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Abstract
We have conducted a study of the optical properties of sputtered silicon-rich silicon dioxide
(SRO) thin films with specific application for the fabrication of erbium-doped waveguide
amplifiers and lasers, polarization sensitive devices and devices to modify the polarization state
of light. The SRO thin films were prepared through a reactive RF magnetron sputtering from a Si
target in an 0 2/Ar gas mixture. The film stoichiometry was controlled by varying the power
applied to the Si target or changing the percentage of 02 in the gas mixture. A deposition model
is: presented which incorporates the physical and chemical aspects of the sputtering process to
predict the film stoichiometry and deposition rate for variable deposition conditions.

The as-deposited films are optically anisotropic with a positive birefringence (nTM > nTE) that
increases with increasing silicon content for as-deposited films. The dependence of the
birefringence on annealing temperature is also influenced by the silicon content. After annealing,
samples with high silicon content (>45 at%) showed birefringence enhancement while samples
with low silicon content (<45 at%) showed birefringence reduction. A birefringence of more than
3% can be generated in films with high silicon content (50 at% Si) annealed at 11000 C. We
attribute the birefringence to the columnar film morphology achieved through our sputtering
conditions.

Er was incorporated through reactive co-sputtering from Er and Si targets in the same O2/Ar
atmosphere in order to investigate the energy-transfer process between SRO and Er for low
annealing temperatures. By studying the photoluminescence (PL) intensity of Er:SRO samples
annealed in a wide range of temperatures, we demonstrated that the Er sensitization efficiency is
maximized between 600'C and 7000 C. Temperature-resolved PL spectroscopy on SRO and
Er:SRO samples has demonstrated the presence of two different emission sensitizers for samples
annealed at 6000 C and 1 100 0 C. This comparative study of temperature-resolved PL spectroscopy
along with energy Filtered Transmission Electron Microscopy (EFTEM) has confirmed that the
more efficient emission sensitization for samples annealed at 6000 C occurs through localized
centers within the SRO matrix without the nucleation of Si nanocrystals. Er-doped SRO slab
waveguides were fabricated to investigate optical gain and loss for samples annealed at low
temperatures. Variable stripe length gain measurements show pump dependent waveguide loss
saturation due to stimulated emission with a maximum modal gain of 3 ± 1.4 cm -' without the



observation of carrier induced losses. Pump and probe measurements on ridge waveguides also
confirms the presence of SRO sensitized signal enhancement for samples annealed at 6000C.
Transmission loss measurements demonstrate a significant loss reduction of 1.5 cm'- for samples
annealed at 600'C compared to those annealed at 1000 0 C. These results suggest a possible route
for the fabrication of compact, high-gain planar light sources and amplifiers with a low thermal
budget for integration with standard Si CMOS processes.
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Chapter 1 I Introduction

1.1. Motivation

Silicon has impacted our way of life more significantly than any other material over the

past several decades. The development of the microprocessor and its use in the personal

computer have allowed humankind to achieve unprecedented levels of information manipulation,

storage and transfer. Microprocessor technology has met the demands for improved

computational performance at low cost through size scaling of transistors and interconnects. This

scaling, embodied in Moore's Law, has the number of on-chip transistors doubling every six

months. However, the trend of improving microprocessor performance through size scaling has

several challenges that threaten the microelectronics industry's ability to follow Moore's law.

Large resistance-capacitance (RC) time delays and the heat dissipation produced by closely

spaced, small cross section metal interconnects have replaced transistor gate delays as the

primary limiting factor in improving performance, stimulating the development of novel

approaches for device interconnection.

Si microphotonics, the monolithic integration of Si-based optics and electronics, is one approach

to device interconnection that offers significantly improved communication bandwidth with

negligible heat dissipation and cross-talk. This technology would achieve high clock speed, low

latency interconnection between microprocessors operating in parallel. Optical interconnection,

when applied to the telecommunications industry, led to improvements of several orders of

magnitude in information transmission capacity. The goal is to achieve all of the passive

functionality of planar lightwave circuits while adding active functionality for electrical-optical

and optical-electrical signal conversion within a small footprint at low cost. Attaining this goal

requires the development of four elements:

(1) a laser as an optical power source

(2) an optical modulator for electrical to optical signal conversion

(3) high-index contrast optical waveguides for signal routing and passive waveguide

devices for optical add/drop, multiplexing/demultiplexing and switching



(4) a photodetector for optical to electrical signal conversion

Planar lightwave circuit technology has demonstrated that packaging of hybrid optical systems is

costly due to the tight alignment tolerances required for optical components. Reducing the

overall cost of the system will drive the development of all components in one process flow

using Si or CMOS compatible materials and standard CMOS processing techniques. This has

already been achieved for several of the required elements including low loss, high-index contrast

optical waveguides in Si [1,2], Si 3N4 [3,4] and SiON [5], splitters [6], directional couplers [7] and

ring resonators [8,9], arrayed waveguide gratings for multiplexing/demultiplexing for > 40

channels [10,11], high speed optical modulation [12], optical switching [13], optical isolators [14]

and high speed photodetectors [15,16].

Missing from these elements is an efficient Si-based light emitter. It is well known that Si is an

indirect bandgap material where photon emission originates from low-probability, phonon-

mediated transitions that compete unfavorably with fast, non-radiative de-excitation paths, such

as Auger recombination and free-carrier absorption [17]. As a result, the only reports of lasing in

Si are based on stimulated Raman scattering which suffers from a high threshold and low wall-

plug efficiency [18,19]. To overcome the limitations for light emission in Si, several strategies

have been recently developed to engineer Si into a more efficient light emitting material. These

include passivation and purification of bulk Si [ 20 , 21 ], quantum confinement in Si

nanostructures embedded in SiO 2 [22,23 ,24,25] and the use of extrinsic light emitting sources

such Si A-centers [26] or rare-earth dopants in silica-based glasses [27,28,29], bulk Si

[30,31,32,33,34,35] or Si nanostructures [36,37,38,39,40,41 ]. The approach of quantum

confinement has led to a dramatic improvement of the light generation efficiency in Si

nanostructures resulting in reported emission efficiencies of up to 23 % under optical excitation in

porous Si after high-pressure water-vapor annealing [25]. The integration of a porous Si light

emitting diode and bipolar transistor [42] and sizeable optical gain recently demonstrated in Si

nanocrystals embedded in SiO 2 matrices [43,44,45,46,47,48] have opened the race towards the

fabrication of an integrated, fully Si-based laser [23]. An attractive application of Si nanocrystals is

as emission sensitizers for rare-earth ions, particularly Er ions, to achieve efficient infrared light

emission. The Er emission at 1.54 itm, which is below the band gap of Si, is ideal for integration

with Si waveguides and microelectronics. As an emission sensitizer the nanocrystals absorb light



from a pumping source and transfer the excitation to the Er with two performance benefits over

traditional Er-doped glass devices:

(1) Broadband pumping - Si nanocrystals are characterized by a wide absorption band

located in the visible spectrum. In comparison, Er ions absorb light within narrow

wavelength ranges corresponding to transitions between excitation states. Since the

excitation is occurring through the nanocrystals, any pump wavelength within the

nanocrystal absorption band can be used to efficiently excite the Er ions [49] allowing

for optical pumping via white light or LED sources [49,50]. This offers low-cost

alternatives for pumping sources compared to the narrow wavelength lasers sources

traditionally used to excite Er ions.

(2) Enhancement of the excitation cross section - The excitation cross section of Si

nanocrystals is 10- 17 - 10-16 cm 2 [51] which is 1000x larger than Er ions. Due to the

high efficiency of the energy-transfer process Er ions are effectively excited at the

same high excitation efficiency as Si nanocrystals [40] leading to the possibility of

fabricating devices with a lower turn on threshold compared to traditional Er doped

glasses.

Electrical excitation of Er emission has also been demonstrated [52,53].

Initially it was thought that efficient energy-transfer required the formation of Si nanocrystals with

strong light emission. This presented a major drawback for using Si nanocrystals as emission

sensitizers since generating efficient Si nanocrystal emission requires high temperature annealing

[54] which is not compatible with Si CMOS. However, recent experimental observations have

demonstrated that strong Er emission enhancement is exhibited by samples annealed at low

temperatures (< 800'C) [55,56] which show a relatively weak Si nanocrystal light emission. This

observation calls into question the nature of the energy-transfer process while suggesting a

possible route to fabricating a CMOS compatible process through an optimization of the energy-

transfer properties of the donor Si-rich SiO2 (SRO).

Pump and probe experiments performed on Er and Si nanocrystal doped waveguides have

demonstrated that minimization of carrier induced losses is critical in achieving optical gain [57,

58]. There have also been reports that the Er emission cross section is strongly enhanced in the



presence of Si nanocrystals [57, 59,60]. Although the detailed nature of the emission cross

section enhancement is not understood and there is a disagreement in the magnitude of this

enhancement, it has major ramifications for the fabrication of ultra-compact devices or devices

for high-power operation since the total gain is proportional to the emission cross section.

Transmission loss measurements revealed that Si nanocrystals within the SRO matrix led to

scattering which dominates the overall transmission losses of the system [58, 61].

Despite these exciting and stimulating results the energy-transfer process is not precisely known

especially for samples annealed at low temperatures. There are also no studies of optical gain and

transmission loss for samples annealed at the low annealing temperatures which are most

relevant for integration with CMOS technologies. Finally there are no detailed studies of

nanocrystal nucleation in structurally heterogeneous films, such as sputtered films with columnar

morphologies, and their application to fabricate novel devices. It is with these points in mind that

we have conducted this thesis study.

1.2. Background and Previous Work

Fabrication of Si-rich SiOz and Si Nanostructures

We have focused on the fabrication of Si nanocrystal devices through annealing of SRO

films [62,63,64,65,66,67]. SRO can be fabricated through a variety of techniques such as ion

implantation into stoichiometric SiO 2 [63,64], chemical vapor deposition [62,65], sputtering [68]

and thermal evaporation of SiO [67]. After deposition the films are annealed to induce a

precipitation transformation where the metastable Si-rich dielectric film decomposes into two

stable phases: Si clusters and a matrix which is closer in composition to the equilibrium

(stoichiometric) composition. Several studies have been devoted to monitoring the nucleation

process through the use of transmission electron microscopy [54], Fourier Transform Infrared

Spectroscopy [69] and micro-Raman spectroscopy. [70]



Alternative techniques for fabricating Si nanocrystals include electrochemical etching [71,72],

laser assisted processing [73,74], solution synthesis [75] and annealing of Si/Si0 2 [76] or

SiO/SiO2 superlattices [77]. Among these the use of Si/SiO2 and SiO/SiO 2 superlattices has been

demonstrated to yield nanocrystals with a narrow size distribution with the average size and

density determined by the thickness of the Si (or SiO) and Si0 2 layers, respectively. This

technique also allows for the spatial control of the nanocrystal formation since the nanocrystals

are confined to the Si and SiO layers.

Optical Anisotropy

In optical crystals with specific non-centrosymmetric structures light propagates with two

different phase velocities corresponding to two different polarization states. At the interface

between the crystal and air (or any optically isotropic material) light will exit at two angles

corresponding to the two phase velocities, a property known as double refraction or birefringence.

The term birefringence is also associated with a measurement of the relative difference between

these refractive indices or the optical anisotropy of the matrix.

Si and SiO 2 are both optically isotropic. As a result optical anisotropy must be engineered into

these materials through structural modifications (form birefringence) or stress. Birefringence in

nanostructured Si has been reported in porous Si [78] and Si nanocrystal films prepared through

annealing of Si and SiO2 superlattices [79]. Porous Si is formed through electrochemical etching

of bulk (110) Si wafers resulting in pores along the [100] and [010] crystallographic directions.

The Si layers of Si/Si0 2 superlattices are unstable at high temperatures and decompose to form

sheets of closely spaced Si nanocrystals. The structure of these films is highly anisotropic with

the observed birefringence is attributed to differences in dielectric screening for the two

polarizations of light within the film structure.

High birefringence has also been demonstrated for so-called sculptured thin films where Si0 2 is

sputter deposited at an oblique angle to obtain a highly porous columnar structure [80]. Due to

their high porosity these films suffer from a high sensitivity to environmental conditions. An



intriguing possibility would be to obtain high birefringence through the same self-assembled

processes in films with higher density which are more robust. We have investigated this

approach through the use of sputtered films with columnar morphologies. We have demonstrated

a strong birefringence enhancement after annealing for samples with high Si content. Through an

investigation of several samples we showed that the magnitude of the birefringence can be tuned

from near zero to values approaching several bulk anisotropic crystals through the appropriate

selection of annealing temperature and Si content. This birefringence enhancement is absent

from nanocrystals formed through annealing of SRO prepared by other techniques [79].

Light Emission from Nanostructured Si

Light Emitting Properties of Undoped Si Nanocrystals

Si nanocrystals possess several intriguing optical properties with application toward the

fabrication of optoelectronic devices. Among these is a broad, near infrared emission spectrum,

located above the band edge of bulk Si, with a peak emission wavelength that can be tuned over

a few hundred nanometers by varying processing parameters [73,81,82]. Several studies have

been conducted to understand the origin of this strong emission. Time-resolved

photoluminescence experiments have revealed a stretched exponential decay of the nanocrystal

emission with a decay time in the range of 10-100 gs [83]. The stretched exponential decay is

caused by energy migration from small Si nanocrystals to large Si nanocrystals with the degree

to which the exponential is stretched decreasing with increasing excitation wavelength

(selectively exciting progressively larger nanocrystals) [51]. Emission experiments performed on

single Si nanocrystals have revealed a homogeneous linewidth of 100-150 meV at room

temperature; the typical spectral width, which can be as large as 500 meV, is therefore

dominated by inhomogeneous broadening due to the broad size and shape distributions that exist

in typical Si nanocrystal ensembles [84]. Despite the strong luminescence from Si nanocrystals it

has been shown through spectral hole burning experiments that the indirect bandgap properties

of bulk Si are still retained in Si nanocrystals [85]. The effect of quantum confinement of

excitons within the Si nanocrystal is to increase the energy gap leading to a decrease in the



emission wavelength and enhance the probability of no-phonon radiative recombination. In

general, the trend of emission energy versus nanocrystal size follows a model consistent with

quantum confinement for large nanocrystals. For small nanocrystals it has been observed that the

emission energy does not increase beyond 2 eV although the nanocrystal size is decreased.

Wolkin et al. attributed this pinning of the bandgap to exciton recombination via Si=O bonds

located at the nanocrystal/oxide interface [86]. The sensitivity of the optical properties to the

nanocrystal surface chemistry was further examined by Pudzer et al. revealing the complex

interplay between size and surface effects [87].

The Energy-Transfer Process to Er Ions

Several studies have been devoted to understanding and optimizing the energy-transfer

process from Si nanocrystals to Er ions. There are several common features that have been

observed for all samples independent of preparation conditions. When Er is doped into a film

containing Si nanocrystals the nanocrystal emission spectrum is uniformly reduced but not

completely quenched and the Er emission is enhanced relative to Er in stoichiometric SiO2 [37,40].

The degree to which the Si nanocrystal emission is quenched increases as the concentration of Er

increases [40,88]. The energy-transfer process to Er ions is a non-radiative decay path which

competes with the radiative recombination in the nanocrystal. In this regard it is expected that the

presence of Er would reduce the nanocrystal lifetime. This is not observed experimentally since the

lifetime is slightly reduced [89] or unchanged [90] with the addition of Er ions.

These experimental observations are explained using a strongly-coupled energy-transfer model

first proposed by Kik et al. [39]. In this model energy-transfer occurs through a subset of the

nanocrystals that are located spatially close to Er ions. These nanocrystals become completely dark.

The observed nanocrystal emission is only due to those nanocrystals not coupled to Er ions and is

therefore not influenced by the presence of Er. For the coupled nanocrystals to become completely

dark the energy-transfer time was expected to be very short compared to the nanocrystal

recombination lifetime. Recent measurements have confirmed this fact with the energy-transfer

time expected to be on the order of 100 ns, 1000x faster than the typical recombination lifetime for



Si nanocrystals [91]. Spectral hole burning experiments have shown that the energy-transfer

process is a combination of resonant and non-resonant processes [92]. In the resonant process only

nanocrystals with an energy that matches an atomic level of Er transfer their energy. In the non-

resonant processes the energy difference between the nanocrystal and Er energy levels is satisfied

through the emission of various combinations of optical and acoustical phonons. The overall

energy-transfer process is predominantly non-resonant; only 1% of the energy-transfer is estimated

to be resonant based on photoluminescence measurements performed at 5K.

The most technologically significant result for the fabrication of devices with improved CMOS

compatibility is the demonstration of an enhanced energy-transfer process for samples annealed at

low temperatures [55,56]. The enhanced energy-transfer has been associated with the formation of

a largedensity of small amorphous clusters where the enhancement is due to an increase in the

number of nanocrystals interacting with the Er ions. The use of sputtering techniques to

simultaneously introduce Er into the SRO films allow for the determination of the minimum

annealing temperature at which strong energy-transfer is still achieved since ion implantation

processes introduce defects in the SRO matrix which can only be removed using annealing

temperatures >8000 C [93]. We have demonstrated that strong Er excitation can be achieved for

annealing temperatures as low as 600'C in agreement with other authors. We have also

demonstrated a 2x enhancement of the excitation cross section for Er relative to samples annealed

at high temperatures and a 50x enhanced coupling coefficient for the SRO - Er energy-transfer

based rate equation modeling [94]. These observations suggest that the strong Er excitation for low

annealing temperatures is a combination of an increase in the density of energy-transfer centers and

a stronger energy-transfer process. Temperature-resolved photoluminescence experiments we

performed on undoped SRO films annealed at low and high temperatures have revealed the

possibility of two different emission sensitizers with two different transfer rates for the Er

emission: (1) Si nanocrystals at high annealing temperatures and (2) localized centers in the SRO

matrix for samples annealed at low temperatures. The possibility of two energy-transfer processes

was previously proposed by Fujii et al. based on time-resolved photoluminescence of Er-doped Si

nanocrystal samples [ 95 ]. In that work they identified fast and slow components in the

photoluminescence rise time where the fast component was associated with excitation of the first

excited-state through a mechanism similar to Er excitation in bulk Si and the slow component was



related to transfer to higher excited-states of the Er ion from Si nanocrystals. The Er excitation

mechanism in bulk Si has been attributed to recombination at a deep level introduced by the Er into

the Si band gap [96,97]. A possible analog for SRO could be a localized center in the SiO2

bandgap or surface states located on small Si clusters embedded in the matrix since the surface

properties are expected to dominate clusters with a radius less than 2 nm [86,87].

Optical Gain in Er-doped Si-rich SiO 2

Demonstration of optical gain in Er-doped SRO requires the reduction of free carrier losses

within the matrix [57,58]. Kik et al. proposed that charge carriers which are physically separated in

the matrix and have a significantly enhanced lifetime with respect to quantum confined carriers are

responsible for the observed induced losses in pump and probe transmission experiments [98]. This

observation has been independently confirmed by Daldosso et al. who showed that, in the presence

of free carriers, optical gain was only possible through direct photoexcitation of Er ions at high

pumping fluxes [58]. The possible mechanisms suggested for the spatial separation of carriers were

trapping in nanocrystal surface states or tunneling into adjacent nanocrystals [98]. It is expected

that this carrier separation process would increase with increasing density of nanocrystals placing a

cap on the maximum Si content at which sensitized gain could be observed. As a result sensitized

optical gain has only been demonstrated for samples where a low Si content (-34 at%) and short

annealing time (5 minutes) limited the nanocrystal density [59,60]. We have demonstrated, through

variable stripe length techniques and rate equation modeling, sensitized optical gain for slab

waveguide samples with -36.5 at% Si annealed at 6000 C. Since the studies of Kik et al. and Pavesi

et al. were performed on samples with -40at% Si we can consider 40at% Si as an approximate

value for the threshold for free carrier induced losses.

An intensely debated topic in the field of sensitized gain is the presence or absence of an enhanced

emission cross section at 1.54 gm for Er ions in SRO. Early measurements performed by Shin et al.

[59,60] and Kik et al. [57] yielded enhancements of the emission cross section of 30x (2.0x10 -1'9

cm2 ) and 10x (8.0x10-20 cm2 ), respectively. Other measurements of the absorption cross section at

1.54 jim showed no enhancement [58, 99] and the argument was made that the emission cross



section is also not enhanced due to the equivalence of the absorption and emission cross section

between two non-degenerate states [100]. We have observed a difference between the absorption

and emission cross section measured on the same Er-doped SRO sample annealed at 6000 C with

the emission cross section enhanced by - 5x compared to Er-doped SiO2 while the absorption cross

section for the same sample was unchanged compared to a reference Er,Ge-doped SiO 2.

Achieving net optical gain requires reducing background transmission losses below the total gain.

Studies of transmission losses waveguides have shown that scattering due to the presence of Si

nanocrystals is the dominant loss mechanism with loss values of - 2 dB/cm reported near 1.54 tpm

[61]. We have demonstrated that the background transmission loss of the matrix is reduced for

annealing temperatures of 6000C compared to samples annealed at high temperatures. It is

expected that the loss reduction is due to the small size of Si nanoclusters that are present in the

matrix at these annealing temperatures relative to the wavelength which yields a lower scattering

cross section [101].

1.3. Organization of this Thesis

In this thesis we present a systematic study of the optical properties of SRO with

application towards the fabrication of polarization sensitive and light emitting devices. The

organization of this thesis follows the same logical flow we have adopted for this study.

Chapter 2 discusses the deposition of SRO through a reactive sputtering process. The control of

film stoichiometry and deposition rate with deposition conditions is described through a model

which takes into consideration the physical and chemical aspects of the reactive sputtering process.

Er incorporation through co-sputtering is also discussed.

Chapter 3 discusses phase transformations that occur in SRO upon annealing. An analysis of the

nucleation of Si nanocrystals reveals that the process is exclusively heterogeneous. We also offer

evidence that the heterogeneous nucleation sites are incorporated during the film deposition.



Chapter 4 discusses the optical anisotropy and dispersion in SRO films. We demonstrate that the

anisotropy and dispersion are directly correlated with the amount of Si which is incorporated into

the film at deposition.

Chapter 5 discusses the photoluminescence characterization of undoped SRO, Er-doped SiO2 and

Er-doped SRO. Measurements of the excitation cross section, emission lifetime and non-radiative

decay paths are reported for all systems. The origin of the enhanced energy-transfer from SRO to

Er for samples annealed at 6000 C is discussed with reference to temperature-resolved

photoluminescence characterization of the samples.

Chapter 6 discusses the performance of slab waveguide devices fabricated from Er-doped SRO

films. Demonstrations of optical gain and transmission loss reduction for samples annealed at

600'C through the use of variable stripe length and prism coupling techniques, respectively, are

presented. A rate equation model using several of the values reported in Chapter 5 is applied to

describe the optical gain results.

Chapter 7 discusses the design, fabrication and performance of Er-doped SRO ridge waveguides

where light is confined in two dimensions. The demonstration of sensitized signal enhancement for

ridge waveguides fabricated on silica substrates is presented.



