647 10 4 

9H20 
kkk 81: 15: 	4 ErC13.6H20 0.45 A1(NO3)3. 1.667 10 4 

91120 
111 80 : 15: 	5 ErC13.611 20 0.57 A1(NO3)3. 1.688 10 4 

91120 
mmm 77: 15: 	8 ErC13.6H20 0.95 A1(NO3)3. 1.754 10 4 

9H70  
nnn 75 : 15: 	10 ErC13.6H20 1.22 A1(NO3)3. 1.801 10 4 

91-120 
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Appendix E 

Sherrer's equation for nanocrystals size determination 

K2 
tcrvsta1. = 	 (1) 

f3CosO 

Where t = crystal size 

A = X-ray wavelength 

= full width at half maximum of strongest peak in radians 

6 = wavelength in 20 degree which is divided by 2 before computing in equation (1) 

Table-E The size of nanocrystals calculated by Scherrer formula 

- 
E .. 

Zc S102  : P205  : Er203  = 1000 °C/3Omin. 25.9 0.744° 11.5nm 
75 : 15 : 10  

Zd S102 	P205  : Er,03  = 1000 °C/2hr 26.1 0.532 15 n 
75 : 15 	10  

Zb Si02  : P205 	Er203  = 900 °C/3Omin 25.9 1.075 Snm 
75 : 15 	10  

Xb Si02  : P205  : Er203  = 1000 °C/ 30 hr 25.9 0.609 12.2 ran 
80 : 15 : 5 

Xc S102  : A1203  : Er203  = 1000 °C/ 30 mm. 26.4 0.713 13.8 nm 
80 : 15 : 5  

Uy Si02  : P205  : Er203  = 1000 °C/2hr 26.2 0.316 28.9nm 
83 : 15 	2  

W Si07 : A1203  : Er703  = 1000 °C/ 2 hr 29.5 0.435 34.2 nm 
75:15:10  