Chapter 2 1 Deposition of Si-rich SiO 2 and

Er-doped Si-rich SiO 2 through Reactive

Sputtering

2.1. Description of the Sputtering Process

Sputtering is a physical vapor deposition process where the source atoms are removed

from a solid target through the impact of an ionized inert gas (plasma) which is accelerated

towards the target surface. The ejected source atom diffuses through the plasma and arrives at the

substrate where it attaches to the substrate and is incorporated into the growing film. There are

several variations on this process depending on the film being deposited, the source material and

the configuration of the target holder. The simplest variation of the process is DC sputtering

where the target is held at a fixed negative voltage with respect to the substrate and deposition

chamber which are grounded. In this case the plasma is generated through impact ionization of

high energy electrons with the inert gas, typically Ar. The ionization reaction is

e + Ar -- Ar± + 2e (2.1)

Secondary electrons are generated through the ionization process and the plasma is considered

self-sustaining when there are enough secondary electrons generated to replace the primary

electrons. The positively charged Ar ions are accelerated towards the negatively charged target

and eject target atoms through a series of collisions. DC sputtering is only appropriate for

deposition of conductive materials. For insulators the accumulation of the positively charged Ar

ions would reduce the negative charge of the target, lower the potential in the chamber, reduce

the kinetic energy of the electrons, reduce the number of ionization events and eventually

extinguish the plasma. To deposit insulating materials pulsed DC and RF techniques were

developed. During RF sputtering the applied voltage is cycled positive and negative at a



frequency of 13.56 MHz to prevent the buildup of positive charges at the target. Since electrons

are more mobile than ions they can follow the changing voltage and impact the surfaces within

the chamber leading to a plasma potential which is positive with respect to both the substrate and

the target. Although sputtering occurs at both the target and the substrate the system can be

configured such that significantly more sputtering occurs at the target. This is achieved by

making the target area small with respect to the substrate area which is electrically connected to

the entire chamber. In order to draw the same current on both cycles the potential adjacent to the

target must be larger than the potential adjacent to the substrate to compensate for the difference

in area. It has been demonstrated that the ratio of the potential adjacent to target and substrate is

approximately equal to the inverse of the area ratio to the fourth power. Several contemporary

sputtering systems use magnetron sources where a permanent magnet is placed behind the target

and the Lorentz forces confine the electrons to a small region near the surface of the target. By

enhancing the concentration of electrons near the target surface and confining the ionization

process near the target surface the efficiency of the sputtering process is enhanced. This allows

for fast deposition rates for a wide variety of materials at the expense of target material

underutilization.

There are two approaches to achieve compound deposition. The first is to sputter from a

compound target. Unlike evaporation, sputtering can yield thin films with the same composition

as the source material. There are two reasons for this: 1) there is no bulk diffusion in the water

cooled target and 2) if there is a difference in the sputtering yields of the atoms in the compound

target the yields will adjust in order to maintain the equilibrium concentration of the target at the

surface. The second approach towards compound deposition is reactive sputtering where one or

more components of the film are introduced into the chamber in the gas phase. The chemical

reaction to form the film occurs at the substrate surface. For diatomic molecules such as 02 and

N2 the molecules must dissociate before being incorporated into the growing film. Although

reactive sputtering can be more difficult to control it has the advantage of yielding the deposition

of non-equilibrium, metastable thin films. We have used this approach to deposit silicon-rich

SiO2 (SRO) films of varying Si content from stoichiometric SiO2 (33 at% Si) to SiO (50 at% Si)

which we have identified as the Si composition range of interest for forming optical devices in

SRO.



2.2. Modeling the Reactive Sputter Deposition Process

2.2.1. Description of the Apparatus

The deposition was carried out in a Kurt J. Lesker Co. CMS 18 system. A photograph of

the system is shown in Figure 2.1 (a) with a schematic in Figure 2.1 (b).

The system was equipped with three cathodes in which we used undoped Si, Ge and Er targets.

The Si and Er targets were connected to RF power supplies while the Ge was connected to a

pulsed DC power supply. We also performed depositions with a SiO2 target connected to a RF

power supply to compare the Si and SiO2 deposition rates under identical conditions. A cryo

pump was used to achieve chamber base pressures of 1x10 -7 - lx10 -8 Torr. A capacitance

manometer was used to fix the chamber pressure at 3 mTorr during deposition. Ar was

introduced near the target surfaces while oxygen was introduced through a gas distribution ring

located between the targets and the substrate. The flow rates of 02 and Ar were adjusted at the

input to maintain the deposition pressure while achieving 02 percentages of 8 - 20% in the gas

(a)

Targets

Figure 2.1 (a) Photograph of the Kurt J. Lesker Co. CMS 18 sputtering system. (b) Schematic
diagram of the same system.
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mixture. The substrate was attached to a shaft which allowed it to be rotated at - 15 - 20 rpm.

The substrate was not heated during the deposition.

2.2.2. General Model of the Reactive Sputtering

Process

We want to extend a phenomenological model that incorporates the physical and

chemical aspects of the reactive sputter process in order to obtain estimates of important

coefficients that determine how the deposition parameters affect the film properties. The model

we will apply is a variation of models first developed by Berg et al. [102] and Sandland [103] to

simulate the sputter deposition process under reactive sputtering conditions. For oxygen the

growth kinetics are dependent on the flux of oxygen to the substrate surface relative to the flux

of Si incorporated into the film. The gas impingement flux, the number of gas molecules (or

atoms) that strike a surface per unit area per unit time. For O atoms the impingement flux is

given by

2Po, N,
FOtal , NA (2.2)

where Po, is the partial pressure of the reactive gas species, NA is Avogadro's number, R is the

gas constant, M is the molecular mass of the gas species and T is the temperature of the gas.

When Po, is expressed in Torr equation 2.2 reduces to

2(3.513x1022)P
FO,tot  (2.3)

For Si, the flux of Si atoms incorporated into the film is always controlled by the arrival rate of

Si atoms. We assume that the arrival rate at the substrate, in units of atoms per time, is equal to



the sputtering rate which is controlled by the power applied to the Si cathode according to the

expression

Osi = 's Pcathode,SiAT (2.4)

where Pcathode,Si is the power applied to the Si cathode in Watts, the coefficient ýsi is the rate at

which Si atoms are removed from the target per Watt applied to the Si cathode and AT is the area

of the target. Since we will be comparing the model to the properties of the deposited film we

note that the coefficient ýs, is a combination of the number of Si atoms sputtered per Watt

applied to the Si cathode, the sticking coefficient of Si on the substrate and geometrical factors

including the target - substrate distance.

Since O will not stick to a surface covered with Si0 2 the incorporation of O will be influenced by

the arrival rate of elemental Si. When the arrival of O is significantly higher than the arrival rate

of elemental Si only Si02 will be formed. Since two O atoms must attach to form SiO2 the

attachment rate of O is limited to twice the arrival of Si

(o = 2'si (2.5)

In the opposite extreme, when the impingement rate of O is less than twice the arrival rate of Si

the attachment rate of O is given by the expression

O = as Fo,tol As (2.6)

where as is the sticking coefficient of O to Si and As is the substrate area. From these simple

arguments we notice that there is a cross-over arrival rate equal to 2'si where the attachment

kinetics of the O switches from a regime limited by gas-phase mass transport (high Si arrival

rates) to a regime limited by the surface reaction to for SiO2 (low Si arrival rates). We will

evaluate the model on the basis of its ability to accurately determine this cross-over arrival rate

and from a comparison of the film Si content and deposition rate predicted by the model with the



values measured experimentally for various processing conditions. By comparing the predictions

of the model against the Si content and deposition rate simultaneously we can test the ability of

the model to predict the ratio and total number of atoms incorporated into the film.

2.3. Application of the Sputtering Model to SRO

Deposition

2.3.1. Measuring the Si Content versus Deposition

Parameters

Before applying the model described above to relate the Si content of the films to the

deposition parameters we will first describe the methods used to measure the Si content. We

have applied two methods: 1) Rutherford Backscattering and 2) Wavelength Dispersion

Spectroscopy.

Rutherford Backscattering Spectroscopy

In Rutherford Backscattering Spectroscopy (RBS) the sample is bombarded with high

energy He' ions. When the He+ ions strike the sample they undergo direct collisions with the

atomic nuclei of the sample, are scattered backwards and are collected by a detector at a fixed

angle away from the incoming beam. A very simple theory exists to correlate the energy of the

backscattered He+ ions to the atomic mass of the sample atoms. As a result the sample

composition can be determined through the relative counts of backscattered He+ ions versus their

energy. RBS can also yield composition versus depth information because several of the

incoming He+ ions will penetrate into the sample, continuously losing energy through electronic

excitation of sample atoms or ionization of sample atoms before undergoing a nuclear collision.

As a result these He+ ions experience a linear loss of energy in their path in and out of the sample.

For thick samples, there will be a range of energies associated with each atom in the sample with



the low energy yield generated near the film/substrate interface and the high energy yield

associated with the film surface. Figure 2.2. shows a typical RBS spectrum of a sputtered SRO

film on a Si substrate with the backscattered yield for the components of the film Si, O and Ar as

well as the Si substrate identified.

During our experiments an As-implanted Si wafer with a thin surface layer of Au was used as a

reference sample. The Au peak and Si edge were used to calibrate the absolute energy and

energy per channel. The As implant, a standard for aerial density, was used to calibrate the

detector solid angle. The composition of the film was determined through a simulation of the

RBS spectrum using the RUMP software package [104,105]. After the calibration the simulation

composition parameters and layer thickness were adjusted to obtain the best agreement between

the simulation and experimental spectrum over the Si, O and Ar ranges. Table 2.1. lists the film
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Figure 2.2 RBS Spectrum of a sputtered SRO sample. The black line is the experimental
spectrum collected using 2MeV He+ ions and a total integrated charge of 5[pC. The red line is a
simulation using RUMP [104,105] software with the Si stopping powers from [106] and yielding
a Si content of 37.8 at%, an O content of 62.0 at% and an Ar content of 0.2 at%.



Table 2. 1. Film composition and deposition parameters for samples analyzed through RBS.

35.58 64.28 0.14 415 12.5

35.43 64.42 0.15 444 12.5
39.53 60.26 0.21 450 12.5

44.27 55.52 0.21 330 10

composition determined through RBS and deposition parameters for the samples analyzed.

As expected increasing the power to the Si cathode for a fixed percentage of 02 in the gas

mixture leads to an increase in the Si content of the film. Also, decreasing the percentage of 02

in the gas mixture leads to an increase in the Si content of the thin film even for lower Si powers

applied to the Si cathode. It is also important to note that a measurable amount of Ar was

detected in all samples which roughly increases as the Si content increases.

Finally we note that recent round-robin experimental studies have estimated the accuracy of RBS

techniques to be within 2 - 6 % for H [107].

Wavelength Dispersion Spectroscopy

We have also performed chemical analysis through the use of wavelength dispersion

spectroscopy using a JEOL JXA-733 superprobe. The technique uses electrons focused onto a 1

tm x 1 ýpm area of the sample to excite x-ray emission from the atomic species within the film.

This x-ray emission impinges on a crystal which selectively diffracts the wavelength of the

particular atomic emission onto a detector allowing each emission to be detected independently

through the proper selection of the diffracting crystal and distance between the sample and the

crystal. The intensity is integrated over a fixed time and compared to the emission of a standard

material to determine the atomic fraction in the film. For our analysis we used a quartz reference

for Si and O and an ErPO4 reference for Er. We have demonstrated agreement between RBS and



WDS for samples with a thickness greater than 1 p.m, roughly the penetration depth of the

electrons in the WDS experiment. For samples thinner than 1 p.m there is a significant

contribution to the WDS signal from the substrate which influences the measured values for the

film composition. Although the penetration depth for the He+ beam in the RBS experiment is

similar, the simulation of the RBS spectra allows the user to clearly separate the contributions

from the film and substrate and acquire accurate measurements of the film composition.

2.3.2. Comparison of the Deposition Model with SRO

Film Properties

SRO Deposition for Low %02 in Ar

During our process the percentage of 02 in the gas mixture is controlled at the input by

varying the flow of 02 relative to Ar in order to maintain a constant pressure of the gas species.

To accurately determine the partial pressure of O during the deposition for the constant pressure

process we must include the differential pumping speed of the reactive gas (02) relative to the

inert gas (Ar). We incorporated this effect in the model by introducing a factor Po,lo,,ss which

represents the decrease in the partial pressure of the reactive gas in the chamber relative to the

partial pressure of the reactive gas at the input due to the differential pumping speeds. The

impingement flux, Fo,tot in 2.6 is then replaced by Fo,eff where

2(3.513x 1022 XPo2p- Po,2oss)
Foe ( o = (2.7)

Figure 2.3 shows a comparison of the film Si content and deposition rate predicted by the model

and measured experimentally for two different %02 in Ar. We calculated the Si content and

deposition rate from equations 2.4 and 2.6 using



(2.8)
S si

tsi + 0o

for the Si content and

1
Rdep fim S (i + s (2.9)

where Pfilm is the density of the film which we assume to be equal to the density of Si0 2 6.6x 1022

atoms/cm 3.

By considering Po2 'loss = 5.6x 10-5 Torr, a sticking coefficient of 1.19x 10-2 and a sputtering rate

of 5 si = 6.15x1012 atoms/cm2sW we achieved the best agreement between the calculated and

experimental Si content and deposition rate for both percentages of 02 in Ar.
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Figure 2.3 (a) Si content and (b) deposition rate versus Si cathode power for samples prepared in
10% 02 in Ar (open squares) and 12.5% 02 in Ar (open circles). The solid lines are calculations
using equations 2.4 and 2.6 with As = 81.07 cm2, AT = 31.77 cm2, ,si = 6.15x1012 atoms/cm 2sW,

as = 1.19x10 2 and 4),,oss = 1.32x1017 atoms/s.



We compared the value for Po0,o ss with a value calculated from the differential pumping speed

for our pump. The pumping speed of Ar for our cryo pump quoted by the manufacturer was

1200 L/s [108]. The manufacturer also suggested that we calculate the pumping speed of 02 from

the pumping speed of Ar using the equation [109]

So SAr Ar (2.10)
S Mo2

where S is the pumping speed of the gas. This yields a pumping speed for 02 of 1342 L/s. We

calculated the factor Po,1,,, from the fraction of 02 at the input using the expression

P SAr9O 1
Po,,oss = 00, Ptot chamber - Ptot,chamber + S (2.11)

Aroo, -So, 0, + So,

where 0o, is the fraction of 02 at the input and Ptot,chamber is the total pressure in the chamber

(3x10 -3 Torr). For 0o, = 0.1 and 0.125 we calculated values of 3.81x10 -5 Tort and 4.65x10 5

mTorr, respectively, which are in good agreement with the loss pressure considered in our model.

Target Oxidation in the High %Oz Regime

The best agreement between the model we presented in the previous section and the

experimental results for 10 and 12.5% 02 in Ar considered the sputtering rate to be equal to the

elemental sputtering rate. When the % 02 in the gas mixture is increased such that the flux of O

to the substrate is significantly greater than si the incorporation of O into the film is limited by

the arrival of Si and a significant amount of O remains in the gas phase. This increases the

probability that the residual O in the gas phase will attach to the target surface leading to

compound formation at the target surface. In addition to the surface attachment mechanism [110]

of compound formation it has been shown that ion implantation also plays a role [111,112]. Ion

beam analysis of the target surface has demonstrated that the compound formation is
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Figure 2.4 (a) Experimental results of atomic fraction of Si (solid circles) and deposition rate
(solid triangles) for SRO samples deposited with 350W applied to the Si cathode at several % 02
in Ar. (b) Results of a calculation of the fraction of the Si target covered with oxide from the data
in panel (a) according to equation 2.12.

predominantly occurring at the center and edge of the target and not in the race-track created

during target erosion [113].

Figure 2.4 shows a plot of the atomic fraction of Si and deposition rate for various %02 at a fixed

target power. The onset of compound formation occurs between 12.5 and 15 % 02 in Ar as

indicated by the drop in deposition rates. Just prior to this series of depositions, we performed

depositions from Si and SiO2 targets in Ar to determine the relative deposition rates at an RF

power of 300W. The results of this comparative study are shown in Table 2.2.

We can determine the fraction of the Si target, Oc, covered by Si0 2 from the measured flux of Si

into the film in Figure 2.4 (a) and the values for ýsi and fsio, in Table 2.2 using the equation

S(2.12)

si= Fcaihode,Si 1 C )ýSi + SJ (2.12)

where 0 c is the fraction of the target covered by SiO2 and ýso, is the rate at which Si0 2

molecules are removed from the target per Watt applied to the Si cathode. The results of this

calculation, shown in Figure 2.4 (b), indicate that as much as 50% of the Si target can be covered

with SiO 2 for a process using 20% 02 in Ar and 350 W applied to the Si cathode.
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015% O0 in Ar

0 _0 12.5% 0 in Ar
10% O, in Ar

I

0.03 0,04 0.05 0.06



Table 2.2 Experimental results for the deposition rate from Si and SiO 2 targets with 300
W applied to the cathode in pure Ar at a pressure of 3 mTorr.

- 10.58- 9.21
5x10`4

2.178x1022

3.26x1012

1.06x10'2

2.4. Incorporating Erbium

To add Er to our films we used a co-sputtering process from an Er target in the same

O2 /Ar atmosphere. In this process the Er content of the film could be controlled independently

through the Er target power. Figure 2.5 shows the variation of Er content with Er target power

for processes at 10% 02 in Ar and 20% 02 in Ar.

The typical Er concentration used for light emitting devices is 1020 Er atoms/cm 3 which slightly

below the threshold for concentration quenching of the Er photoluminescence which we will

discuss in Chapter 5. With our process we can achieve Er concentrations near this concentration

of interest with 16 W applied to the Er target.

We can incorporate Er into the model by defining the flux of Er incorporated into the film as

Er - cEr Pcathode,ErAT (2.13)

where Pcathode,Er is the power applied to the Er cathode in Watts and the coefficient 4Fr is the flux

of Er atoms into the film per Watt applied to the Er cathode which is a combination of the

sticking coefficient of Er and the number of Er atoms sputtered per Watt applied to the Er

cathode.

While preparing Er doped SRO samples with varying Si content we noticed that the Er

concentration, for a constant power applied to the Er target, increased with an increase in the

I flY1

I
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Figure 2.5 Er concentration measured through RBS versus Er cathode power for 20% 02 in Ar
(open squares) and 10% 02 in Ar (solid circles) with a fixed Si cathode power of 300 W.

Si/O ratio in the film. This effect is shown in Figure 2.6 for samples prepared by varying the

power applied to the Si target and changing the percentage of 02 in Ar. As we see from Figure

2.6 varying the Si/O ratio by 10% leads to a nearly 100% increase (doubling) of the Er

concentration in the film. There are two possible causes of this effect:

1. Compound formation on the Er target which lowers the sputtering yield

2. Reduced sticking coefficient of Er on "oxygen rich" surfaces

Given the low power applied to the Er cathode (16W) we expect that it would be more

susceptible to compound formation compared to the Si target which is operated at a much higher

power (-300 W). We interpret the increase in Er concentration in the film as a decrease in the

fraction of compound on the target surface with increasing Si/O ration in the film since under the

O mass transport limited regime a greater amount of O from the gas phase will be incorporated

into the film as the Si/O ratio increases. Berg et al. [102] have also discussed this effect with

respect to their model noting that when two targets are placed in the same chamber and exposed

to the same supply of reactive gas they are no longer independent because the conditions of one

target will influence the amount of reactive gas seen by the other target.

We have shown that the variation of Er concentration with changing Si concentration in the film

can be reduced by adjusting the power applied to the Er cathode. Through this approach the
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variation in Er concentration was reduced to 30% (Figure 2.7, open circles) which is roughly half

of the variation measured for samples without the Er cathode power correction (Figure 2.6 and

2.7, open squares). However our experiments demonstrate the difficulty of using this approach to

carefully control the Er concentration due to the high sensitivity of Er deposition rate on Er

cathode power.



Chapter 3 I Si-rich SiO2 Phase

Transformations

Figure 3.1 is the Si - O phase diagram. There are several polymorphic phase

transformations of silica as the temperature is increased but no intermediate phases between pure

Si and SiO2.

For SRO the most intensely investigated phase transformation is the precipitation reaction where

the metastable Si-rich dielectric film decomposes into two stable phases: Si clusters and a matrix

which is closer in composition to the equilibrium (stoichiometric) composition. Measurements

performed on annealed SRO and Er:SRO films have identified two important temperature

ranges: 1) high annealing temperature greater than 1000°C where Si nanocrystal formation

occurs and 2) intermediate annealing temperatures -600 - 700'C which are lower than the

threshold temperatures for forming observable Si clusters but where significant changes in the

energy-transfer process to Er occurs.
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Xt·:'; · 'l:~ccr i I)~~i~_
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Figure 3.1 Si-O phase diagram at low pressure. (from Binary Alloy Phase Diagrams [114])



3. 1. Formation of Si Nanocrystals

3.1.1. Homogeneous vs. Heterogeneous Nucleation

In this section we will review the fundamentals of nucleation theory with specific

emphasis on the nucleation of Si nanoclusters from SRO in reference to the discussions of

several authors [115,116,117]. According to classical nucleation theory the driving force for the

precipitation transformation is a volume free energy reduction AGv(Xsi,TA) which increases as

the Si content is increased above the stoichiometric level (given by the mole fraction of Si, Xsi)

and the annealing temperature, TA, is increased. Opposing the volume free energy reduction is

the energy required to create the interface between the Si cluster and the matrix, AYcM, where A

is the surface area and YCM is the cluster-matrix interfacial energy. Combining these two

contributions the total free energy change for the precipitation reaction, for spherical clusters, is

4-r 3

AGhom = AG, + 4zr•'yc (3.1)
3

The total free energy passes through a maximum as a function of cluster radius where the

maximum is associated with the free energy to form a critical nucleus which is given by the

expression

AG* = 167IM (3.2)
3AGv2

for with a critical cluster radius of

r = 2yM (3.3)
AGV

Assuming a dilute or ideal solution the chemical driving force for precipitation is given by



AG = n· I s (3.4)

where R is the gas constant, VM is the molar volume of the precipitate phase, XsRo is the mole

fraction of Si in SRO and X2 7is the mole fraction of Si in the equilibrium phase which in this

case is SiO 2. At any moment there are several embryos with a size smaller than the critically

sized nucleus that exist within the matrix. These embryos are unstable and will decay back into

the SRO matrix unless enough Si diffuses through the matrix and attaches to the embryo to form

a critically sized nucleus. Therefore the homogeneous nucleation rate is dependent on the

chemical driving force as well as the energy of migration of Si atoms through the matrix

-AG M -AG om

Nhom =WOC0e kT e kT (3.5)

where AGM is the free energy associated with migration of atoms through the matrix, AGhom is

the free energy for homogeneous nucleation (equation 3.1), co depends on the atomic jump

frequency and the area of the critical nucleus and Co is the concentration of nucleation sites

which, for homogeneous nucleation, is the number of atoms per unit volume. To determine if the

nucleation process is chemical driving force or migration limited we can calculate each term

individually. The chemical driving force term is calculated in equation 3.2, as shown in Figure

3.2, as a function of Si content in the film at several temperatures.

As observed in Figure 3.2, the energy of formation for a critically sized nucleus is very large

-AG*1om,

with respect to kT corresponding to a chemical free energy term, e kT , of 10-200 - 10-5 .

For the migration term we can calculate the diffusivity of Si in the matrix which is of the form

D = Doe Uk (3.6)
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where Do is the temperature independent prefactor and EA is the activation enthalpy for the

atomic diffusion. Several studies have been performed to measure the diffusivity of Si in

stoichiometric Si and SRO [54,118,119]. The corresponding diffusivity values are plotted in

Figure 3.3.

The diffusivity of Si in SiO2 as measured from the Si 30 diffusion profile by Jaoul et al. [119], is

lower than the values of the diffusivity of Si in SRO. The difference in the measured diffusivity

in SRO by lacona et al. [54] and Tsoukalas et al. [118] most likely results from the techniques

used in the measurement. In lacona et al. [54] the diffusivity was calculated by fitting the

average size of Si nanocrystals measured through TEM with a diffusion controlled coarsening

model while in Tsoukalas et al. [118] the diffusivity was calculated from the measured diffusion

profiles of Si28 and Si 30 .

From a comparison of the calculations shown in Figures 3.2 and 3.3 we see that the

homogeneous nucleation reaction is chemical driving force limited since the chemical term is

several orders of magnitude lower than the migration term. The product of these two terms

.,s
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indicates that the homogeneous nucleation rate is negligible. The transformation therefore must

occur through heterogeneous nucleation. Unlike homogeneous nucleation, where all of the

energy required to form the cluster-matrix interface is supplied by the chemical driving force,

heterogeneous nucleation occurs at pre-existing defect sites where the threshold for nucleation is

reduced by the energy released through the annihilation of the defect, AGdefcts . For these

conditions equation 3.1 is modified to

- 4m-3
AGhet = ;AG,, + 4m2yCM - AGdef,,4 s (3.7)

3

with a heterogeneous nucleation rate of

Nhet = coCe kT e kT (3.8)

0 200 400 600 800 1000

Temperature (oC)
1200

1.2eV
-13 kT 2 -1

/
/

I



where C, is the concentration of heterogeneous nucleation sites.

The interface between the nanocluster and SiO2 matrix is incoherent (no lattice misfit as for

crystalline precipitates in a crystalline matrix), therefore the strain is generated through the large

volume mismatch between Si and SiO2 which is given by the expression

Vsio°2 -Vmsi

VMSi0 2

(3.9)

where Vs io2 is the molar volume of SiO 2 , 22.6 cm3/mol, and Vs'is the molar volume of Si, 12.1

cm 3/mol. The elastic strain generate by this volume misfit is given by the expression of Nabarro

for an incompressible precipitate [120]

AGs = 2_ 2Vfr
3 Ca

(3.10)

where it is the shear modulus of SiO2, f is a function which depends on the shape of the

rge
:lusters
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Figure 3.4 (a) Elastic strain energy per nanocluster calculated for spheroid nanoclusters of
different radii. (b) Shape function for different precipitates (from Nabarro [120]).
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precipitate which is defined by the axes c and a of the precipitate and V is the volume of the

precipitate.

In Figure 3.4 (a) we plot the strain energy versus Si nanocluster radius assuming spherical

clustersf -

We observe that the elastic strain energy increases by a factor of 100 as the radius of the cluster

increases from I to 4.5 nm. Large spheroidal nanocrystals, approaching 25 to 50 nm in radius,

generate such a large elastic strain energy that we would expect them to form as a disk or needle

which lowers the strain energy through the shape term f (Figure 3.4 (b)) in equation 3.10.

Once an equilibrium distribution of particles has formed the size and shape distributions are

determined through a process known as coarsening. The driving force for coarsening is a

reduction in surface through the Gibbs-Thompson effect which relates the local concentration

near a cluster Xr to the cluster radius

22YcM V,;•i

Xr = Xe RTr (3.11)

where Xoo is the matrix composition far from the cluster. The Gibbs-Thompson effect leads to the

enhancement of the local concentration near small clusters which generates an effective

concentration gradient in the sample and favors the growth of large clusters. Since the process is

diffusion controlled, the growth of large clusters is parabolic in time.

In the following sections we will consider the possible formation mechanism of nanoclusters by

considering micro-Raman spectroscopy and transmission electron microscopy.



3.1.2 Micro-Raman Spectroscopy

We used Raman spectroscopy to examine the evolution of the Si-rich dielectric matrix

with annealing conditions. Amorphous Si, crystalline Si and SRO have unique Raman signatures

[70]. By using a confocal microprobe we limit the measured area to a small region near the film

surface to optimize the collection of signal from the thin film and minimizing the collection of

signal from the substrate. In Figure 3.5 we show typical first-order Raman spectra for as-

deposited and annealed SRO. The Raman spectrum for a reference Si wafer is shown for

comparison.

For the reference Si wafer (Figure 3.5, dot line) the spectrum is sharp and symmetric at 521 cm'

corresponding to the transverse-optical (TO) phonon mode in Si. For as-deposited SRO (Figure 3.5

dash line) we observe a broad Raman band near 475 - 480 cm-1 due to the amorphous Si network.

After annealing, an additional band near 517 cm -1 is observed, due to the presence of nanosized Si

clusters (crystalline or amorphous) within the SRO matrix. This band is broader, more asymmetric

and shifted compared to the reference Si wafer due to phonon confinement in the nanosized Si
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Figure 3.5 Micro-Raman spectra for an SRO sample deposited on SiO 2 with 40 at% Si as-
deposited (dash line) and annealed at I I00C for 1 hour (solid line). The spectrum for a reference
Si wafer is shown for comparison (dot line). All spectra are normalized to the intensity of the first
order TO phonon peak.
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clusters, which increases the uncertainty in the phonon momentum allowing contributions to the

Raman spectrum from phonons with a momentum q # 0 [121]. The shape of the first-order Raman

peak for nanosized Si can be modeled according to the phonon confinement [122] calculated using

the integral transform [123]:

1 -qL
2 / 4

a
2'

I( ) = J ei 2 2 d 3 q (3.12)
o [c- W(q)] +( /2)

with q expressed in units of 27t/a where L is the average Si nanocluster radius, Fo is the linewidth

of the bulk Si LO phonon ~ 4cm-1 and a is the Si lattice constant = 5.430 A. The LO phonon

dispersion of the bulk material is given by the relation o2 (q)=A+Bcos(lrq/2) with

A = 1.714 x 105 cm -2 and B = 1.000 x 105 cm -2 [121,123]. This approach can be used to determine

the average nanocluster radius from the measured lineshape of the first-order Raman peak.

A comparison of the micro-Raman spectra for samples with several different Si contents (shown

in Figure 3.6) offers a possible explanation of the heterogeneous nucleation sites for forming Si

nanoclusters.

For samples with less than 45 at% Si the Raman spectra for the as-deposited films are broad and

featureless. The asymmetric peak associated with nanocrystal formation is observed only after

annealing which demonstrates that activation energy must be supplied to induce the formation of

Si nanocrystals for these concentrations. However, for samples with more than 45 at% Si the

broad and asymmetric band characteristic of nanoclusters can be observed even in the as-

deposited film. The shift of this nanocluster band with respect to the Si band decreases and the

lineshape becomes narrower and more symmetric as the Si content is increased indicating that

the material response is approaching the Si bulk due to an increase in the cluster size. These

results suggest that there is a threshold of approximately 45 at% Si for clustering in the as-

deposited film. We can interpret the trend of increased Si clustering by considering the

probability of forming Si - Si bonds in the SRO matrix. For low Si contents the number of
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Fig. 3.6 Micro-Raman spectra for SRO samples on SiO2 substrates with the following
compositions (a) 35.9 at% Si (b) 40.5 at% Si (c) 41.8 at% Si, (d) 45.8 at% Si, (e) 47.0 at% Si and
(f) 50.0 at% Si. For all panels the dash line is the as-deposited spectrum and the solid line is the
sample spectrum after annealing at 1100°C for 1 hour. In each panel the Micro-Raman spectrum
of a reference crystalline Si wafer is shown for comparison (dash-dot line).

excess Si atoms is small and the number of Si - Si bonds low. The basic structural unit in this

case could be a Si = Si bond with each Si also bonded to two O atoms. As the Si content is

increased the number of Si - Si bonds increases to the point where the basic structural unit is a

small Si cluster which gives an observable spectral feature in the micro-Raman experiment.

From the point of view of nucleation we propose that it is these structural units that act as

nucleation sites for amorphous and crystalline Si nanoclusters when the film is annealed.

3.1.3. Transmission Electron Microscopy

Transmission electron microscopy yields structural information of thin samples by

electron scattering. As the electron beam passes through the sample several electrons are

diffracted through inelastic scattering due to interaction with defects within the matrix. A bright-

field image is obtained from the primary beam passing through the sample with all diffracted

beams rejected. Since Si nanocrystals diffract the electron beam they appear as dark spots in the

bright-field image. By obtaining plan view and cross section images the nanocrystal size,
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Figure 3.7 Plan view TEM image of an SRO sample deposited on a Si substrate with 38 at% Si

annealed at 11000C for 1 hour. (inset) Electron diffraction pattern for the same sample acquired

from the same region as the image.

morphology, density and location within the film can be determined. Figure 3.7 shows a plan

view bright-field image of a SRO sample with 38 at% Si annealed at 11000C.

The nanocrystals are roughly spherical with an average radius of 3 nm. The inset electron

diffraction pattern from the same region of the sample which shows diffraction lines for several

crystallographic orientations, suggesting that the nanocrystals form with random orientations

within the SRO matrix. Our microscopy studies also suggest that the nanocrystal formation

occurs randomly throughout the matrix since we have observed no clear evidence of clustered

growth, oriented growth or the formation of anisotropic clusters. This supports our hypothesis

from the micro-Raman spectra that the heterogeneous nucleation site or embryo is a small Si

cluster which is incorporated during the deposition since we expect these sites to be randomly

distributed throughout the SRO matrix.

3.2. Low Temperature Phenomena

In Chapters 5 and 6 we will discuss the optical properties of Er-doped SRO with

particular emphasis on the transfer of optical pump energy from SRO to Er ions. Through those



experiments we have identified a second annealing temperature range from 600 - 700'C which is

below the threshold annealing temperature for forming crystalline Si nanoclusters but where

strong energy-transfer to Er ions has been observed. Modeling of optical gain experiments,

presented in Chapter 6, suggest that the density of energy-transfer centers is ~ 6x10 8 cm-3 which

is one order of magnitude larger than the density of Si nanocrystals we observed for similar

samples annealed at I 1100 0 C. This increased density is expected from our analysis of classical

nucleation theory which predicts a high density of small Si clusters due to limited diffusion and

coarsening that occurs during low temperature annealing treatments.

Amorphous clusters are not observable in the bright-field image due to the low Z contrast

between Si and SiO2. To enhance the contrast between the amorphous Si clusters and the

amorphous SiO 2 network energy-loss spectroscopy and energy filtered TEM have been applied

[54]. As nominally implied, during energy filtered TEM the energy of the electrons transmitted

through the sample is measured and the image is generated by only those electrons which have

lost a characteristic energy due to interactions with the atomic or molecular species of interest.

These characteristic energies are determined through energy-loss spectroscopy which measures

the electron count versus energy lost as shown in Figure 3.8 for Si and SiO2 which have loss

peaks at 17 eV and 22 eV, respectively.

We have acquired images under bright-field conditions as well as through energy-loss at 17 eV

and 22 eV loss peaks to observe the formation of nanoclusters as well as to assess the amorphous

to crystalline quality of the nanoclusters. The results are shown in Figure 3.9 for samples

annealed at 11000C and Figure 3.10 for samples annealed at 6000 C.

For the sample annealed at 1 1000 C we notice the presence of several nanocrystals in the bright-

field image (Figure 3.9 (a)). The number of observable clusters is enhanced under energy filtered

conditions at the Si electron energy-loss peak (Figure 3.9 (b)) due to the contribution of

amorphous clusters and crystalline clusters that were not diffracting under the conditions for

which the bright-field image was obtained. As expected there is no evidence of clustering in the

SiO2 electron energy-loss image.
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Figure 3.8 Electron energy-loss spectra for Si and SiO 2 (from Iacona et al. [54]).

In comparison the sample annealed at 600'C shows no evidence of Si clustering under bright-

field (Figure 3.10 (a)) or energy filtered conditions at the Si loss peak (Figure 3.10 (b) or (d)).

From the estimated density (6x1018 cm -3) obtained from optical gain analysis and the total

number of excess Si atoms in the matrix (2.2x1021 cm-3 ) we calculate a sensitizer radius of -1 nm.

This is considered an upper limit for the size since the calculation assumes that all of the excess

Si in the matrix has been transformed into Si clusters. Moreover, we have also attempted energy

filtered TEM experiments on low temperature annealed samples at a higher resolution where we

have also not observed any evidence of Si clustering (Figure 3.13 (d)). The lack of observable Si

clusters in the energy filtered STEM image suggests that the sensitizers for the enhanced Er

emission occurring in the range of 600 - 700'C are smaller than Inm in radius. In this size range

the optical properties of Si clusters are strongly dependent on the structural character of their

surfaces [86,87]. The calculated short diffusion length for Si atoms at 600 0C (Figure 3.3)

suggests that only short-range structural modifications leading to changes in the surface structure

of small amorphous clusters within the SRO matrix or the formation of localized centers such as

Si=Si bonds are possible. All of these sites could be responsible for the optical properties

observed from Er-doped SRO films annealed within this temperature range and are consistent
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Figure 3.9 Plan view scanning transmission electron microscope images from an SRO sample
with 55 at% Si annealed at 1100'C for 1 hour under (a) bright-field conditions, (b) energy filtered
conditions at the Si electron energy-loss peak of 17 eV and (c) energy filtered conditions at the
SiO 2 electron energy-loss peak.

with our EFTEM observations and our measurements of the temperature dependent

photoluminescence of SRO presented in Chapter 5.
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Figure 3.10 Plan view scanning transmission electron microscope images from an SRO sample

with 38 at% Si annealed at 600'C for 1 hour under (a) bright-field conditions, (b) energy filtered

conditions at the Si electron energy-loss peak of 17 eV and (c) energy filtered conditions at the

SiO 2 electron energy-loss peak. (d) A higher resolution image of the same sample at the Si

electron energy-loss peak.
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Chapter 4 Optical Anisotropy and

Dispersion in Si-rich SiO 2 Films

In this chapter we will discuss two optical properties related to the index of refraction of

SRO films before and after annealing: optical anisotropy, or birefringence, and dispersion.

Birefringence, the difference in the index of refraction for TE and TM polarized light, is

important for determining the polarizing properties of SRO for the fabrication of polarization

sensitive devices and devices to modify the polarization state of light. Dispersion, the

wavelength dependence of the index of refraction, is important from the perspective of optical

data communications and optical pulse propagation in SRO waveguides. First we will discuss the

prism coupling technique used to measure the index of refraction as a function of polarization

and wavelength.

4.1. Measuring the Refractive Index through Prism

Coupling

We performed prism coupling experiments using a Metricon 2010 prism coupler [124].

Here I will describe the principle of operation of the prism coupling system for measuring the

film index of refraction and thickness [125,126].

A schematic of the prism coupling apparatus is shown in Figure 4.1.



Input laser

Figure 4.1 Schematic of the prism coupling apparatus in the Metricon 2010 system.

During the experiment a laser beam is shined on the face of a prism, with a higher index of

refraction relative to the film being measured, that is held against the film through the use of a

pneumatic piston. The prism and film are rotated with respect to the laser beam, changing the

Film

Figure 4.2 Ray optics diagram of the film/prism system during prism coupling where Oext is the
angle of incidence of the laser beam with respect to the prism normal, O, is the prism angle, i,nt is
the internal angle of the beam that strikes the prism base in contact with the film, Of is the angle of
the beam propagating in the film and f3 is the propagation constant of the propagating mode in the
film.



angle of incidence of the beam on the prism face and, through Snell's law, the angle at which the

beam strikes the surface of the prism in contact with the film. A ray optics model of the film -

prism system is shown in Figure 4.2.

If the prism has a higher index of refraction than the film there are certain angles where the

propagation constant in the prism, defined as n, sin(Oint ) is equal to the propagation constant of

2,r
the film, 8 = knejj, where k = and neff is the effective refractive index of the propagating

mode. At these angles the light is coupled from the prism into a propagating mode in the film.

For all other angles the light is simply reflected at the base of the prism and exits the prism at the

opposite face. During the measurement the light intensity exiting the prism is measured by a

detector as the prism and film are rotated. Figure 4.2 shows the intensity versus external angle

for a typical Metricon measurement of an SRO film on an SiO 2 substrate.

As shown in Figure 4.3, when a propagating mode is excited in the film the measured intensity

will drop and the effective index of the mode can be calculated through trigonometry knowing

the external angle, the prism angle and the prism index of refraction. Each effective index is a
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Figure 4.3 Metricon measurement of a SRO thin film, with three film modes, on a silica substrate
at X = 1550 nm.
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function of both the index of refraction and thickness of the film. In Chapter 6, where we discuss

the slab waveguide devices, we derive the transcendental equations relating the effective index to

the properties of the film for both TE and TM polarizations. Here we record the transcendental

equations for the asymmetric condition (substrate and cover index of refraction are not equal)

which is relevant to the Metricon measurement:

2V = m+ tan-' -++ tan -' b+ for TE polarizations (4.1)1-b 1-b
n film bfmb+y

2V f m = lbr + tan + tan - for TM polarizations (4.2)

2 2 n 2

with b = nl- n substrate nubstrate nair and V = k2d2  - 2
withbn 2 'n ;Y = n? n 2 and. V=(nl ubstrate"

n -n ni -n
.film substrate film substrate

In equations 4.1 and 4.2 m is the mode order (m = 0, 1, 2, etc. corresponding to the first, second,

third, etc. guided modes in the film) and d is the film thickness. For a film that can support more

than one mode, the transcendental equations can be solved for the two unknowns: the index of

refraction and film thickness.

The index of refraction and thickness can also be determined for so-called leaky waveguides

consisting of a low-index film on a high-index substrate. In this case the guided modes

exponentially decay in the film according to [127]

Rfilm-airR fihm-substratee 2 ikxd = 1 (4.3)

where R is the reflection coefficient for each interface and kx is the wavevector of the leaky

mode given by the expression

k • = (nfim - ni•m (4.4)



In the next sections we will discuss how the index of refraction for different polarizations of light

and wavelengths of light is influenced by the Si content of the film.

4.2. Birefringence

Birefringence is typically associated with propagation in anisotropic crystals where the beam

propagates in two modes with different phase velocities corresponding to orthogonal polarization

states. There are three ways that birefringence can be induced in materials that are nominally

optically isotropic: 1) stress, 2) film structure and 3) waveguide structure. Birefringence in

nanostructured Si has been reported in porous Si [128] and Si nanocrystal films prepared through

annealing of Si and SiO2 superlattices [129]. These waveguide films are anisotropic due to the

fabrication process with a structure that constrains the formation of Si nanocrystals to specific

regions resulting in birefringence. In comparison previous measurements on thin films of Si

nanocrystals embedded in SiO2 exhibited only form birefringence due to the planar waveguide

structure with no material birefringence due to the uniform distribution of nanocrystals in the

matrix [129].

We deposited SRO films on silica substrates to investigate the birefringence as a function of the

sample preparation conditions. Silica substrates were chosen to facilitate the measurement of

birefringence through prism coupling. Since the prism coupling technique requires rotating the

sample to match the propagation constant of the light coupled from the prism into the film, TM

polarized optical modes for films deposited on high-index substrates will be suppressed for a

certain range of angles near the Brewster's angle for the film/substrate interface. This

suppression of the mode pattern can lead to errors in the measurement of the TM index of

refraction and the birefringence. Figure 4.4 shows the birefringence, defined as B=(nTM -

nTE)/nTE, for as-deposited films.

For SRO films, the birefringence is positive (nTm>nTE) and increases with increasing Si content.

In comparison, the birefringence of sputtered Ge-doped stoichiometric SiO2 is negligible which
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Figure 4.4 (a) Film birefringence, B = (nTM - nTE)/nTE, versus TE index of refraction for a Ge-
doped SiO 2 sample (open triangle) and SRO samples (open circles). The solid line is a linear fit to
the data.

demonstrates that the resolution of the prism coupling measurement is on the order of 10-4 which

is one order of magnitude smaller than the smallest birefringence measured in SRO.

More interesting than the birefringence observed for as-deposited films is the annealing

temperature dependence of the birefringence for SRO films, which is also influenced by the Si

content of the film. As shown in Figure 4.5 (a) films with moderate Si content (40 at% Si,

squares) exhibit birefringence reduction for all annealing temperatures. On the other hand, the

birefringence of films containing a high Si content (50 at% Si, circles) initially remains constant,

or slightly decreases, for annealing temperatures up to 600'C and then increases for higher

annealing temperatures. We note that the temperature range of -700 - 8000 C, coinciding with

the onset of the birefringence enhancement, is the range of temperatures for the appearance of

observable Si nanocluster formation [130]. A comparison of the birefringence before and after

annealing at 11000C for 1 hour for samples with variable Si content (Figure 4.5 (b)) shows that

there is a threshold Si content for birefringence enhancement of -45 at% Si. The maximum

birefringence increase of 0.027, observed in a sample with 50 at% Si annealed at 1100 0C, is

equivalent to an absolute birefringence of 0.039 which is comparable in magnitude to the values
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Figure 4.5 (a) Birefringence change, AB = BAnnealed - BUnannealed, after annealing for SRO films with
40 at% Si (squares) and 50 at% Si (circles). All samples were annealed for a fixed time of I hour.
(b) Birefringence change after annealing at 11000C for 1 hour for several SRO samples with
variable Si content.

measured for several bulk anisotropic crystals such as LiNbO 3 (-0.039), BaTiO 3 (-0.03) and KDP

(-0.028) [131].

We also attempted an experiment to determine if the birefringence was electrically tunable as in

the case of electro-optic crystals. For the experiment we fabricated a slab waveguide on a Si

substrate with a 10 [tm undercladding and used the prism coupling setup that will be discussed in

Section 6.4 to couple light from a 1550 nm laser into the film. For this experiment the setup

shown in Figure 6.12 was modified by placing Glan-Thompson prism at the input and output of

the waveguide. The polarizers were 900 out of phase to transform any phase modulation into

amplitude modulation. A 1 cm 2 area in the center of the sample was coated with a thick (-6 ltm)

SiO2 overcladding before having an aluminum electrode deposited on the overcladding. The

backside of the wafer was mechanically polished to remove the thermal oxide and attached to the

aluminum sample holder using silver paint. Electrical contact was made to the top electrode and

the sample holder and a DC voltage was applied across the sample. We did not observe any

measurable change in the transmitted power, and thus no electrically tunable birefringence, even

for 5 kV applied.
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As discussed in the opening of this section the possible origins of birefringence in nominally

isotropic materials is stress, structure and waveguide form. We will now consider each of these

effects independently in the next sections.

4.2.1. Effect of Waveguide Structure

The samples used to measure the birefringence are asymmetric optical slab waveguides

where light is confined within the high-index SRO film layer through total internal reflection at

the air/film and film/substrate interfaces. The optical modes within this structure propagate with

a velocity that is dependent on the effective index of refraction of the mode which can be

calculated based on the material index of refraction and film thickness. More about slab

waveguides will be discussed in Chapter 6 including the method for calculating the effective

index of the waveguide for TE and TM polarizations. At this point it is important to know that

the optical modes for any slab waveguide are dependent on polarization with their difference

equal to the modal or form birefringence. Figure 4.6 shows the transmitted intensity versus
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Figure 4.6 (a) Transmitted intensity versus effective index obtained through prism coupling for a
sample with 40 at% Si as-deposited. (b) Transmitted intensity versus effective index obtained
through prism coupling for a sample with 50 at% Si as-deposited. The dot lines represent the
calculated effective indices for the TE and TM modes as well as the effective index for the TM
mode assuming an isotropic index of refraction.
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effective index for the first mode of samples with 40 at% Si and 50 at% Si, respectively, along

with the calculated effective index for the TE and TM modes using the approach outlined in

Chapter 6. Also included in the figure is the effective index for the TM mode calculated

assuming an isotropic index of refraction equal to the TE index of refraction. We notice that for

both samples the calculations of the effective index for the TE and TM modes based on the

material index for anisotropic conditions give very good agreement with the dips in the

transmission corresponding to the optical modes within the waveguide structure. On the other

hand, the modal birefringence calculated under isotropic conditions is the opposite sign of the

observed birefringence. Therefore the modal birefringence cannot explain the positive

birefringence we have measured for our samples.

4.2.2. Effect of Film Stress

For birefringence due to film stress the index of refraction change is related to the stress

through the stress-optic coefficients. The index of refraction change due to a triaxial stress state

in cylindrical coordinates is given by the following equations [132]

An, = n, - n = -C 2 r - C ( + a) (4.5)

An. = no - n = -C2 - CI, (o + o) (4.6)

An = nz - n = -C2z - C, (r + Ua ) (4.7)

where a is the stress z is the direction normal to the substrate, 0 is the circumferential or hoop

direction, r is the radial direction and C1 and C2 are the stress-optic coefficients of the material.

The film and wafer are in a state of plane stress

a.=0 (4.8)
Under plane stress conditions the birefringence due to stress is given by the equation=

Under plane stress conditions the birefringence due to stress is given by the equation



B = An - n, (C2 - C)im
Anr -n - (C2 +C 1 afilm -

(4.9)

For silica the stress-optic coefficients are Cl = 4.2 x 10-6 MPa -1 and C2 = 6.5 x 10-7 MPa-' [132].

A compressively stressed film would therefore lead to a positive birefringence. We calculated the

film stress through measurements of wafer curvature using a Tencor FLX 2320 using Stoney's

formula [133]

Ed2
E d substrate

6R(1- v)d fim
(4.10)

where E is Young's modulus (85 GPa for silica), v is Poisson's ratio (0.17 for silica), R is the

radius of curvature, dsubstrate is the substrate thickness (0.5 mm) and dfilm is the film thickness. For

all films we measured a compressive stress (Figure 4.7) which increases as the Si content of the

film increases, consistent with the observation of a positive birefringence. If the birefringence
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Figure 4.7 (a) Wafer radius of curvature for lcm x 1 cm squares of SRO samples deposited on
SiO2 substrates. (b) Film stress calculated from the measurements of wafer radius of curvature
using Stoney's equation.
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were only due to the stress we would expect to see the same linear dependence on Si content that

we observed for the birefringence in Figure 4.4; we do not observe that here. We have also

measured the film stress before and after annealing at 11000C for all samples considered in the

experiment of Figure 4.5 (b). The results show that for an annealing temperature of I 100oC the

film stress changes from compressive to tensile consistent with the observation of film thickness

reduction upon annealing. The tensile stress is expected after annealing due to the higher thermal

expansion coefficient for SRO and film densification. Again, if the birefringence were only due

to stress, the change in sign of the stress after annealing would result in a change in stress of the

birefringence which is also not observed. The fact that the birefringence is positive for all

deposition and annealing conditions confirms the marginal role of film stress in the birefringence.

4.2.3. Effect of Film Structure

Our analysis of film stress before and after annealing of SRO suggests that there is

another contribution to the birefringence that allows the sign of the birefringence to remain

invariant while the sign of the stress changes; this contribution to the birefringence is from film

structure. Figure 4.8 shows the structure zone model for sputter deposition processes that was

developed by Thornton [134]. The film structure is determined by shadowing, attachment,

surface diffusion and desorption which are controlled through the process parameters of

deposition pressure and homologous substrate temperature (normalized to the melting point of

the film).



Figure 4.8 Structure zone model indicating the expected film microstructure versus deposition
pressure and substrate temperature (from Thornton [134]).

The diagram shown in Figure 4.8 was developed by observing the structure of refractory metal

thin films. Messier et al. [135] published a revised structure zone model based on examining the

morphology of amorphous Ge and Si films prepared through ion-assisted deposition. For a

homologous temperature of T = 0.27 they observed a columnar film structure where the size

scale of the structure was dependent on the film thickness. Using microscopy techniques they

observed column sizes of 1 - 3 nm, 5 - 20 nm, 20 - 40 nm, 50 - 200 nm and 200 - 400 nm with

the smaller sizes for thinner films (- 15 nm in thickness) and the larger sizes for thicker films (-

10 [tm in thickness). More recently Burmeister et al. have demonstrated column sizes of 100 -

500 nm in TiAIN and TiO2 deposited through RF sputtering [136]. For our sputter deposition

conditions of 3 mTorr Ar pressure and a normalized substrate temperature of -0.1 the structure

zone model of Thornton predicts films with a moderately dense columnar structure. In Figure 3.6

we show atomic force micrographs of SRO surfaces for two Si contents: 40 at% Si and 50 at% Si,

as-deposited and after annealing at 11000C for 1 hour.

0
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Figure 4.9 AFM images of a 1 p.m by ltm area of the surface of the following SRO samples
deposited on SiO 2 substrates (a) an as-deposited SRO sample with 40 at% Si with an RMS
roughness of 5.2 nm (b) an SRO sample with 40 at% Si annealed at 1100°C for 1 hour with an
RMS roughness of 4.2 nm. (c) an as-deposited SRO sample with 50 at% Si with an RMS
roughness was 8.9 nm and (d) an SRO sample with 50 at% Si annealed at I 1000 C for 1 hour with
an RMS roughness of 4.6 nm.

For all samples the film surface is rough with an RMS roughness of 4 - 8 nm which is

characteristic of a columnar microstructure. We have additionally performed cross sectional

scanning electron microscopy (SEM) of as-deposited films to determine if the columnar structure

extends through the thickness of the film. The cross section samples were prepared by scoring

the backside of the silica wafer and dipping the sample in liquid nitrogen for 1 - 2 minutes to

improve the quality of the cleave. Figure 3.7 shows SEM images for samples with 40 and 50 at%

Si shown in Figure 3.7 (a) and (b), respectively.
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Figure 4.10 Cross section SEM images of as-deposited SRO samples on SiO2 substrates with (a)
40 at% Si at 10kX, (b) 50 at% Si at 10kX and (c) 50 at% Si at 90kX.

The cross section SEM images clearly show that the films, with different Si content, have a

columnar morphology. In Figure 3.7 (c) we show a high magnification image of the region near

the film/substrate interface. We notice that in this region there is a higher density of interfaces

(boundaries between columnar regions) in the film due to the impingement of isolated islands in

the early stages of the deposition process. The simultaneous observation of -10 nm structure in

the AFM and >100 nm structure in the SEM is also consistent with the observations of Messier

et al. [135].

We would like to comment on the difference between the film structure and false structure

induced by the fracture. Since SRO is an amorphous material, the boundaries that exist between

columns are not discreet (as in the case of a polycrystal). The contrast observed in the image

occurs when the film fractures along the low density intercolumnar regions. In Figure 4.11 we

show a cross section SEM image of what we refer to as a bad cleave of an unannealed SRO film

with 40 at% Si.



Figure 4.11 Cross section SEM image of an as-deposited SRO sample on a SiO 2 substrate
with 40 at% Si at 4kX. The white arrow indicates the location of the film - substrate
interface.

In the case of the bad cleave the features are not located only in the film thickness but extend
into the substrate below. It has been after observing several cross sections that we interpreted the
features in Figure 4.10 as a columnar microstructure obtained using our sputtering conditions.

We have not observed the columnar morphology after annealing at 11000 C for 1 hour, but it is

not clear if this observation is the result of consolidation of the film during the anneal or a poor

quality of the cleaved surface. The columnar structure was also not observed for as-deposited or
annealed films in cross-sectional TEM.

An exact description of this materials system and its optical properties is almost impossible given

its microscopic complexity. However, in this section we apply a simple model that, in the end,

proves to be very powerful in linking the microscopic details of the material to the macroscopic

optical properties. Figure 4.12 shows the approximate material structure as a series of columns
and boundaries with its symmetry in relation to the polarization of light in the slab waveguide
structure.
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Figure 4.12 Schematic of the slab waveguide structure with the direction of the light polarization
indicated. Schematic of the column-boundary microstructure relative to the x, y and z directions
defined in the schematic of the waveguide structure.

If we assume that the boundary and column are composed of materials with different

composition (i.e. possessing two different densities [137] or two different amounts of excess Si

in SiO2) we can estimate the index of refraction of the medium in the TE and TM directions

through an effective-medium approximation where the response of the material to the two

polarizations will be different due to differences in dielectric screening. The following

expressions have been developed for this configuration [138].

nx = nz = n + f = no  (4.1 1)
nboundary column

n = nM = fboundarv boundar + fcolumn o = e (4.1umn2)

where fboundary is the volume fraction of the boundary, fcolum is the volume fraction of the column,

nboundary is the refractive index of the boundary and ncolumn is the refractive index of the column. A

column/boundary interface oriented parallel to the polarization of light (TM) feels a uniform

electric field giving an index of refraction that is a simple volume weighted average of the

refractive index of each region. For a column/boundary interface oriented perpendicular to the

polarization of light (TE) a polarization charge develops at the interface which reduces the

=60



contribution to the average index of refraction from the higher index of refraction region. In this

case the dielectric displacement in each region is constant with the electric field strength

modified by the polarization charge leading to a different weighting of the index of refraction

from each region. If we consider the dielectric displacement as a proxy for the charge deposited

on a capacitor and the electric field as a proxy for the applied voltage, equations 4.11 and 4.12

are identical to those for the effective capacitance of two capacitors operating in series and in

parallel, respectively. It is also important to note that similar expressions have been derived from

the dispersion of a photonic crystal in the long-wavelength limit (scatterer size and period very

small with respect to the wavelength of light) [139]. Comparing the results above with those

derived from the long-wavelength dispersion analysis of photonic crystals, the expression for

refractive index of the TM polarization is identical while the refractive index of the TE

polarization, in the photonic crystal case, is given by the Maxwell-Garnett expression [139].

nTE -nboundary n2 -
column boundary

- f +2 2
n column + nboundary

As a result of the material symmetry the index of refraction is equivalent in the x and z directions,

in agreement with our measurements. Therefore the index of refraction for the TE polarization

corresponds to the ordinary index of refraction while the index of refraction in the y direction or

TM polarization corresponds to the extraordinary index of refraction. Both the effective-medium

approximation and the long-wavelength dispersion of a photonic crystal predict an extraordinary

index which is greater in magnitude than the ordinary index of refraction. Therefore the column-

boundary microstructure has polarizing properties equivalent to a positive uniaxial material

which is consistent with the sign and symmetry of the birefringence we measured in our films.

Within this approximate system the fraction of columns and boundaries is determined by their

respective thicknesses. For given column and boundary thicknesses we can solve equations 4.11

and 4.12 to determine the index of refraction of the column and boundary materials. Since the

magnitude of the birefringence is related to the index contrast between the boundary and column

there are two possible solutions for ne and no corresponding to boundaries with lower and higher
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Figure 4.13 (a) Calculated index of refraction for the column and boundary region for as-
deposited samples based on the effective-medium model for the following conditions: (i) low
boundary index (diamonds) and high column index (squares) and (ii) high boundary index
(circles) and low column index (triangles). The solid and dotted lines are a guide for the eyes. (b)
Calculated index of refraction for the column and boundary region for samples annealed at
I 100C for 1 hour based on the effective-medium model for the following conditions: (i) low
boundary index (diamonds) and high column index (squares) and (ii) high boundary index
(circles) and low column index (triangles). The solid and dotted lines are a guide for the eyes.

indices of refraction with respect to the column. From the cross sectional SEM images in Figure

4.10 we can estimate the column and boundary volume fractions to be 0.83 and 0.17,

respectively and calculate the column and boundary index of refraction for as-deposited and

annealed samples with variable Si content from the ne and no measured for samples shown in

Figure 4.5 (b). In Figure 4.13 we show the results of the calculations.

Based on the SEM observations above we can suggest which variation of the column and

boundary index most closely resembles what is physically occurring in the samples. For the as-

deposited case we expect the boundary index to be lower than the column index since the

boundary region has a lower density [137]. This situation is represented by the solid guide lines

in Figure 4.13 (a) for the column and boundary index of refraction.
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After annealing, if we assume the same volume fraction of boundary and column regions as in

the as-deposited case, the calculations predict two possible microstructure modifications:

1. the boundary index is decreased with respect to the column index

2. the boundary index is increased with respect to the column index

The latter situation is represented by the solid guide lines in Figure 4.13 (b). For low Si content

samples the sintering process coupled with random Si nanocrystal nucleation throughout the

matrix leads to a more homogeneous index of refraction and a near zero birefringence. In the

case of samples with a high Si content we notice from Figure 4.5 that the birefringence

enhancement begins at an annealing temperature of 7000 C. Since the diffusion is limited at this

annealing temperature we suggest that the sintering process involves the flow of Si rich material

which has a lower viscosity compared to Si0 2.This is consistent with several studies on the

viscous flow of silicate melts which has been attributed to the motion of line defects composed

of SiO molecules [140]. In silicate melts the temperature dependence of the activation energy

and viscosity are explained through the temperature dependence of the fraction of SiO molecules

in the line defects [140]. We interpret the increase in the enhancement of the birefringence for

samples with high Si content to an increase in the fraction of SiO molecules diffusing into the

boundary region during the sintering process. Finally we measured the birefringence for the

sample with 50 at% Si annealed at 11000C for various annealing times, Figure 4.14.

We notice that the birefringence increases rapidly for an annealing time of just 1 - 5 minutes and

then slowly saturates for annealing times greater than 1 hour. The calculated index of refraction

for the boundary and column reveals that the sharp increase in the birefringence for short

annealing times is due to a sharp increase in the index of refraction of the boundary region while

the slow saturation is a combination of a decrease in the index of refraction in the column and an

increase in the index of refraction of the boundary. We associate the sharp increase in the

boundary index of refraction with the densification of the boundary region through the sintering

process described above. The slow decrease of the index of refraction of the column and increase

of the index of refraction of the boundary is associated with nanocrystal coarsening through

atomic diffusion from the column which is proportional to -,.
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Figure 4.14 Measured birefringence for an SRO sample with 50 at% Si annealed at 11000 C for
various time (triangles). Calculated index of refraction of the boundary (circles) and the column
(squares) based on the measured birefringence.

Our interpretation of the sintering process leading to the formation of a high-index of refraction

boundary region would also predict a higher density of Si nanocrystals in this region due to the

large concentration of excess Si. We attempted to obtain evidence of Si accumulation or

clustered nanocrystal growth in the boundary regions of birefringent thin films annealed at

11 000 C through bright-field and energy-filtered TEM to support our proposed mechanism of

birefringence enhancement. However, we did not observe either effect. Another limitation of our

interpretation of the birefringence enhancement is the fact that we assume the same volume

fraction of boundaries and columns after annealing as the as-deposited case which might not be

the case after the sintering process is complete. Further high resolution microscopy studies will

be required to clearly identify the mechanism of birefringence enhancement.

4.3. Dispersion

Dispersion or wavelength dependence of the refractive index is an important property

which influences the propagation of light pulses in waveguide materials within an optical

communication system. Since the index of refraction determines the speed of propagation within

the medium an optical pulse, possessing a specific spectral width, will become broadened due to
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the fact that the individual photons within the pulse will travel at different speeds. This will lead

to an enhanced bit error rate or probability of error per bit with a bit rate - distance product given

by [141]

1LBo- 4= (4.14)

where Dx is the dispersion coefficient of the medium at a specific wavelength X, oa is the source

linewidth, L is the distance of propagation and Bo is the bit rate. The dispersion coefficient (in

units of s/m-nm) is given by the expression

A, d2n
DA = (4.15)

c dg

The wavelength dependence of the index of refraction for optical fibers has been studied

extensively and is given by the Sellmeier equation.

n2(=1+ + + B 3
2  (4.16)

2 -•C, -C + 2; - C3

where the coefficients B1 ,2,3 and C1,2,3 are specific to each material.

Si has a stronger wavelength dependence for the index of refraction compared to silica due to the

presence of optical absorption in the near infrared at the band-edge (1.1 eV). The absorption

(imaginary part of the index of refraction) influences the real part of the index of refraction

through the Kramers-Kronig relations.

As a dispersive medium SRO is expected to have a performance which is intermediate between

silica and Si. We have measured the index of refraction for several SRO samples at four

wavelengths 632 nm, 1064 nm, 1307 nm and 1551 nm to determine the effect of Si content on

the dispersion. We have fit the data in the range 1064 - 1551 nm using Cauchy's equation



Table 4.1 Results of a Cauchy's equation fit of the wavelength dependence of the index of
refraction for several SRO samples.

33 1.4476 1.4492 1.4427 1.4395 1.2972 -2.6880
34 1.5147 1.5116 1.5080 1.5012 1.8664 -3.5039

34.4 1.5764 1.5727 1.5671 1.5583 2.4747 -4.0788
35.4 1.6295 1.6256 1.6191 1.6096 2.6866 -3.9843
38.4 1.6693 1.6630 1.6576 1.6463 2.9447 -3.5707
43 1.7584 1.7481 1.7466 1.7349 2.5592 0.18957
50 2.1522 2.1303 2.1124 2.0519 17.393 -68.372

BC
n()= A+ C (4.17)

to determine the coefficients A, B and C as a function of Si content. Table 4.1 summarizes the

results of the data fitting.

The Cauchy equation for each sample allows us to calculate the material dispersion at 1535 nm

which corresponds to the emission peak for Er in SRO and SiO 2, an important wavelength for Si

microphotonic systems. The results are shown in Figure 4.15.
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Figure 4.15 Material dispersion at 1535nm for SRO samples with different Si content calculated
using equation 4.15 from the data listed in Table 4.1.



Based on the calculated dispersion at 1535 nm a pulse with a Inm linewidth transmitted at 10

Gb/sec could propagate through an SRO waveguide with 38 at% for a length of 12 cm without

distortion. Since the most likely application of SRO is for active devices which will have a

length of approximately 1cm the material dispersion effect will be minimal. However, as the data

rates are increased to > 100 Gb/sec these measurements will guide systems engineers as they

design dispersion compensating structures for error-free data transmission.



Chapter 5 I Photoluminescence

Characterization of SRO, Er:SiO2 and

Er:SRO Films

In this chapter we will present our results on the photoluminescence characterization of

thin films of SRO, Er:SiO 2 and Er:SRO. There are two goals of this chapter. The first is to

discuss the emission sensitization process in Er:SRO films annealed at low temperatures in

comparison to those annealed at high temperatures. The second is to measure several key

parameters that will be used to model the SRO - Er energy-transfer process in Chapter 6.

5.1. Description of the Experimental Setup

Figure 5.1 shows a schematic diagram of the photoluminescence setup used for our

characterization. Pump light from an Ar-ion laser was mechanically chopped and focused onto

the sample. The photoluminescence from the sample is collected, collimated and focused onto a

liquid nitrogen cooled Hammamatsu InGaAs photomultiplier tube through a monochromator.

The signal from the photomultiplier tube was input into a lock-in amplifier, referenced to the

chopper frequency, to measure the signal. Chopping frequencies between 10 and 40 Hz were

used. To correct for the spectral response of the optics, grating in the monochromator and the

detector the setup was calibrated using an Ando fiber-coupled white light source whose spectrum

was measured by an Ando Optical Spectrum Analyzer. The normalized system response is

shown in Figure 5.2. By dividing the measured spectra by the spectral response we could

accurately characterize the spectral features of the photoluminescence of our samples. For

brightly emitting samples spectra were also measured using the Ando Optical Spectrum Analyzer

by coupling the emitted light into a fiber using a microscope objective and coupling the fiber to

the spectrum analyzer. To perform time-resolved measurements the signal from the

photomultiplier tube was input into an oscilloscope.
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Figure 5.1 Schematic of the photoluminescence setup used for this study.

Low temperature photoluminescence measurements were performed between 10K and 295K

using a continuous-flow liquid He cryostat with built-in heater.
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5.2. Photoluminescence Characterization of Undoped

SRO Films

5.2.1. Photoluminescence Spectroscopy

Figure 5.3 shows the photoluminescence spectra for several SRO films with variable Si

content annealed at 11000C for 1 hour. The photoluminescence spectra appear in the visible

resulting from the combined effect of quantum confinement and surface state mediated

recombination, as proposed by several authors [86,87], due to the formation of nanometer sized

Si crystals during the annealing process. The spectra are broad with a linewidth of approximately

135 nm. This broad spectrum, due to a combination of homogeneous broadening and

inhomogeneous broadening from the size and shape distribution of typical nanocrystal ensembles,

is in agreement with the literature [84]. The peak intensity and integrated intensity increases up

to a Si content of 38 at% before decreasing for higher Si contents. Additionally the peak
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Figure 5.3 (a) Photoluminescence spectra for SRO films annealed at 1100 0C for I hour with Si
contents of 34 at%, 35 at%, 38 at% and 43 at%. The spectra were collected using an Ando
Optical Spectrum Analyzer. (b) Integrated photoluminescence intensity for several SRO films
with different Si content (open circles). The solid line is a Gaussian fit to the experimental data.
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emission wavelength increases continuously with increasing Si content. The observed

dependence of emission intensity and peak emission wavelength on the Si content of the film is

attributed to the size of the Si nanocrystals formed for this fixed annealing condition. As the

amount of Si is increased the Si nanocrystal size increases which leads to a red shift of the

emission spectrum. Also, the quantum confinement is weaker for large sized Si nanocrystals

which reduces their radiative efficiency and the photoluminescence intensity. The maximum

emission observed for the sample with 38 at% is due to an optimization of the size and density of

Si nanocrystals for this particular annealing condition.
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Figure 5.4 (a) Photoluminescence spectra for SRO films with 40 at% Si annealed at 300 "C
(dotted line), 600 "C (solid line) and 1100 "C (dashed line). (b) Integrated photoluminescence
intensity for SRO films with 40 at% Si versus annealing temperature. The photoluminescence
was integrated between 652 - 1500 nm. (c) Photoluminescence spectra for SRO films with 50
at% Si annealed at 300 "C (dotted line), 600 "C (solid line) and 1100 "C (dashed line). (d)
Integrated photoluminescence intensity for SRO films with 50 at% Si versus annealing
temperature. The photoluminescence was integrated between 652 - 1500 nm.
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We selected the Si content which yielded the maximum emission, 38 - 40 at% Si, and a much

higher Si content sample of 50 at% Si and performed anneals for a fixed time of I hour and

variable temperature and a fixed temperature of 11000C for variable time to understand the

influence of the annealing conditions on the photoluminescence intensity. The results for the

annealing temperature dependent measurements are shown in Figure 5.4.

The PL spectra for both samples (Figure 5.4 (a) and (c)) is very broad at low annealing

temperatures and becomes narrower as the annealing temperature is increased to 11000 C. For the

sample with 40 at% Si the maximum integrated photoluminescence intensity is for the sample

annealed at 1100'C which is consistent with the activation energy required to form Si

nanocrystals [142]. For the sample with 50 at% Si there are two maxima in the integrated

photoluminescence intensity versus annealing temperature, one at 6000 C and one at 11 000 C. The

peak at 11000C is attributed to the formation of nanocrystals and the enhancement of the

radiative efficiency. The peak at 6000 C is most likely due to structural rearrangements in the

SRO matrix since we have determined that the expected diffusion length at that annealing

temperature is negligible (see Figure 3.3). We also notice the relationship between the

photoluminescence intensity and the birefringence discussed in Chapter 4. Comparing the

evolution of the photoluminescence intensity with the birefringence we notice that the samples
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Figure 5.5 (a) Integrated PL intensity for samples with 38 at% Si annealed at I 100°C. (b)
Integrated PL intensity for samples with 50 at% Si annealed at 1 000C.
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with the highest photoluminescence intensity have the lowest birefringence and exhibit

birefringence reduction upon annealing.

Figure 5.5 shows the integrated intensity versus annealing time at a fixed temperature of 1 100oC.

For the sample with 40 at% Si the integrated intensity increases to an annealing time of 1 hour

before decreasing for longer annealing times. The increase in integrated intensity is due to an

increase in the density of nanocrystals (number of nanocrystals per unit volume) while the

decrease is most likely due to nanocrystal coarsening which increases the average size of the

nanocrystals (decreases their radiative efficiency) and decreases the density of nanocrystals. In

comparison the sample with 50 at% Si showed a nearly continuous increase in the integrated

intensity as the annealing time increased which is not consistent with nanocrystal coarsening and

is possibly due to a reduction in the number of non-radiative defects within the sample.

5.2.2. Time Resolved Photoluminescence

Next we performed time resolved photoluminescence to understand the dynamics of the

emission process through an analysis of the emission lifetime and the excitation cross section.

The excitation cross section is a measurement of the probability that a photon will be absorbed

leading to the excitation of an electron from the ground-state to the excited-state and subsequent

relaxation to the ground-state leading to the emission of a photon. In this analysis we consider

the energy level diagram of the Si nanocrystal in Figure 5.6 where the transitions between

electronic states in the nanocrystal are represented by the excitation cross section, aab and the

emission lifetime, Tba, which is a combination of the radiative and non-radiative lifetimes.

At low pump powers several non-radiative paths leading to a saturation of the emission can be

neglected. Under these conditions the nanocrystals are in the linear excitation regime. In this

regime the rise time of the photoluminescence is related to the excitation cross section and

emission lifetime according to the expression
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Figure 5.6 Schematic of the energy level diagram for the Si nanocrystal.

1 1
0=7abgp +- (5.1)

where z,, is the rise time of the photoluminescence and , is the pump-photon flux in units of

photons/cm2s.

We measured the rise time for several pump-photon fluxes. The excitation cross section is

measured from the slope of the inverse rise time versus pump-photon flux data while the inverse

emission lifetime is measured from the intercept according to equation 5.1 as shown in Figure

5.7. Here the excitation cross section was measured to be lx10 - 17 cm2 and the lifetime was

measured to be 80 ýts, both values consistent with measurements quoted in the literature for Si

nanocrystal samples [83]. We also measured the lifetime of the same sample at a low pump

power from the decaying edge of the photoluminescence as shown in Figure 5.8. The direct

measurement of the photoluminescence decay yielded a value of 70 ± 10 ýts for the in excellent

agreement with the value obtained from the fit of the inverse rise time versus pump-photon flux

data.
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Figure 5.7 Inverse rise time versus pump-photon flux for a sample with 38 at% Si annealed at
1100°C for 1 hour with the detection wavelength set at 930 nm (open circles). The solid line is a
linear fit to the data yielding an excitation cross section of lx 10-17 cm 2 and an emission lifetime of
80 ýts.
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Figure 5.8 Photoluminescence decay for a SRO sample with 38 at% Si annealed at 1100oC for I
hour measured with the detection wavelength set at 800 nm and a pump power of 10 mW (open
circles). The line is an exponential decay fit to the data yielding an emission lifetime of 80 ps.



5.2.3. Non-radiative Inter-site Upconversion in SRO

We have observed a non-radiative recombination process in SRO which causes the

emitted intensity to saturate according to the square of the excited-state population of the SRO

sensitizers. A schematic of this process is shown in Figure 5.9.

During the recombination process an electron in an excited sensitizer transfers its energy to an

electron located in a nearby excited sensitizer. The electron in the second sensitizer is promoted

to a higher state while the electron in the first sensitizer falls down to the ground-state. We will

refer to this process as an inter-site upconversion process due to the similarity of this process

with the well-known upconversion process in Er-doped glasses. Since this process involves two

electrons it will depend on the square of the excited-state sensitizer population. We can write the

time dependent excited-state population of the sensitizer by taking into account the excitation,

decay and inter-site upconversion processes according the following expression

(5.2)
dnb

= acrb Op - Tba - CA
dt

Figure 5.9 Schematic representation of the
SRO sensitizers (or Si nanocrystals).

inter-site upconversion process between two coupled

__



where na is the ground-state population and nb is the excited-state population and CA is the inter-

site upconversion coefficient in units of cm 3s-1. We can solve this differential equation in the

dnb
steady-state dnb- 0 with ntot = na+nb where ntot is the total density of sensitizers. To determine

dt

the inter-site upconversion coefficient the steady-state photoluminescence was measured for

various pump-photon fluxes and the data was simulated using equation 5.2. The results are

shown in Figure 5.10 for a sample annealed at 6000 C. As expected the data saturates

quadratically due to the inter-site upconversion process with an inter-site .upconversion

coefficient of Ix 10-13 cm 3s-1.
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Figure 5.10 Steady-state photoluminescence for an SRO sample annealed at 600'C for I hour
(open circles). The solid line is a simulation of the data with nT = 6x10 cm -3, (ab = 1.6x10"17 cm2

and CA = lx10 -13 cm3s-1. The emission lifetime for this simulation was set to 1 p~s which is the
resolution of our measurement system.



5.3. Photoluminescence Characterization of Er-doped

Si02

5.3.1. Photoluminescence Spectroscopy

Figure 5.11 (a) shows the typical PL spectrum of Er in SiO 2 with a primary maximum at

1535 nm and a secondary maximum at 1550 nm. We have investigated the Er emission as a

function of the annealing temperature and the concentration of Er ions in SiO 2 . Figure 5.11 (b)

shows the variation of Er peak emission intensity versus annealing temperature for samples with

8.7x1019 ions/cm 3

No emission was observed for annealing temperatures below 6000 C with the maximum intensity

achieved for annealing temperatures between 900'C and 1000oC. We also measured the Er

emission for samples with variable Er content for a fixed annealing condition of 1000oC for 1

hour (Figure 5.12).
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Figure 5.11 (a) Photoluminescence spectrum from an Er:SiO2 sample with 8.7xl019 ions/cm 3

annealed at 1000oC for 1 hour. (b) Peak Er photoluminescence intensity for Er:SiO 2 samples with
8.7x 10' 9 ions/cm 3 annealed for I hour at various temperatures.
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recombination by increasing the probability of coupling the excitation to an Er ion located near a

defect site within the matrix. Since the dipole-dipole coupling decreases as the distance between

the Er ions to the sixth power this process, called concentration quenching, is only active for high

Er concentrations and is responsible for the decrease in the Er emission intensity [143]. We have

chosen an Er concentration of lx10 20 Cm-3 for our experiments which is below this threshold for

concentration quenching. Figure 5.13 shows the Er emission intensity for variable annealing

times at a fixed annealing temperature of 1000oC. The results, shown in Figure 5.13, show that

the emission saturates for annealing times greater than 30 minutes.

5.3.2. Time Resolved Photoluminescence

Similar to the analysis for annealed SRO samples we have measured the excitation cross

section and emission lifetime for samples of Er in SiO 2.
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Figure 5.14 Inverse rise time versus pump-photon flux for a sample with an Er concentration of
8.7x10 19 Er ions/cm-3 annealed at 1 100C for 1 hour with the detection wavelength set at 1535 nm
(open circles). The solid line is a linear fit to the data yielding an excitation cross section of lx10-
19 cm 2 and an emission lifetime of 9.9 ms.
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Figure 5.15 Photoluminescence decay for an Er:SiO2 sample with an Er concentration of 8.7x 019
ions/cm3 annealed at 11000C for 1 hour measured with the detection wavelength set at 1535 nm
and a pump power of 7.6 mW (open circles). The solid line is an exponential decay fit to the data
yielding an emission lifetime of 9.7 ± 0.6 ms.

We measured an excitation cross section for Er in SiO 2 of lx10-19 cm2 (Figure 5.14) which is

consistent with measurements reported in the literature [51] and >100 times smaller than the

cross section of SRO. Also, the analysis yielded an emission lifetime of 9.9 ms which is

consistent with the lifetime of Er in several glass hosts [100]. This emission lifetime is also in

excellent agreement with a direct measurement performed on the same sample which yielded a

value of 9.7 ± 0.6 ms (Figure 5.15).

5.3.3. Non-radiative Recombination through

Upconversion

The dominant mechanism of non-radiative recombination which occurs in Er-doped

devices is upconversion which is schematically depicted in Figure 5.16.

When two excited Er3+ ions are located in close proximity one Er ion will transfer its energy to

the other promoting the latter to an excited energy level and lowering the first Er ion to the
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Figure 5.16 Schematic of the upconversion process between two excited Er3÷ ions.

ground-state. The excited Er ion will typically emit from the 4111/2 level leading to 980 nm light

emission. If two or more excited Er ions simultaneously transfer their energy to another excited

Er the process is known as cooperative upconversion with an emission in the visible.

The upconversion depends on the square of the excited-state Er population. We can write the

time dependent excited-state population of the Er taking into account the excitation, radiative

decay and upconversion processes according the following expression

dN = ON2 - N2 - CUPN (5.3)
dt

where NI is the ground-state population and N2 is the excited-state population and Cup is the

Upconversion coefficient in units of cm 3s-1. We can solve this differential equation in the steady-

dN
state dN2 = 0 with NT =NI+N 2 and NT equal to the total concentration of Er ions. To determine

dt

the upconversion coefficient the steady-state photoluminescence was measured for various

pump-photon fluxes and the data was simulated using equation 5.3. The results are shown in

Figure 5.17 for a sample annealed at 11000 C.
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Figure 5.17 Er emission intensity at 1535nm versus 488 nm pump-photon flux from a reference
Er in SiO2 sample with an Er concentration of 8.7x10' 9 ions/cm3 annealed at I 1000C (open
circles). The dot line is a linear fit of the data.

We notice in Figure 5.17 that the data increases linearly with no evidence of quadratic saturation

within the powers considered for this experiment and no evidence of upconversion.

5.4. Photoluminescence Characterization of Er-doped

SRO

5.4.1. Photoluminescence Spectroscopy

Having investigated the emission properties of SRO and Er independently we now

consider how the light emitting properties of each are influenced by combining the two

approaches. In Figure 5.18 we show the emission spectra for SRO and Er:SiO 2 annealed at

1100oC and an Er:SRO sample annealed at 6000 C and 1100°C.

We notice from Figure 5.18 that when Er is added to SRO annealed at 11000C the Er emission is

enhanced while the Si nanocrystal emission is decreased due to the energy-transfer process.
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Figure 5.18 Room temperature photoluminescence versus wavelength for a Si-nc in SiO 2 sample
with 38 at% Si annealed at 1100 'C (dot line), for an Er in SRO sample with 38 at% Si and Er
concentration of 8.2 x 1019 cm-3 annealed at 1100 'C (dash line) for an Er in SRO sample with 38
at% Si and Er concentration of 8.2 x 1019 cm-3 annealed at 600 'C (dash - dot line) and an Er in
SiO2 sample with an Er concentration of 8.7 x 1019 cm-3 annealed at 1100 'C (solid line).

Since the energy-transfer time is faster than the emission lifetime of the nanocrystal (- 100ns

compared to the emission lifetime of 100ýts) the energy-transfer process is the preferred decay

path for an excited nanocrystal. Another consequence of the fast energy-transfer time compared

to the short emission lifetime of Er is the possibility of exciting more than one Er ion via energy-

transfer from a single nanocrystal within a single Er ion decay time. When the Er:SRO sample is

annealed at 6000 C we notice than the Er emission is strongly enhanced while the nanocluster

emission is completely quenched. We have compared the emission intensity for Er:SRO and

Er:SiO2 samples annealed at various temperatures to determine the optimum annealing

temperature for both matrixes (Figure 5.19).

From the comparison of the Er:SRO emission peak intensity (Figure 5.19 (a), circles) and the

emission of the reference Er.Si0 2 sample (Fig. 5.19 (a), squares) over a wide range of annealing

temperatures we notice that the strongest sensitized Er emission occurred for an annealing

temperature of 700'C which is 300'C lower than the optimized annealing temperature for the

reference Er:SiO 2 sample and 400'C lower than the optimum annealing temperature for Si

nanocrystal emission. The plot of emission enhancement (ratio of Er:SRO to Er:Si0 2 emission,
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Figure 5.19 (a) RT Er emission versus annealing temperature for Er:SRO samples with thickness
~ 1.85 ,tm, 38 at % Si and Er concentration of 8.2 x 1019 cm-3 (circles) and reference Er in SiOz
samples with thickness - 1.24 ýpm and an Er concentration of 8.7 x 1019 cm3 (squares, magnified
by 10). The PL intensity has been scaled to account for the difference in sample thickness. (b)
Emission enhancement (where the enhancement is equal to the ratio of the Er:SRO 1.54 gm PL
intensity to the PL intensity of the reference Er in SiO 2 samples) versus annealing temperature
(triangles).

Figure 5.19 (b)) shows that an enhancement of up to 200x can be achieved for an annealing

temperature of 600'C as opposed to a 6x enhancement for the higher annealing temperature of

1100oC. We emphasize that the optimized Er:SRO emission intensity observed in the

temperature range 600 - 7000 C is not correlated with the formation of Si nanocrystals in the

SRO matrix, as no evidence of observable cluster formation was found by energy filtered TEM

analysis (Figure 3.10 (b) and (d)). This enhancement of the Er:SRO emission for annealing

temperatures below the temperature for Si nanocrystal formation has been demonstrated by other

authors [41,55,56] and has significant implications for understanding the energy-transfer process.

To determine if the Er ions are still being excited through energy-transfer from the SRO matrix

in the absence of Si nanocrystals we have performed photoluminescence spectroscopy under

resonant and non-resonant conditions using pump wavelengths of 488 nm (resonant with the 4 F71 2

energy level of Er) and 457 nm (not resonant with any Er energy levels but within the SRO

absorption band). In Figure 5.20 we show the results of this experiment for an Er:SRO sample

annealed at 6000 C and a reference Er:SiO2 sample annealed at 6000 C. We have chosen the

annealing temperature of 600oC for our detailed analysis for two reasons: (1) compatibility with
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Figure 5.20 Photoluminescence spectra under resonant (488 nm, dash-dot line) and non-resonant
(457 nm, solid line) pumping conditions for an Er:SRO sample with 38 at% Si and an Er
concentration of 8.2 x 1019 ions/cm 3 and an Er:SiO 2 sample with an Er concentration of 8.7 x 1019
ions/cm 3 magnified by 50. The intensities have been scaled to account for different sample
thicknesses.

CMOS processing limits the thermal budget for processing making the lowest annealing

temperatures the most attractive for integration and (2) the negligible emission of Er:SiO2

samples for annealing temperatures lower than 600'C prevents a direct comparison between the

emission properties.

From Figure 5.20 we see that the Er is efficiently excited in SRO under both resonant and non-

resonant excitation with the slight difference in emission intensity due to the increase of the SRO

absorption coefficient between 457 nm and 488 nm. On the other hand, the Er in SiO 2 is only

excited under resonant conditions with negligible emission measured under non-resonant

conditions. This is direct evidence that the Er excitation is mediated by the SRO matrix for

annealing temperatures as low as 600'C.

The annealing temperatures influences the Er:SRO lineshape as shown in Figure 5.21 (a). The

variation in the width of the Er emission peak is determined by inhomogeneous broadening

which accounts for the variation in the local environment surrounding each Er ion in the SRO

matrix. We have shown that Er:SRO samples annealed at 6000 C have a narrower linewidth
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Figure 5.21 (a) Room temperature photoluminescence versus wavelength for an Er in Si0 2
sample with an Er concentration of 8.7 x 1019 ions/cm3 annealed at 900 TC (dash line), Er in SRO
sample with 38 at% Si and Er concentration of 8.2 x 101'9 ions/cm3 annealed at 900 °C (solid line)
and Er in SRO sample with 38 at% Si and Er concentration of 8.2 x 10'19 ions/cm 3 annealed at 600
TC (dot line). (b) Er emission full width half maximum for Er in SRO samples with an Er
concentration of 8.2x 1019 ions/cm3 (solid circles) and Er in SiO2 samples with an Er concentration
of 8.7 x 10'9 ions/cm 3 (solid squares).
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Figure 5.22 Normalized Er emission intensity at 1535nm from Er:SRO samples annealed for 1
hour at various temperatures with the following Er and Si contents: 33 at% Si and an Er
concentration of 8.2x10 20 ions/cm3 (squares), 35 at% Si and an Er concentration of 6.2x10 20

ions/cm3 (stars), 38 at% Si and an Er concentration of 7.9x 1019 ions/cm 3 (circles), 41 at% Si and
an Er concentration of 7.7x1020 ions/cm 3 (diamonds) and 53 at% Si and an Er concentration of
1.1x1021 ions/cm 3 (triangles).
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indicating a more uniform and more favorable local environment of Er which is comparable to

Er in SiO2 annealed at higher temperatures (Figure 5.21 (b)).

Finally we have performed measurements of the Er emission versus annealing temperature for

SRO samples with variable Si content. The normalized emission intensities from this experiment

are shown in Figure 5.22. We notice that the annealing temperature which maximizes the Er

emission intensity decreases as the Si content of the film increases before becoming fixed at

600'C for Si contents greater than 40 at% Si.

5.4.2. Time Resolved Photoluminescence

In order to quantify the efficiency of the energy-transfer process from SRO to Er we have

performed excitation cross section measurements for annealing temperatures of 600'C and

10 20

Pump Photon Flux
30 40
(cm-2S 1) x 1017

C
0v t-a

I.-

50 0 10 20 30 40

Pump Photon Flux (cm-2s) x 1017

Figure 5.23 (a) Er emission inverse rise time versus pumping photon flux at 488 nm for the
Er:SRO sample annealed at 600'C with 38 at% Si and an Er concentration of 8.2 x 10'9 ions/cm 3.
The solid line is a linear fit yielding an excitation cross section of oexc = 9.05 x 10-1' cm 2. (b) Er
emission inverse rise time versus pumping photon flux at 488 nm for the Er:SRO sample
annealed at 11000 C with 38 at% Si and an Er concentration of 8.2 x 1019 ions/cm3 . The solid line
is a linear fit yielding an excitation cross section of oexc = 5.30 x 10-17 cm 2.
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11000 C for comparison with the results shown in the previous sections.

Our analysis of the inverse rise time versus pump-photon flux data resulted in the measured

excitation cross section of 9.05x10- 7 cm2 and 5.3x10 -17 cm2 for 6000 C and 1100oC annealing

respectively. For both annealing temperatures the Er:SRO excitation cross section is comparable

to that measured for Si nanocrystal emission and -1000x stronger than the excitation cross

section for Er:SiO2. A factor of 2 enhancement of the excitation cross section was observed for

the sample annealed at 6000 C compared to the sample annealed at 1100oC. This slightly

stronger excitation efficiency for the sample annealed at 6000 C triggers a stronger upconversion

for high pump-photon fluxes which limits the linear excitation regime to fluxes <1017 cm-2S-1, as

shown in Fig. 5.23 (a) by the saturation of the PL rise-rate versus photon flux. In the same

pumping regime, a linear response is observed for the sample annealed at 11000 C (Fig. 5.23 (b)).

The analysis of the excitation cross section also yields measurements of the emission lifetime of

Er in these two samples of 4.67 ms and 4.42 ms for annealing temperatures of 600'C and 11 000 C

respectively. The nearly constant Er emission lifetime with annealing temperature has been

confirmed through direct measurements as shown in Figure 5.24.

Our results demonstrate that the Er emission lifetime in the annealing temperature range 600 -

1100 0 C (Fig. 5.24) is almost constant (3 - 4 ms), even though the sensitized Er emission is

maximized for annealing temperatures around 600 - 7000 C, as shown in Fig. 5.19 (a). This

behavior indicates that the maximum PL intensity of Er:SRO samples annealed at 600 - 7000 C

results from a more efficient SRO-mediated energy-transfer rate, as opposed to an improved

emission efficiency of the Er ions.
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Figure 5.24 Room temperature Er photoluminescence lifetime for an Er:SRO sample with 38at%
Si and an Er concentration of 8.2 x 1019 ions/cm 3 annealed at various temperatures for 1 hour.

5.4.3. Non-radiative Recombination through

Upconversion

We have also analyzed the upconversion process in Er-doped SRO where we expect the

enhanced excitation efficiency over Er-doped SiO2 to play a role in the onset of the upconversion.

Figure 5.25 shows a measurement of the steady-state Er emission versus pump-photon flux.

While the emission from the Er:SiO 2 sample is linear within the range of pump-photon fluxes

considered in the experiment the emission from the Er:SRO sample saturates quadratically at

high pump powers consistent with SRO mediated upconversion process. The role of SRO in the

upconversion process is to enhance the excitation efficiency leading to a larger excited-state

population of Er which leads to upconversion in agreement with the measurements shown in

Figure 5.25.
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Figure 5.25 Er emission intensity at 1535nm versus 488nm pump-photon flux from a reference Er
in SiO2 sample with an Er concentration of 8.7 x 1019 ions/cm3 annealed at I 100'C for 1 hour
(open squares) and an Er in SRO sample with 38 at% Si and an Er concentration of 8.2 x 10"'
ions/cm 3 annealed at 600'C for 1 hour (open circles). The dot line is a linear fit of the data for the
reference Er in SiO 2 sample which has been superimposed on the low photon flux data for the Er
in SRO sample for comparison.

5.5. Low Temperature Photoluminescence

Spectroscopy of SRO and Er-doped SRO

In order to clarify the origin of the enhanced energy-transfer mechanism in the Er:SRO

films annealed at low temperatures we have studied the temperature dependence of the PL

emission of SRO and Er:SRO samples annealed at 6000 C and 1100'C deposited under identical

conditions. The results of the study are summarized in Figure 5.26.

Fig. 5.26 (a) shows the PL spectra for an SRO sample annealed at 1100 TC for three different

measurement temperatures (10 K solid line, 125 K dash line, and 295 K dot line). The PL

spectrum obtained at room temperature is identical to those shown in Section 5.3 (a) with a broad

Si nanocrystal emission band located in the near infrared. For the sample annealed at high

temperatures we also observed an additional, broad band near 1.3 gm at cryogenic temperatures
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that we attribute to localized centers in the oxide matrix (144,145,146). This additional band is

absent in the sample annealed at low temperature.

The integrated SRO PL intensity for the sample annealed at I I 00C (Figure 3 (c), without

considering the localized-center related band) increases for temperatures above 10K, peaks at

125K and decreases for temperatures up to room temperature. This particular temperature

dependence is attributed to the singlet/triplet exciton splitting within the Si nanocrystal and the

relative populations of singlet and triplet states versus annealing temperatures which was first

proposed by Calcott [147,148,149] and experimentally verified by Brongersma et al. [150]. For

the SRO sample annealed at 6000C we observe a broad and featureless band for all temperatures

which is lower in magnitude that the emission from the sample at I 100°C despite the fact that the

pump-photon flux is almost 2x large for the 600'C sample. It should be noted that these

featureless and broad spectra are inconsistent with the spectral features typically attributed to Si

nanocrystals, which, along with their weak intensity, is evidence that the emission for samples

annealed at 6000 C is not associated with radiative recombination of Si nanocrystals. The

measured PL temperature dependence also shows a typical defect ionization trend for low

temperature annealed samples (Fig. 3 (c), circles). This observed temperature dependence

suggests, that the weak and broad emission of the low temperature annealed SRO samples

originates from localized centers in the SRO matrix. In Fig. 5.26 (d) we show the Er:SRO

emission at 1535 nm for samples annealed at I100'C (squares) and at 6000C (circles). The

temperature trends of the PL data follow exactly the behavior shown in Fig. 5.26 (c) for SRO

samples without Er which is additional confirmation that Er is sensitized through the SRO matrix.

The different temperature dependence of the SRO emission demonstrates that the different

energy-transfer efficiencies measured through the excitation cross section and enhancement of

the Er emission intensity for samples at low annealing temperatures result from two different

emission sensitizers depending on the presence or absence of Si nanocrystals. For samples

annealed at high temperatures, despite the presence of the band at 1.3 ýtm, the temperature

dependence of the Er emission follows the Si nanocrystal emission temperature dependence

suggesting that the energy-transfer is related to dipole coupling from Si nanocrystals to Er ions.

The energy-transfer process for low temperature annealed samples is more efficient and also

differs from the Si nanocrystal transfer process since its efficiency is not proportional to the
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Figure 5.26 (a) PL emission for the high temperature annealed (1100 'C) sample at 10 K (solid
line), 125 K (dash line) and 295 K (dot line) pumping with 488 nm light at a pump power of 58
mW. (b) PL emission for the low temperature annealed (600 °C) sample at 10 K (solid line), 125
K (dash line) and 295 K (dot line) pumping with 488 nm light at a pump power of 98 mW. (c)
Integrated PL intensity for a SRO sample with 38 at% Si annealed at 1100 °C (solid squares) and
an SRO sample with 38 at% Si annealed at 600 *C (solid circles) versus temperature. The PL for
the sample annealed at 1100 TC was integrated from 652 - 1000 nm while the PL for the sample
annealed at 600 °C was integrated from 652 - 1600 nm. (d) Integrated PL intensity for an Er in
SRO sample with 38 at% Si and an Er concentration of 1.08 x 1020 cm-3 annealed at 1100 0C
(solid squares) and an Er in SRO sample with 38 at% Si and an Er concentration of 1.08 x 1020
cm-3 annealed at 600 TC (solid circles) versus temperature. The PL for both samples was
integrated from 1400 - 1600 nm.
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radiative efficiency of the donor (SRO). Although the exact nature of this energy-transfer process

is unknown we suggest that localized centers in the SRO matrix can act as efficient sensitizers

for the emission of Er:SRO samples annealed at 6000 C. Further studies will need to be

performed to determine the detailed nature of the sensitization process and develop a

microscopic structural model of the sensitizing center.
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5.6. Gamma Irradiation Effects on SRO and Er Light

Emission

We have also studied the response of Er-doped SiO 2 and Er-doped SRO after gamma

irradiation to determine the applicability of Er-doped SRO based devices for applications that

require radiation hardness. It has been demonstrated that the effects of gamma irradiation are

comparable to the effects of energetic protons found in outer space [ 151]. The typical

degradation of the performance of erbium-doped fiber amplifiers has been attributed to the

generation of defects which absorb in the range of the 980 nm pump signal. The effect of

irradiation with ionizing species on the optical properties of vitreous silica has been studied

extensively [152,153]. It has been shown that the effect of gamma radiation is closely tied to the

type and density of defect precursors that exist in the silica matrix prior to irradiation [152]. ESR

measurements performed on SRO samples have revealed the presence of several paramagnetic

defects within the SRO matrix [144] which could lead to enhanced radiation induced effects

influencing the energy-transfer process to Er ions. We have performed a study of the effect of

gamma radiation on the emission of Er from SiO 2 and SRO annealed at various temperatures.

Gamma irradiation was performed in a Co 60 cell at doses of 0.5, 1, 5 and 10 Mrads. A control for

each group of samples was not exposed to gamma radiation. Figure 5.27 shows the integrated Er

emission intensity for samples considered in this study.

We notice for all the samples the Er emission intensity decreases with increasing dose saturating

for doses greater than 5 Mrads. We fit the experimental data with an exponentially decaying

function in the dose in order to obtain an estimate of the decay rate for each sample. The fitting

results demonstrate that the Er:SiO2 sample annealed at 10000 C and the Er:SRO unannealed

sample have the highest decay rate. It is interesting to note that the Er:SRO sample annealed at

6000 C has an approximately 10 times lower decay rate than all other samples. Although further

studies will be needed to confirm the repeatability of the gamma radiation induced reduction of

the Er emission intensity and identify the origin of the degradation in Er emission this result

suggests a route to achieving more radiation hard Er-doped light sources based on low

temperature annealed Er-doped SRO.
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Figure 5.27 Integrated Er emission intensity for the following gamma irradiated samples (a) Er-
doped SiO 2 with lx1020 Er atoms/cm3 annealed at 10000 C for 1 hour, (b) Er-doped SRO with
38at% Si and lx10 20 Er atoms/cm 3, unannealed, (c) Er-doped SRO with 38at% Si and Ix10 20 Er
atoms/cm3 annealed at 600'C for 1 hour and (d) Er-doped SRO with 38at% Si and l xl020 Er
atoms/cm3 annealed at 1100 0C for 1 hour. The intensity for each sample was integrated between
1400 nm and 1700 nm.
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Chapter 6 Slab Waveguide Devices

In Chapter 5 we provided a detailed study of the light emitting properties of undoped

SRO and Er-doped SRO to highlight the similarities and differences between Er emission in SiO2

and SRO. As we discussed in the motivation for this thesis the goal of the study of light emission

in this system is the realization of a Si based light source or amplifier that can be integrated with

Si microelectronics. In order to reduce to practice the concepts presented in Chapter 5 to

fabricate a working device we need to evaluate the material in terms of device parameters of gain

and loss and determine if net gain (gain greater than loss) is possible. The simplest structure for

optical confinement and edge emitting devices is a planar optical waveguide which consists of a

high-index waveguide layer on a low-index undercladding layer. Light is confined in one

dimension within the waveguide layer through total internal reflection from the air/waveguide

and undercladding/waveguide interfaces. In this chapter we will analyze the performance of Er-

doped SRO slab waveguides.

6.1. Optical Modes in Asymmetric Slab Waveguides

Asymmetric slab waveguides are formed by surrounding a thin film core layer with

layers of different index of refraction on top and bottom such that ncore>novercladding, nundercladding.

Light is confined in one dimension through total internal reflection from the overcladding/core

and core/undercladding interfaces. The slab waveguide samples we will consider in this chapter

are SRO, Er-doped SRO and Er,Ge-doped Si0 2 deposited on a 10pm thick stoichiometric SiO 2

layer on Si with air as the top cladding (Figure 6.1).

We can analytically solve the wave equation for this device geometry to obtain the effective

index of the guided mode, E-field profile and the power confinement factor which are all

important parameters for the analysis of amplification and propagation losses in our devices.

Similar derivations can be found in Haus [154], Chuang [155], Okamoto [156] and Hunsperger

[157].
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Figure 6.1 Schematic of an asymmetric slab waveguide.

The wave equation is

(V2 + OW2'E)E = 0 (6.1)

If we apply the electric field in the x direction, TE case, and define z as the propagation direction

with an electric field in the propagation direction of the form eik-" the form of the solution for the

electric field in the y direction (confinement direction) is given by the following expressions

E,= B Acos•ky+)

y>O
-d_ y<_O

y :_-d

(6.2)

First we write the coefficients B, and B, in terms of A by forcing the electric field solution to be

continuous at y = 0 and y = -d. This modifies equations 6.2 to the form
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EY = e vE e"I

cos#)ky +e-

!Cosky + 0)

yO
-d< y <O
y & -d

(6.3)

Next we define the magnetic field from the electric field through Faraday's Law

id
H x =- Eau dy

which gives the solution for the magnetic field of the form

-aA cos(#)el '

Hz = -,z-k,Asin(k,y + 0)
A Acos(- k,d + #.,d)

y>O
-d_ y<_O

(6.4)

(6.5)

By forcing the Hx/Ey ratio to be continuous (both electric field and its derivative are continuous)

at the y = 0 boundary we obtain the condition

(6.6)

Similarly for the y = -d boundary we obtain

(6.7)

Combining 6.6 and 6.7 to eliminate # we obtain an expression for the guidance condition

(6.8)kd= mr'+ tan-i + tan-' a,
( ky ) (ky)
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From the wave equation, 6.1, we obtain the expressions for ky, a, and as in terms of the

waveguide parameters and the effective index of the guided mode

a• = -2 _ Wi2 cEc

k = 2 dE -C.
2 = 2 _ 2Ea~, -0 us -V'u

(6.9)

2z
where P3 is the propagation constant with 8 = knef. and k = . We can substitute equations 6.9

into 6.8 with / = u, = ,s to obtain

2 f mz tan -kn ýnn , + tan - 4
92 2 1 2 2. //;]ne-

(6.10)

Rearranging equation 6. 10 using the identity

tan(x+ y)= tan x tan y1- tan x tan y
(6.11)

we obtain an alternative expression of the guidance condition

tan(kd n - n - m)=

n2 2 27ý2

nf -n nf fnn n n,n n-ne f
f C (6.12)

Typically the guidance condition for arbitrary slab waveguides is expressed in terms of a

normalized frequency, V, normalized propagation parameter, b, and asymmetry parameter, a.

They are
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V=kd n(·77n
2 2

ng - n,
b =ff

n2 -2

2 2

Substituting equation 6.13 into equation 6.12 we get

b+a b
(V+ +tan(Vi-bmzr)= 1 -b 1-b

i b(b+a)
1-b

(6.13)

(6.14)

Similarly we can define the guiding condition for TM polarized light by starting from the

solution for Hy which is similar in form to equation 6.5

Aco )e1 '

H, = e Acok4,y+#)

A co4- kd+ y)(7 +d)

y 0
-d< yO0

y<-d
(6.15)

Next we define the electric field from the magnetic field through Ampere's Law

I d
Ex =- H,

apue dx

which gives the solution for the electric field in the form of

(6.16)
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E,• = 
e a

-, - A cos( ,)e"4 s

YAsin(k,y+ )

Acof - kd+ )e

ES

y>O
-d<y<O

y<-d

(6.17)

By requiring that Ex/Hy is continuous at y = 0 and y = -d we obtain the guiding condition for the

TM mode

kd = mz+ tan (6.18)

which in terms of the normalized frequency, normalized propagation parameter and asymmetry

parameter is

tan(V v -m)=

n' b+a flj b
n )I-b n')I-bC S}

(6.19)
I-n n b(b + a)

nCn 1-b
n n) 1-

Equations 6.14 and 6.19 can be solved numerically to determine the effective index, neff, of the

guided mode. Once the effective index is known the power distribution in the waveguide

structure is given by

SJE,2dy TE

P = (EH -EJx; 2-co _ E

- 2 jffHdy TM2wco, _n

polarization

polarization

The power confinement factor, F, in the core can be calculated through the expression
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P
e= Pcore (6.21)

overcladding Pcore + Pundercladding

which for TE polarizations is

0 2

[cos(ky + )] dy

r = -d (6.22)
-d

[cos(#)eacY dy + [cos(ky y + 0)] dy + J[cos(- kyd + pase (y+d) dy
0 -d -0

and TM polarizations is

l1cos(k, y +0 dy

-= -d[ + (6.23)
c ecos(o)esaky dy + cos(k y + dy+ cos(- kd + )e, (y+d) dy

Figure 6.2 shows the electric field profile for an Er-doped SRO slab waveguide structure

considered in the measurement of optical gain discussed in the next section.
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Figure 6.2 Refractive index and E-field profile for an Er-doped SRO slab waveguide with an
index of refraction of 1.5465 and thickness of 1.3ýpm. The power confinement factor was
calculated to be 0.8474.

The effective index, electric field profile, and power confinement factor were determined using a

Matlab program presented in Appendix A.

6.2. Optical Amplification - The Variable Stripe

Length Technique

6.2.1. Description of the Technique and Apparatus

A schematic of the variable stripe length [158] setup assembled for this experiment is

shown in Figure 6.3.
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Figure 6.3 Side view schematic of the variable stripe length optical gain measurement setup.

Despite the apparent simplicity of the system there are several potential pitfalls leading to false

observation of gain which have been documented in the literature [159,160]. We have assembled

the current system with these issues in mind. The sample is pumped with an Ar-ion laser at 488

nm from overhead in a thin stripe by using a cylindrical lens. The length of the stripe is varied

using a razor blade mounted on a moveable stage and the emitted light is collected from the

sample edge using a 40x microscope objective. The light is collimated and focused onto an

InGaAs detector using identical lenses taking care to match the focal positions of the lenses such

that a 1-to-i image of the sample edge is observed at the detector and the collected intensity is

not effected by confocal effects in the collection system. Care was taken to locate the sample

edge at the focal plane of the microscope objective such that the edge emitted signal was

collected. The razor blade was lowered very close to the sample surface in order to minimize

diffraction effects of the pump beam on the sample surface. Two filters were placed in front of

the detector to remove the scattered pump signal and SRO light emission signal from the

collected beam to ensure that only the Er emission is considered in the measurement. We

measured the pump beam profile in the longitudinal direction by scanning the sample edge

through the beam and taking the derivative of the transmitted signal (integrated intensity)

collected with an optical power meter. Figure 6.4 shows the pump beam profile.
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Figure 6.4 Pump beam profile measured in the longitudinal direction at the beginning of the gain
measurement (squares) and at the end of the gain measurement (circles). The solid lines are
Gaussian fits of the data with a center position and width of 0.3300 cm and 1.838mm measured
for the beam at the beginning of the measurement and a center position and width of 0.3316 cm
and 1.896 mm measured for the beam at the end of the measurement. The dash line indicates the
position of the sample edge relative to the beam profile during the gain measurements.

The beam profile was Gaussian with a beam width of -1.85mm. The sample edge was placed at

half the beam width as indicated in Figure 6.4.

During the VSL measurement spontaneous emitted light at the end of the excitation stripe is

amplified proportional to the product of the modal gain of the slab waveguide and the excitation

stripe length leading to a buildup of the emitting intensity as the excitation stripe length is

increased. This buildup of intensity with increasing excitation stripe length can be analyzed using

a one-dimensional amplifier model [161]. In the one-dimensional amplifier model the emitted

intensity is given by the differential equation

dl_ ANh i2
= gi + (6.24)

dz 4)r

where g is the gain coefficient, Asp is the spontaneous emission rate, N is the excited-state

population of the emitter, hv is the energy of the emitted photon and Q is the emission solid
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angle subtended by the exit amplifier face. The solution to equation 6.24 is an exponentially

increasing function

I(z)= (e -1) (6.25)
gmod

A, Nh $,
where J = is a factor which does not depend on z and where we have generalized the

4)r

gain coefficient to be the modal gain, gmod

gmod = g - a (6.26)

The expression for the modal gain takes into account the waveguide properties through the

confinement factor F and the pump independent propagation loss a. We note that in the case that

a is greater than Fg the net gain would be negative. However, under these conditions, the signal

enhancement observed for increasing pump-power densities can still be analyzed to reveal

several relevant parameters related to the gain such as the emission cross section as will be

discussed in the following sections.

6.2.2. Measurement of Er:SRO Samples Annealed at

6000C

We have performed measurements on Er:SRO samples annealed at 6000 C to determine

the magnitude of the signal enhancement. Figure 6.5 shows the results of emitted intensity versus

stripe length for three different pump powers.
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Figure 6.5 Measured intensity versus excitation stripe length for an Er-doped SRO sample with
36.5at% Si and 1.2x1020 Er ions/cm 3 annealed at 6000 C for 1 hour (circles) collected at pump-
power densities of (a) 26.5 W/cm 2, (b) 133 W/cm 2 and (c) 2654 W/cm 2. The solid lines are fits to
the data using the one-dimensional amplifier model equation 7.25 yielding modal gain values of
(a) -11.6 cm-1 (b) -8.74 cm-1 and (c) -5.3 cm-.

We observe that the VSL data, obtained over a range of pump-power densities, are well fit using

the one-dimensional amplifier approach within-an 800 pm length which is within the half-width

of the longitudinal pump beam profile. We have intentionally excluded the first 60 nm of the

VSL data since this region is the most susceptible to pump diffraction effects. The modal gain

obtained by fitting the VSL data with the one-dimensional amplifier model (as in Figure 6.5) at

various pump-power densities is plotted in Figure 6.6.

We see from Figure 6.6 that the modal gain values are negative for all pump-power densities

indicating that net gain is not achieved due to the high losses within this slab waveguide sample.
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Figure 6.6 Modal gain versus pump-power density determined from fits of emission intensity
versus excitation stripe length data for various pump-power densities for an Er-doped SRO
sample with 36.5 at% Si and 1.2x1020 Er ions/cm 3 annealed at 600'C for 1 hour. The horizontal
dotted lines are guides to the eyes to indicate the saturation regions at low and high pump-power
densities as well as the transparency threshold at -8.68 cm-n which separates the absorption
bleaching and stimulated emission regimes.

However, the signal enhancement that is observed with increasing pump-power densities shows

a saturation at -11.6 cm-1 for low pump-power densities and -5.76 cm-1 for high pump-power

densities which is evidence that population inversion and stimulated emission has been achieved.

The total gain is half the difference in modal gain at high and low pump-power densities and is

equal to 2.92 cm -1. For an Er concentration of 1.2x10 20 cm -3 and a confinement factor of 0.9 we

calculate an emission cross section for the Er of 2.7 ± 1 x 10-20 cm 2 since 0 i . We note
FNtot

that this value of the emission cross section is -4x stronger than Er in several glass hosts [100]

but significantly smaller than values reported in the literature [57,59,60]. We will discuss this

enhanced cross section in reference to direct measurements of the absorption cross section of the

same sample presented in Section 6.4
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6.3. Rate Equation Modeling of the Er - SRO System

Rate equation models are frequently used in the design and analysis of semiconductor

lasers to determine how carrier and photon concentrations respond due to perturbations effecting

the gain and loss of the system. The advantage of the rate equation treatment is its simplicity; it

provides an effective mathematical description that allows the user to extract numerical

parameters that are useful to describe the response of complex optical systems in simple

numerical terms. Instead of using complex microscopic physical models, transitions between

energy levels are related through phenomenological coefficients. In the spirit of the simplicity of

the rate equation treatment Dal Negro proposed modeling the SRO sensitizer - Er interaction as

coupled two level systems as shown in Figure 6.7 [162].

The model, shown schematically in Figure 6.7, is a simplification of the model developed by

Pacifici et al. [94] and later applied by Lee et al. [163] which considers the second excited-state

of the SRO sensitizer as well as the third through fifth excited-states for the Er ion. Due to the

relatively short lifetime of these states and energy levels their effect on the light emission

kinetics of the system is small. We notice several parameters in the model that have been

measured directly through experiments. These include Gab the excitation cross section of the SRO

sensitizer, Tba the emission lifetime of the SRO sensitizer, CA the inter-site upconversion

coefficient for the SRO sensitizer, Y the Er excitation cross section and r the Er emission lifetime.

SRO Sensitizer Er
CUP

L 4314 2(a, T 4 I L
.

Figure 6.7 Schematic of a coupled two level system for the SRO sensitizer - Er interaction with
phenomenological parameters describing the transitions between levels as described in the text.
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We also define three new parameters y, the coupling coefficient between the SRO sensitizer and

Er, ntot the total concentration of SRO sensitizers and aemis the emission cross section of the

material. The possible values of these last three unknowns and the upconversion coefficient for

Er, Cup, are constrained through the requirement of fitting experimental results obtained through

different experimental techniques performed on the same samples using a single set of values.

The rate equations which determine the excited and ground-state populations of the SRO

sensitizer and Er ion as a function of time are given by:

n cab p a b y nbN 1 - 2CAnb (6.27)
-t = n rba

aN2  N 2  9
2= 'ppN - + YcnbN1 - 2CupN2 (6.28)

at b

In the following figures we will demonstrate that each of these parameters has a unique

contribution to the VSL data which can be addressed independently of the others in a self-

consistent manner.

For the gain, from the simulations we note that the sensitizer density has the strongest influence

on the threshold of the amplifier, the emission cross section is directly linked to the total gain

(for a fixed Er concentration) and the coupling coefficient between the sensitizer and Er

influences the shape of the curve at threshold. For the Er excited-state population (proportional

to the emitted intensity) variation of these parameters only induces a small perturbation with the

shape of the curve strongly dependent on the upconversion coefficient in agreement with the

analysis of the steady-state intensity in Section 5.4.3. We also note that the value of the

upconversion coefficient will influence the threshold for gain.

We have repeated the measurements of the Er excitation cross section (1.6x10-17 cm2), lifetime

(4.2 ms) and steady-state emission for the gain sample in order to accurately model the dynamics

of the system. Keeping our observations of the influence of the fitting parameters in mind we
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Figure 6.8 Simulations of (a) gain and (b) Er excited-state population using the rate equations in
equation 6.27 and 6.28 to demonstrate the effect of changing sensitizer density, no,, The other
simulation parameters were held constant at values of Nto, = 1.I x 1020 cm 3 , Yac=150x10- 5 cm 3s', (a
= 1x10 -19 cm 2, T = 3x10 3 s, Gab=9x10-17 cm 2, Tba=1x10 6 S, CA=lxl0-13 cm3s-1, Cup=2.5x10 "17 cm 3s-

and aemTni=3x10 2 0 cm 2.
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Figure 6.9 Simulations of (a) gain and (b) Er excited-state population using the rate equations in
equation 6.27 and 6.28 to demonstrate the effect of changing the coupling coefficient between the
sensitizer and Er, Yac. The other simulation parameters were held constant at values of N.ot =
1.1x10 20 cm-3, ntot = 3x1018 cm 3 , a = lx10-I cm 2, 1= 3x10 3 s, Gab=9x10 "17 cm 2, 1ba=1xl006 S,
CA=1x10-13 cm3 -1, Cup=2.5x10-17 cm3S- and emi,=3x10-20 cm2.
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Figure 6.10 Simulations of gain using the rate equations in equation 6.27 and 6.28 to demonstrate
the effect of changing the emission cross section of Er. The other simulation parameters were
held constant at values of Ntot= 1.1x1020 cm-3, ntot = 3x10'8 cm 3, yac = 3x10 5 cm3S-1, a = 1x10-19
cm 2, = 3x10 -3 S, Gab=9x10 -17 cm 2, tba=lx10-6 s, CA=1x10 -13 cm3S-1 and Cup=2.5x10 - 17 cm3s-1.
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Figure 6.11 (a) Measured optical gain versus pump-power density for the Er-doped SRO gain
sample with 36.5 at% Si and 1.2x1020 Er ions/cm 3 annealed at 6000 C for 1 hour (open circles). (b)
Measured steady-state Er emission at 1535nm for the same gain sample (open circles). The solid
lines is a linear fit using the rate equation model for the Er - SRO interaction with the following
parameters ntot = 6x10'8 sensitizers/cm 3, yc = 150x10-15 cm 3S-1, a = lxl0-19 cm 2, = 4.2 ms, Gab =

1.6x10 "17 cm2, r = 1 Ps, CAl = lxl0-13 cm 3s-', Cup = 3x10 -18 cm3S-1, aemis = 3.5x10 -20 cm 2 and a =
9.2 cm - .
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performed simulations of the VSL results obtained in section 6.2.2. to determine the parameters

of yc, oemis and ntot. The comparison is shown in Figure 6.11.

The best agreement is for the parameters of 7c = 150 x 10-15 cm3S-l , ntot = 6x 1018 cm-3 and oemis =

3.5x10-20 cm 2. The upconversion coefficient of 3x10 -18 is comparable to values measured for Er-

doped glasses [143]. We notice that the density of sensitizers is 100x greater than what was

observed for Si nanocrystal samples annealed at high temperatures. Additionally the coupling

coefficient is 50x larger than what has been published in the literature for samples annealed at

high temperatures [94]. This conclusion is consistent with the temperature-resolved

photoluminescence study discussed in Section 5.5 which revealed two emission sensitizers for

samples annealed at low and high temperatures. Our simultaneous measurement of the enhanced

coupling coefficient confirms the fact that the emission sensitizer present in the low temperature

annealed samples has a higher transfer efficiency compared to Si nanocrystals. Finally we note

that the gain data could only be fit assuming negligible carrier induced losses. This is consistent

with the fact that our sample with 36.5 at% Si is below the threshold Si content for carrier

induced losses.

6.4. Transmission Loss through Prism Coupling

Measurements

6.4.1. Description of the Technique and Apparatus

Figure 6.12 shows a schematic of the setup used to measure propagation losses in our

slab waveguide samples. The sample is placed on a stage mounted to a goniometer which can be

rotated with respect to the input laser beam to excite the guided mode in the film. Prisms are held

against the sample surface using Teflon tipped screws. A two-axis stage is used to scan the input

prism and sample across the laser beam to optimize the coupling into the guided mode. An

output prism is used to couple the light out of the sample after it has propagated a length L. The
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light output from the sample is collected with a collimating lens and focused onto a wide area

InGaAs detector. An IR camera was used to monitor the position of the laser spot on the detector

face to ensure that all of the light coupled out of the film was collected. Propagation losses were

determined from an exponential fit of the power output from the sample versus prism separation

L. To minimize input coupling variations the input prism was never removed from the sample

until measurements were performed for all wavelengths. Since the optimum angle for coupling

changes with wavelength the goniometer rotation, sample x and y position, collimating lens

position and focusing lens position all needed to be adjusted for each change in wavelength and

prism spacing. The possible sources for error in this measurement are output prism coupling

variations and a misalignment of sample and collecting optics. To quantify this error we have

performed several measurements on the same sample at the same wavelength over the course of

several days. Our analysis allows us to estimate an error of 0.04 dB/cm.

Laser

0 = 45
(fixed'

Sample I
Si

X -

Allimating Lens x-_ g
Focusing LensIlb _

w 
a g InGaAs

Metallic 
ND Filter 

D

(to check laser spot on d
IR Camera

etector face)

Figure 6.12 Schematic of the prism coupling loss setup for measuring propagation losses in slab
waveguides.
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6.4.2. Measurement of Er:SRO and Er,Ge SiO 2

Absorption Spectra

To obtain a comparison of the losses in Er-doped SRO and more traditional Er-doped

glasses we performed loss measurements for the same SRO sample considered in the gain

measurements (Section 6.3) and fabricated an Er,Ge-doped SiO2 sample with identical

confinement factor so all results could be compared directly between the two samples without

the need to perform any corrections for sample differences. For the Er,Ge-doped SiO2 sample the

Ge was introduced to increase the index of refraction of the core layer so optical confinement

could be achieved. The detailed sample characteristics are listed in Table 6.1.

For this study we have examined the losses for Er,Ge-doped SiO2 annealed at 600'C and 1000oC

and for Er-doped SRO annealed at 6000 C, 800'C and 1000oC. Experimental data of output

power versus prism spacing along with the exponential fit of the data for several different

wavelengths is shown in Figure 6.13 for Er,Ge-doped SiO2 samples and Figure 6.14 for Er-

doped SRO samples.

We see for all data sets a nearly perfect exponential decay with increasing prism spacing. The

data recorded for the Er,Ge-doped SiO2 samples at 1620nm (away from the Er absorption

contribution) show a minimal loss of 0.1 dB/cm which is roughly the resolution limit of this

technique. The loss spectra for the samples are shown in Figure 6.15.

Table 6.1 Sample characteristics for the Er,Ge-doped SiO2 and Er-doped SRO slab waveguides
considered in this study.

0 i 1.4705 3.00 l.lxl0U 0.88
S 1.5465 1.30 1.1 x10 -2 - 0.85
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Figure 6.13 Experimental data of transmitted intensity versus prism spacing for Er,Ge-doped SiO 2
samples (a) annealed at 600'C at 1470nm (diamonds) a = -0.193 cm-', 1534nm (circles) a = -
0.794 cm-', 1550nm (squares) a = -0.371 cm' and 1620nm (triangles) a = -0.043 cm-' and (b)
10000 C at 1525nm (diamonds) a = -0.503 cm-n, 1532nm (circles) a = -0.720 cml', 1550nm
(squares) a = -0.401 cm- and 1620nm (triangles) a = -0.056 cm'. The solid lines are linear fits of
the experimental data yielding the loss coefficients stated above.

From Figure 6.15 we see the characteristic Er absorption profile with a peak which varies

between samples within the range of 1530 - 1540 nm. This variation in peak absorption

wavelength is due to the effect of the embedding matrix on the Er ions and is consistent with

observations for Er in different glass hosts. For the Er,Ge-doped sample the background loss due

to the matrix is very low (given by the loss at 1620 nm -0.1 dB/cm) and is not strongly

dependent on the annealing temperature. For Er-doped SRO the background loss is much higher,

-3 dB/cm, and is strongly dependent on the annealing temperature due to the influence of

structural modifications in the SRO matrix on the loss for samples annealed at high temperatures.

For the sample annealed at 1000oC the background loss becomes so significant that it completely

masks the Er absorption peak. We also note that the matrix loss of 0.8 cm -' measured at 1620 nm

for the sample annealed at 6000 C is a factor of 10 smaller than the loss derived from the VSL

gain measurement analysis. We attribute this difference in matrix losses to differences in the

output coupling losses for the two measurement techniques suggesting that, for the VSL
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Figure 6.14 Experimental data of transmitted intensity versus prism spacing for Er,Ge-doped SiO2

samples (a) annealed at 600'C at 1470nm (diamonds) a = -0.124 cm -1, 1535nm (circles) a = -
1.686 cm - , 1550nm (squares) a = -1.250 cm -1 and 1620nm (triangles) a = -0.840 cm -1 (b) 8000C
at 1525nm (diamonds) a = -2.066 cm', 1534nm (circles) a = -2.399 cm -', 1550nm (squares) a = -
1.948 cm'- and 1620nm (triangles) a = -1.477 cm-' and (c) 10000 C at 1525nm (diamonds) a = -
2.830 cm -', 1536nm (circles) a = -2.757 cm- ', 1540nm (squares) a = -2.719 cm -' and 1620nm
(triangles) a = -2.288 cm -1. The solid lines are linear fits of the experimental data yielding the loss
coefficients stated above.

measurement, scattering losses at the end facet of the sample are the dominant contribution to the

loss.

In the next two sections we will separate the two sources of loss, Er absorption and the SRO

matrix, and discuss their implications for device performance.
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Figure 6.15 Transmission loss spectra for (a) Er-doped SRO and (b) Er,Ge-doped SiO2.

6.4.3. Measurement of the Er Absorption Cross

Section for Er:SRO and Er,Ge:SiO2

By eliminating the background losses from the transmission loss spectrum of the Er:SRO

and Er,Ge:SiO 2 samples we can obtain a measurement of the absorption cross section of Er in

both matrixes. We expect that the dominant background loss mechanism is scattering due to Si

nanoclusters within the SRO matrix with a linear wavelength dependence on a log-log plot [101].

We also know that the Er related absorption goes to zero at 1470nm and 1630nm. We removed

the background by subtracting a straight line between 1470nm and 1630nm from the data when

plotted on a log-log plot. Figure 6.16 (a) shows this background subtraction.

Figure 6.16 (b) shows the resulting Er absorption spectrum after background subtraction. By

dividing the peak absorption by the Er concentration we obtain an Er absorption cross section for

both samples of 7.1x10 -2 1 cm2 which is consistent with the values measured for Er in several
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Figure 6.16 (a) Log-log plot of the extinction coefficient for Er,Ge-doped SiO 2 annealed at 6000C
for 1 hour (solid squares) and Er-doped SRO annealed at 6000 C for 1 hour (solid circles). The
dotted lines represent the linear subtraction that was performed to remove the background losses.
(b) Plot of the Er absorption spectrum obtained after the background subtraction in panel (a) for
an Er,Ge-doped SiO2 sample annealed at 6000 C for 1 hour (solid squares) and an Er-doped SRO
sample annealed at 600'C for I hour (solid circles).

glass hosts [100]. This confirms the measurements of an unchanged absorption cross section

conducted by Mertens et al. [99] and Daldosso et al. [58]. The fact that two different values for

the emission and absorption cross sections of the same sample have been obtained is unexpected

since the transition cross sections at a single frequency should be identical for non-degenerate

states. The difference in the measured values could be due to the role of the surrounding matrix

for the two different experimental conditions. For the absorption measurement the SRO matrix is

inactive with the Er absorption occurring directly. For the emission experiment the SRO matrix

plays an active role by absorbing and transferring energy to the Er ions. As a result we suggest

that the local electronic environment of the Er is influenced by the presence of excited sensitizers.

It is also possible that the electronic structure of the Er ions could be distorted during the energy-

transfer process. Further experiments are necessary to determine the role of these mechanisms

and local field corrections [164] in the gain enhancement.
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6.4.4. SRO Matrix Transmission Loss

Scattering from Si Nanoclusters

We have applied Mie Theory to calculate the propagation loss coefficient from Si

nanoclusters imbedded in SiO 2. In this theory each nanocluster independently scatters the

incoming field. The size and density of the nanoclusters is low enough that within the matrix the

field scattered by neighboring nanoclusters is small with respect to the external field. The total

scattered field can be calculated by adding the individual contribution of each nanocluster.

Calculation of the transmission loss requires determining the scattering cross section of each

nanocluster from the scattering coefficients and multiplying this scattering cross section by the

density of nanoclusters in the matrix. Details of the derivation of the scattering coefficients for a

sphere can be found in Bohren and Huffman [101]. Briefly, to determine the scattering efficiency

of a sphere of index n, embedded in a matrix of index n you start by expanding the input plane

wave in vector spherical harmonics and solving the wave equation in spherical polar coordinates

subject to the appropriate boundary conditions. The linearly independent solutions to the wave

equation in spherical polar coordinates are spherical Bessel functions. The scattering coefficients,

an and bn , which represent the amplitude of the field outside of the sphere, are given by

a, = (6.29)
m Vi (mx)ý(Jx)- i (x)l (mx)

bi= (6.30)
Vi (mx):'(x)- m ýi (x)V(mx)

where Vi and ýi are Riccati-Bessel functions, m is the relative refractive index m = nI/n and x is a

size parameter x = ka where a is the size of the sphere. The scattering cross section which is the

ratio of the rate at which energy is scattering at the sphere surface to the incident power is given

by
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Cscaering = (2n +l)a, 2 +lbn2) (6.31)
ki=

The attenuation coefficient due to scattering is given by

qscattering = no,, Csca,,,ering (6.32)

where ntot is the total density of nanoclusters. In Appendix C we present a Matlab program we

used to calculate the scattering cross sections and the attenuation coefficient. In the calculation

we assume that the spheres are pure Si and the matrix is stoichiometric SiO2. To calculate the

scattering loss versus wavelength we calculated the wavelength dependent refractive index for

silica using the Sellmeier equation

n so, -1= (6.33)

with the coefficients Ai and li from Ref. 165. For silicon we calculated the wavelength dependent

refractive index using the equation from Ref. [166]

nsi = A + BL + CL2 + D22 + E 4  (6.34)

with the coefficients A, B, C, D, E and L from the same reference. Figure 6.17 shows the results

of the calculation compared to the transmission loss spectrum of the Er-doped SRO sample

annealed at 10000 C which showed the presence of Si nanocrystals with 1.5 nm radius under

TEM.

We see from Figure 6.17 that the Mie scattering theory accurately predicts the wavelength

dependence of the transmission loss but the magnitude of the scattering loss is > 10,000 smaller

than what was measured experimentally.
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Figure 6.17 Transmission loss spectrum for an Er-doped SRO sample with 36.5 at% Si and an Er
concentration of 1.22x 1020 cm-3 annealed at 10000C (open squares). The solid line is a calculation
of the attenuation coefficient assuming 1.2 x l017 nanocrystals/cm 3 with a 1.5 nm radius.

Scattering from the Columnar SRO Medium

The columnar SRO matrix is another potential source of scattering losses which can be

calculated through Mie Theory. In this case the column is idealized as a cylinder which is

embedded in a uniform matrix. The scattering coefficient ai is derived through a approach that is

similar to that of spheres embedded in a medium except that in the case of cylinders the solutions

to the wave equation in spherical polar coordinates are Bessel's function of the first and second

kind. The scattering coefficient for an input field polarized normal to the cylinder axis (TE

polarization) is

mJn (x)J, (mx)- J, (x)J, (mx)
ai = , (6.35)

mJ, (mx)Hi' ) (x)- Ji (mx)H i 1 (x)

The scattering coefficient is given by
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Cscaerin g. 4at [a12+2 z a, 2 (6.36)

where t is the film thickness. In Appendix D we present a Matlab program we used to calculate

the scattering cross sections and the attenuation coefficient. To calculate the scattering loss due to

the columnar film morphology we performed a Cauchy fit of the index of refraction versus

wavelength measured by prism coupling for the Er-doped Si-rich SiO 2 slab waveguide sample

annealed at 600'C. The index of refraction for the TE and TM polarizations was given by the

formula

n = A0 + A, -2 + A2
4  (6.37)

For the TE polarization the coefficients were A0 = 1.5441, A1 = 1.2860x104 and A2 = - 6.8099x108.

For the TM polarization the coefficients were A0 = 1.5499, A, = 9.4680x10 3 and A2 = 2.8412x108 .

The refractive index of the column and boundary region were calculated by solving the system of

equations 4.11 and 4.12 with fcolumn = 0.83 and fboundary = - fcolumn. Figure 6.18 shows the results

of the calculation compared to the transmission loss spectrum of the Er-doped SRO sample
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Figure 6.18 Transmission loss spectrum for an Er-doped SRO sample with 36.5 at% Si and an Er
concentration of 1.22x 1020 cm-3 annealed at 600'C (open squares). The solid line is a calculation
of the attenuation coefficient assuming columns of 170 nm radius and a volume fraction of 0.83.
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annealed at 6000 C.

Unlike the result of the calculation for scattering from spheres, the Mie scattering theory for

cylinders does not accurately predict the wavelength dependence of the transmission loss.

However, the magnitude of the scattering loss is closer to the values we measured experimentally.

Effect of Multiple Scattering

The single scattering condition assumed by the calculations of the previous two sections

is most appropriate for small scatterers separated by large distances. For a high density of

scatterers (such as is the case for the columnar matrix) the propagation of light through the

matrix is better described by multiple scattering [167]. In this case the propagation of light is

described as a diffusive transport process through a randomly disordered matrix characterized by

a mean free path. For the case of scatterers embedded in a matrix of different material the mean

free path is given by

l= f D(p')O2 (p')dp' - (6.38)

with

S (Ecomp - E2 Xe, + (d - 1)ez)+ p'(Ecomp + (d - )EX E2 -) (6.39)
O(p2)= E,,p + (d_ l)X +(d- l)e2 )+(d )p E 2 eop e) (6.39)

where Et is the dielectric of the scatterer, E2 is the dielectric constant of the matrix, 5 comp is the

dielectric constant of the composite material (e = in ), kcomp = 27tncomp/X, d is the dimension of

the system (d = 2 for cylinders, 3 for spheres) and R is the scatterer radius. The coefficient B' =
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- and 1 for d = 2 and 3, respectively. The function D(p') represents the distribution of the local

volume fraction of scatterers. If we assume that the local volume fraction of scatterers is a delta

function around an average volume fraction p (D(p')= 6(p'- p)) since the delta function obeys

the sifting property

if (x)6(x- xo)dx =f(x0 ) (6.40)

equation 6.38 becomes

(Ecomp - E, Xe + (d - 1)e )+ p(,comp + (d- 1)O2 kE2 - El )

comp

(6.41)

Using the same values for the column and boundary index of refraction versus wavelength from

the previous section we calculated the mean free path versus wavelength with the attenuation

E
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Figure 6.19 Transmission loss spectrum for an Er-doped SRO sample with 36.5 at% Si and an Er
concentration of 1.22x 1020 cm-3 annealed at 6000C (open squares). The solid line is a calculation
of the attenuation coefficient according to multiple scattering theory with a volume fraction of
0.82 and a scatterer radius of 150 nm.
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coefficient is given by the inverse of the mean free path. Figure 6.19 shows a comparison of the

calculation with the transmission loss spectrum of the Er-doped SRO sample annealed at 6000 C.

As in the Mie Theory calculation of scattering from cylinders, the multiple scattering calculation

does not accurately predict the wavelength dependence of the transmission loss. However, there

is excellent agreement between the magnitude of the calculated and measured transmission loss

when considering scatterers at a volume fraction of 0.82 and a radius of 150 nm. These optimum

calculation parameters are very similar to the observed column size (170 nm) and volume

fraction (0.83) for as-deposited SRO thin films. Finally, we note that the theory of multiple

scattering described above is relevant for the case of disorder small compared to the wavelength

of light or kcomR --, 0. In this sense the theory of multiple scattering is not as general as the Mie

theory. Also since the size of the columns used to calculate the extinction coefficient based on

multiple scattering are - 10x smaller than the wavelength of light it is not clear how accurate the

multiple scattering theory is in describing the transmission loss through the columnar film

structure.

Absorption in the SRO Matrix

The above calculations assume that the index of refraction of the matrix and scatterer are

purely real such that there is no contribution to the loss from absorption. Figure 6.20 shows a

measurement of the real and imaginary index of refraction measured using a SOPRA

spectroscopic ellipsometer for an Er-doped SRO sample after annealing at 6000 C for 1 hour. We

see from the inset of Figure 6.20 (b) that the imaginary portion of the index of refraction is only

equal to 0 for wavelengths > 1.5 [Lm most likely due to the resolution limit of the instrument. We

can calculate the absorption loss coefficient from the imaginary portion of the index of refraction

using the equation

ar = 4z (6.42)
A
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Figure 6.20 Measurement of the (a) real and (b) imaginary index of refraction of an Er-
doped SRO sample with a thickness of 1.885 jm, 38 at% Si and an Er concentration of
8.2x10'9 cm-3

If we consider a k value of 6x10 -6 at 1.477 jtm we obtain an absorption coefficient of 0.51 cm-l

Since the imaginary portion of the index of refraction is equal to zero in the range of 1 - 2 [tm for

both Si and SiO2 we attribute the non-zero imaginary refractive index to impurities or dangling

bonds within the SRO matrix.

We have also observed evidence of Fe incorporation during the process of sputter target

conditioning which was performed on new targets to stabilize the sputtering rate. During target

conditioning the target was sputtered with the shutter closed at a power of 400 W for 2 hours at a

pressure of 3 mTorr of pure Ar. We performed the target conditioning with a SiO 2 wafer in the

chamber and then performed an SRO deposition immediately after the target conditioning.

During energy-filtered STEM analysis of the SRO thin film after annealing we observed several

large clusters located near the film/substrate interface that did not correspond with the Si or SiO 2

energy-loss peaks. Figure 6.21 is a bright-field STEM image which where the clusters appear

light gray; some of the more prominent clusters are identified with arrows.
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Figure 6.21 Cross section STEM image of an SRO sample with 50 at% Si after annealing
at 11000 C for 1 hour.

We performed energy dispersive x-ray analysis of the film in the STEM to determine the

composition of the clusters (Figure 6.22).

The spectrum of Figure 6.22 (a) clearly indicates that the clusters are Fe silicate. In comparison

the spectra for the SRO film (Figure 6.22 (b)) and Si0 2 substrate (Figure 6.22 (c)) show

negligible concentrations of Fe. Since our depositions was performed using a 99.999% pure Si

target and the Fe silicate clusters were located near the film/substrate interface we attribute the

Fe incorporation to evolution of Fe from the stainless steel shutter or other cathode assembly

components during the target conditioning process. This observation indicates the care that is

required to minimize impurity incorporation and loss during the target conditioning process.
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Figure 6.22 (a) Energy dispersive x-ray spectra of (a) the embedded cluster, (b) the SiO2

substrate and (c) the SRO film. The inset in each spectrum indicates the region of the
sample where the x-ray signal was collected.

Discussion of the Scattering Calculation Results

On the basis of the calculations performed in the previous sections we interpret the origin

of the SRO matrix losses as multiple scattering from the columnar matrix with embedded Si

nanoclusters with a possible contribution from SRO absorption. An exact calculation of the

annealing temperature dependence of the SRO matrix loss using multiple scattering theory would

require a calculation of the mean free path with two different local volume fraction distributions

of scatterers corresponding to the columns and Si nanoclusters which is not considered here.

However, within our interpretation we attribute the increase scattering losses for samples
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annealed at high temperatures with this increase in the size of the embedded nanoclusters within

the SRO matrix which increases their contribution to the overall scattering loss.
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Chapter 7 1 Er-doped SRO Ridge

Waveguide Devices

In Chapter 6 we discussed an analysis of the performance of slab waveguides where light

is confined in one dimension. Two dimensional confinement can be achieved through patterning

of the waveguide layer through photolithography and reactive ion etching techniques. The two

dimensional confinement is required to develop complex optical systems for integration through

the fabrication of bends [6], splitters [6] and directional couplers [7] for the on-chip routing of

light and resonant structures [8,9] necessary to provide optical feedback and lasing. In this

Chapter we discuss the design, fabrication and performance of etched ridge waveguides in Er-

doped SRO.

7.1. Design and Fabrication of SRO Ridge Waveguides

Figure 7.1 shows a schematic of a ridge waveguide.

Figure 7.1. Schematic of a ridge waveguide.
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The design of these structures requires specifying the parameters d, w and t to obtain the

optimum confinement of light. Figure 7.2 shows the results of simulations using APSS software

package from Apollo Photonics where we calculated the power confined in the region defined by

w and t in Figure 7.1 for three waveguide structures considered in this study.

For the 3 gm wide waveguide structures with indexes of refraction of 1.56 and 1.62 we used etch

depths of 0.6 jm and 0.5 gtm, respectively to achieve a power confinement factor of -80%. For

the 9 gtm wide waveguide structure with an index of refraction of 1.49 we used an etch depth of

0.4 gim to achieve a power confinement factor of -56%.

The fabrication process for forming the Er-doped SRO ridge waveguides is shown in Figure 7.3.

We start with a Si wafer with 0lm thermal SiO2 (Figure 7.3 a) and deposit the Er-doped SRO

film (Figure 7.3 b). To selectively etch the Er-doped SRO layer we deposit photoresist through a

spin on process (Figure 7.3 c) and pattern the photoresist by exposing it through a mask.

.4
I.0
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0.2 0.4 0.6 0.8 1.0

Etch Depth (gm)

Figure 7.2 Power confined in the region defined by w and t in Figure 7.1 versus etch depth for
three waveguide samples considered in this study that had the following characteristics: w = 9 jim,
t = 1.38 gm and n = 1.49 (solid circles), w = 3 gm, t = 1.34 gim and n = 1.56 (solid squares) and w
= 3 jim, t = 1.81 gim and n = 1.62 (solid triangles). The wavelength used for the calculation was
1.551 jim with n = 1.444 for the 10 gim thick SiO2 undercladding and n = 3.48 for the Si wafer.
The waveguide overcladding is air.
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(b) (c)

Photoresist
ErSRO Film

SiO 2 Undercladding

(d) (e)

Figure 7.3 Fabrication process for forming ridge waveguides. A description of each step is given
in the text.

The exposed areas are then removed with developer (Figure 7.3 d). The photoresist was then

hard- baked and used as the etch mask. The exposed Er-doped SRO layer was etched (Figure 7.3

e) using a Plasmatherm 300 Series reactive ion etcher. The process parameters that gave us the

smoothest etch surface were a pressure of 20 mTorr with 40 sccm of CHF3 as the etch gas at a

power of 300 W. Since there was no etch stop layer the etch depth was controlled by limiting the

time of the etch. The etch rate under these conditions was -16 - 19 nm/minute. After the reactive

ion etch step the photoresist was removed (Figure 7.3 f) using a piranha solution (3:1 ratio of

sulfuric acid to hydrogen peroxide).

After the processing of our first devices we noticed a roughening of the wafer surface after the

etch. As a simple test we immersed a SRO thin film sample in the developer to observe if there

was an interaction between the columnar film and the developer when removing the exposed

photoresist (Figure 7.3 d). We considered two different development times along with one

control sample that was not exposed to the developer. Before being placed into the RIE all the

samples were rinsed in DI water for 1 minute. The film surface after etching for the three

samples is shown in Figure 7.4. We can see that the etch surface is significantly roughened for

development times < 1 minute. This correlation between surface roughness after etching and
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Figure 7.4 Etch surface of SRO films after being exposed to the AZ422 developer for 0, 1 and 5
minutes. After being removed from the developer the samples were rinsed in DI water for 1
minute. The etch parameters used for all samples were 20 sccm CHF3 at 300 W RF power and a
pressure of 20 mTorr for 22 minutes. All images were taken at 100x using circularly polarized
differential interference contrast.

development time suggests that minimizing the time in the developer would yield a better etched
surface. As a result we optimized the exposure parameters of our process to limit the maximum
development time to - 1 minute. The problem of surface roughening was also reduced by
lowering the pressure during the etch. Figure 7.5 (a) shows an optical microscope image of Er-
doped Si-rich SiO2 ridge waveguides fabricated using the techniques described above.

(b)

Figure 7.5 (a) Er-SRO ridge waveguides on a silica substrate. The etch parameters used were 20
sccm CHF3 at 300 W RF power and a pressure of 20 mTorr for 23.25 minutes. The etch depth
was -0.4 ýtm. The image was taken at 10x using circularly polarized differential interference
contrast. (b) Scanning electron microscope image of the -9 gtm wide waveguide at the input facet
indicated by the black box in panel (a).
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7.2. Transmission Loss - The Cutback Loss Technique

7.2.1. Description of the technique and apparatus

To measure losses in straight waveguides we performed the cutback loss technique. In

this measurement technique the waveguide is trimmed between measurements to obtain

measurements of insertion loss (combination of the loss due to propagation through the

waveguide and input/output coupling losses) versus propagation length. In our case we cleaved

the output end of the waveguide in 2 mm increments which left a consistent smooth edge for out

coupling. The measurements were performed using a Newport Auto-Align station and a JDS

Uniphase Swept Wavelength System using Nanonics lens-tipped fibers with a mode field

diameter of 1.7 [tm for input and output coupling to the waveguide. To perform the measurement,

a coarse alignment of the input fiber to the waveguide is performed by observing the output laser

spot using a microscope objective and IR camera. Fine alignment was performed using the

computer controlled Auto-Align system which maximizes the output power by moving the input

and output fibers in the lateral, vertical and focusing directions. The Swept Wavelength system,
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Figure 7.6 Insertion loss versus waveguide length for a 3tm wide Er-doped SRO waveguide with
0.5gm etch depth, 38 at% Si, an Er concentration of I x 1020 cm 3 annealed at 6000 C for I hour.
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which consists of a tunable laser, polarization controller and optical detectors, was then used to

measure the polarization dependent insertion loss of the waveguide. Figure 7.6 shows

measurements of insertion loss for various waveguide lengths. Since the coupling loss

contribution is independent of sample length we fit the insertion loss data for various lengths

with an exponential decay at each wavelength. This allowed us to determine the wavelength

dependent propagation loss coefficient.

7.2.2. Er-doped SRO Ridge Waveguide Losses and

Comparison to Prism Coupling

The cutback loss technique allowed for the measurement of the transmission loss

spectrum of our ridge waveguide devices. The spectra obtained for samples annealed at 6000 C

and 11000 C are shown in Figure 7.7 along with the loss measured through the prism coupling

technique for the slab waveguide device in Chapter 6.
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Figure 7.7 (a) Comparison of the transmission loss for Er:SRO ridge waveguides with 3gm width
and 0.5 gm etch depth, an Er concentration of lx 1020 cm-3 and 38 at% Si annealed for 1 hour at
6000C (solid line) and I 100 0 C (dash-dot line). (b) Normalized transmission loss for the Er:SRO
ridge waveguide from panel (a) (solid line) and the Er:SRO slab waveguide analyzed in Chapter 6
(open circles). Both waveguides were annealed at 600'C for 1 hour.
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For the cutback loss measurements waveguides annealed at 6000 C and 1100'C (Figure 7.7 (a))

the spectra show the typical Er absorption peak near 1535 nm. We also notice the background

loss measured at 1630 nm is larger in the sample annealed at 11000C, in agreement with the

prism coupling measurements of Chapter 6. Additionally we notice that the background loss of

the ridge waveguides is very high, greater than 12 dB/cm. We attribute the additional loss to

losses introduced during the waveguide fabrication process. Figure 7.7 (b) shows the comparison

of the cutback loss measurements to those obtained through prism coupling. Although the

background losses measured for the two cases were different the shape of the spectra are in

excellent agreement confirming the accuracy of the two techniques for measuring the

transmission loss spectra of our samples.

7.3. Optical amplification - The Pump and Probe

Technique

7.3.1. Description of the technique and apparatus

Figure 7.8 shows a schematic of the pump and probe optical gain setup developed for this

study. Light from an amplitude modulated, tunable infrared laser was input into the ridge

waveguide using a lens tipped fiber with a 1.7 gm mode field diameter. The lens tipped fiber was

mounted on a piezoelectric stage so the vertical and horizontal position of the fiber tip with

respect to the waveguide end facet could be precisely controlled to optimize the coupling of light

into the waveguide. The light output from the waveguide was collected by a 20x microscope

objective and detected by an InGaAs detector. The signal from the detector was input into a lock-

in amplifier referenced to the modulation frequency of the tunable laser. The modulation

frequency was set at 10 kHz to remove the spontaneous emission (photoluminescence) from the

detected signal. The last 1 mm of the sample was pumped from overhead at 488 nm through a

cylindrical lens which focused the pump beam to a line -40 gm wide on top of the waveguide.

The cylindrical lens was attached to a three-axis stage on a goniometer to minimize the angle a

between the waveguide and the pump stripe and optimize the overlap between the pump stripe
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Figure 7.8 Schematic of the pump and probe measurement setup.

and the waveguide in the x direction. A camera (not shown in the schematic) was mounted along

the side of the sample at a 450 angle with respect to the sample surface to ensure perfect overlap

between the pump beam and the waveguide. We used the following alignment procedure:

1. With the pump beam blocked the fiber was coupled to the waveguide of interest and the

intensity the transmitted beam was roughly optimized by viewing the output spot on an

infrared camera

2. The position of the detector and optical power meter was adjusted to maximize the

measured signal; a fine alignment of the input fiber to the end of the waveguide was

performed using the piezoelectric-controlled stage.

3. The probe beam was turned off and the pump beam was shined on the sample surface.

The photoluminescence signal was optimized by varying the angle, a, the x position and

z position of the beam. The maximum signal was observed for a z position such that half

of the beam was illuminating the sample.

Once the alignment procedure was complete the probe signal was measured using a lock-in

amplifier referenced to the modulation frequency of the laser with and without pumping.
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7.3.2. Measurement of Er:SRO Samples

Thermal Effects in Waveguides Deposited on Clad

Silicon Wafers

Figure 7.9 shows the results of the pump and probe experiment performed on a ridge

waveguide deposited on a clad Si wafer similar to the device shown schematically in Figure 7.3.

We observed that the detected probe signal decreased during pumping for all pump-power

densities suggesting that the effect of the pump is only to induce losses within the waveguide. To

understand the origin of this induced loss we performed a time-resolved pump and probe

measurement. The probe signal wavelength was changed to 1310 nm which is not resonant with

any Er absorption/emission band. The pump beam was mechanically chopped at a frequency of

10 Hz with the measured probe signal triggered to the pump frequency. Figure 7.10 shows the

results of measurements performed at low and high pump-power densities. When the pump is on
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Figure 7.9 Ratio of the probe signal with the pump on to the probe signal with the pump off
versus pump-power density for an Er-doped SRO ridge waveguide sample with 36.5 at% Si
annealed at 6000C for 1 hour. The waveguide width was 3 jtm, the probe wavelength was 1.535
jtm, the probe power was 200 jtW and the probe frequency was 10 kHz.
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we notice that the decay of the probe signal (Figure 7.10 (a) and (b)) has an initial fast

component with a characteristic time of 0.5 - I ms followed by a slow recovery. When the pump

is off the signal recovers as a single exponential with a recovery time greater than 1 ms. This

recovery time when the pump is off is longer than the typical exciton lifetime in SRO (1 - 100

p.s). We calculate an effective absorption length of the pump in the waveguide layer of -200 jtm

from the excitation cross section (1x10 1 7 cm2 and sensitizer density 6x10 18 cm-3). Since a thin

waveguide layer (< 2 Rpm) is used to achieve signal mode propagation a significant amount of the

pump light will be absorbed in the Si substrate and induce local heating. The measured recovery

times in the milliseconds is consistent with the influence of thermal gradients on the propagation.

The observed recovery while the pump is on is also consistent with thermal effects since the

magnitude of the effect is proportional to the thermal gradient. We expect the largest gradient

immediately after the pump is introduced followed by a gradual reduction as the system enters a

Time (ms)

Time (ms)

Time (ms)

Time (ms)

Figure 7.10 (a) Decay and (b) recovery of the probe intensity at a pump-power density of 55
W/cm 2 for an Er:SRO ridge waveguide sample with 36.5 at% Si and lx1020 ions/cm 3 annealed at
600'C for 1 hour. (c) Decay and (d) recovery of the probe intensity at a pump-power density of
788 W/cm 2 for the same waveguide. The probe wavelength was 1310 nm. The measurement was
triggered to the 488 nm pump chopping frequency of 10 Hz. The solid lines are exponential decay
and rise fits to the data with decay and recovery times as indicated on the figure.
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steady-state.

Signal Enhancement in Waveguides Deposited on

Fused Silica Wafers

In the previous section a large induced loss that we interpret as thermal effects due to the

absorption of the pump light in the Si substrate prevented the observation of signal enhancement.

To avoid any potential substrate heating effects we fabricated ridge waveguides on an SiO2

substrate (see Figure 7.5). Additionally, when performing the experiment we placed the pumped

region of the sample off the sample holder such that the residual pump signal would pass through

the sample to the table surface below. Figure 7.11 shows the results of the pump and probe

experiment performed on a sample with 35.75 at% Si annealed at 6000 C for 1 hour. For pump-

power densities greater than 100 W/cm 2 we observed signal enhancement with a maximum

enhancement of 3% for the highest pump-power density considered in this measurement.
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Figure 7.11 Ratio of the probe signal with the pump on to the probe signal with the pump off
versus pump-power density for an Er-doped SRO ridge waveguide sample with 35.75 at% Si and
an Er concentration of 8.3x10'19 ions/cm3 annealed at 600'C for 1 hour. The waveguide width was
9 pm, the probe wavelength was 1.535 Jtm, the probe power was 100 jiW and the probe frequency
was 10 kHz.
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We calculated a signal enhancement coefficient using

s = - In ipump on (7.1)
FL I pump off

where F is the waveguide confinement factor and L is the pumping length. Figure 7.12 shows the

dependence of the calculated signal enhancement coefficient on the pump-power density. From

Figure 7.12 we see that the maximum signal enhancement coefficient is -2.2 dB/cm. if the entire

Er population was inverted we would expect to observe a total signal enhancement of at least 6

dB/cm. Since the measured value is smaller than half the expected saturation signal enhancement

we conclude that population inversion has not occurred and the observed signal enhancement is

due to bleaching of the Er absorption. We can estimate the fraction of the Er ions in the excited-

state from signal enhancement coefficient according to the equation

s
OEr,excited - (7.2)
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Figure 7.12 (a) Optical mode profile for the Er-doped SRO waveguide on a SiO2 substrate
considered in this experiment. The mode profile was calculated using the Apollo Photonics, Inc.
APSS software. (b) Calculate signal enhancement coefficient from the signal enhancement data
reported in Figure 7.10 using equation 7.1. For the calculation we used a waveguide confinement
factor of 0.55 and a pumping length of 0.09 cm.
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Table 7.1 Guided photoluminescence intensity and signal enhancement coefficient for the Er-
doped SRO waveguide with 35.75 at% Si and an Er concentration of 8.3x10'9 ions/cm 3 annealed
at 600'C for 1 hour at a pump-photon flux of 2.3x1020 photons/cm 2s for both pumping
wavelengths.

P1 1C P SmiiS

Assuming Qemis = 7x10-2 1 cm 2, and that all of the Er in the medium is optically active, we

calculate an excited-state fraction of 0.36. If we chose to perform the calculation using the

enhanced emission cross section derived from the VSL measurements of 'emis = 3.5x10 -20 cm 2

the calculated excited-state fraction would be reduced to 0.07.

In addition to the experiment describe above we measured the guided photoluminescence and

signal enhancement coefficient under resonant (488 nm) and non-resonant conditions (457 nm);

the results are shown in Table 7.1. Since the guided photoluminescence intensity and signal

enhancement coefficient are equivalent within the error of the measurement for both pumping

conditions we conclude that the observed signal enhancement due to stimulate emission is

achieved through sensitized excitation of the Er ions through energy-transfer from the SRO

matrix.
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Chapter 8 1 Conclusions and Future Work

We have performed a systematic study of the effect of nanostructure on the optical

properties Si-rich SiO2. We have identified three different size scales to the nanostructure that

have application to the fabrication of high-performance optical devices. These are shown

schematically in Figure 8.1.

The most widely investigated size scale is the Si nanocrystal which shows Er emission

sensitization and the strongest light emission from SRO. The challenge was to develop a more

CMOS compatible processing technology by investigating Er emission sensitization for low

annealing temperatures. Through our study we have demonstrated Er excitation and non-resonant

excitation through SRO can be achieved for annealing temperatures as low as 600'C through the

optimization of nanostructure occurring at size scales smaller than Si nanocrystals achieved

through high temperature annealing. Through a comparison of the excitation cross section for Er-

doped SRO samples with and without observable nanocrystals along with rate equation modeling

of the SRO - Er system we have demonstrated that the stronger Er emission sensitization is due

to a combination of a more efficient energy-transfer process and a higher density of sensitizing

SRO After Heat Treatment

Size Scale Annealing Conditions

Sub-nanocluster Low TA (< 8000C)
<1 nm

IC

Si nanocrystals High TA (>10000C)
S3 3-5 nm

Figure 8.1 Schematic of the size scale of the nanostructure considered in this thesis.
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centers. Our temperature-resolved photoluminescence study confirmed that the Er emission

sensitization for samples annealed at high temperatures occurs through Si nanocrystals while

demonstrating the existence of a completely different emission sensitizer for samples annealed at

low temperatures which is characterized by a weak room temperature light emission and a

temperature dependence that follows a typical defect ionization trend consistent with localized

defects within the SRO matrix.

The literature discussing Si nanocrystal properties, including our results, has defined the

optimum processing parameters as those that reduce the nanocrystal size and improve the

crystalline quality to achieve strong quantum confinement and enhance the probability of

radiative recombination. For low annealing temperatures the conditions required to optimize the

energy-transfer are not clearly understood due to a lack of understanding of the detailed

mechanism of the energy-transfer process and the lack of a microscopic structural model of the

sensitizing center. We suggest that a study of the defects in SRO through spin resonance

techniques and high-resolution energy filtered transmission electron microscopy along with a

thorough study of the annealing time and temperature dependence of the Er emission

sensitization process should be performed to identify the emission sensitizer and the nature of the

sensitization process.

Our study of the performance of Er-doped SRO slab waveguides has demonstrated stimulated

emission and large optical gain of 3.5cm -t, reduced passive losses and no carrier induced loss in

samples annealed at low temperatures. This suggests a possible route for the fabrication of

compact, high-gain planar light sources and amplifiers with a low thermal budget for integration

with standard Si CMOS processes. The current limitation of this technology are the high

transmission losses of the sputtered SRO material. The lower losses demonstrated for samples

annealed at low temperatures is an added benefit to the low temperature process. Further studies

are required to identify the specific mechanism leading to lower transmission losses at low

temperatures and to minimize this loss in SRO. We suggest a study of the influence of the sputter

deposition parameters of deposition pressure, substrate temperature and including bias sputtering

to determine their effect on the film structure and the loss. Also routes to directly incorporate Er

into films deposited by chemical vapor deposition techniques should also be considered since the
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lowest transmission losses (<2 dB/cm) for SRO have been demonstrated in PECVD deposited

SRO. A comparison of sputtering and CVD techniques would also help to determine if the

principles leading to strong Er emission enhancement for low annealing temperatures are a

general to SRO or a unique feature of the sputtered material. A related unresolved problem is the

enhancement of the Er emission cross section in SRO under pumping. Further experiments must

be performed to identify the detailed mechanism leading to a cross section enhancement. A

careful analysis of pump and probe experiments performed on optimized Er-doped SRO ridge

waveguides would help to confirm the magnitude of the gain enhancement. Identifying the

energy-transfer mechanism and development of a structural model for the sensitizer center would

also help in identifying the mechanism of the gain enhancement.

All of these processes are occurring within a matrix that also has nano-scale structure. We have

demonstrated optical anisotropy with a sign and symmetry that can be explained according to an

effective-medium model for the columnar film morphology which is formed through the sputter

deposition process. The large birefringence, more than 3%, generated in these films enables the

fabrication of polarization dependent devices, normally reserved for anisotropic crystals, using Si

and SiO 2 which are optically isotropic. Since the large birefringence is achieved after annealing

these films are also more robust than traditional birefringent sculptured thin films which have a

high porosity and are susceptible to environmental conditions. Our analysis of the origin of the

birefringence enhancement suggests that a sintering process involving flow of SiO molecules

creating high-index regions previously occupied by the porous boundary is responsible for the

enhancement. Further analysis is required to confirm this mechanism of the birefringence

enhancement. If confirmed, the high Si concentration at the boundary region could be used to

achieve spatial control of nanocrystal nucleation through a self-assembled process. This process

could be further refined to fabricate nanocrystal chains for enhanced electrical injection and the

fabrication of optoelectronic devices. Additionally, modifying the sputtering process by

depositing at a glancing angle to achieve the formation of a columnar morphology oriented at

450 would allow for the fabrication of half-wave and quarter-wave plates to modify the

polarization state of light on chip.
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The columnar film structure is a potential source of the high transmission losses of our films

compared to those prepared by chemical vapor deposition techniques. Comparison to studies of

columnar structure formed through ion-assisted processes suggests a fourth critical length scale

in these films: the film thickness. In the ion-assisted process the size scale of the columnar

structure could be controlled through the film thickness with the finer structure formed for the

thinnest films. A study should be conducted to determine if the size scale for the columnar

structure could be controlled through the film thickness as a means to minimize the transmission

loss and optimize the birefringence.
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Appendix A I Computing the Effective

Index, Confinement Factor and E-field

Profile for Optical Modes in a Slab

Waveguide

In this appendix we present a Matlab program to calculate the effective index, power

confinement factor and E-field or H-field profile for an arbitrary slab waveguide for TE or TM

polarizations. After the user specifies the index of refraction for the core and cladding layers, the

core thickness, wavelength and polarization the program calls the function slabtransTE.m or

slabtransTM.m to solve the transcendental equation for the effective index of the first mode in the

waveguide (equation 6.14 for the TE polarization and equation 6.19 for the TM polarization). Once

the effective index is known the power confinement factor is calculated from equation 6.22 for the

TE polarization and from equation 6.23 for the TM polarization. The E-field profile is generated

from equation 6.3 for the TE polarization and the H-field profile is generated from equation 6.15

for the TM polarization. The program also allows the user to plot the E-field or H-field profile as

well as save the profile to a data file.
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effslab.m

global lamda d nO nl n2 %Define variables as global so they can be
%Accessed by the function slabtrans.m

%Define sample parameters
lamda=1551e-9; %wavelength of light
%nl=input('Enter core index: ');
nl=1.5465; %core
nO=l; %top cladding
n2=1.444; %bottom cladding (substrate) index
%thickness=input('Enter core thickness in microns: ');
thickness=1.3;
d=thickness*le-6; %core layer thickness
k=2*pi/lamda;

%Calculate single mode cutoff thicknesses
if(nO==n2) %single mode cutoff thickness for symmetric case

message='symmetric'
tg=pi/(sqrt(nl^2-n2^2)*k);
tg*le9

else %single mode cutoff thickness for asymmetric case
message='asymmetric'
tgl=(atan(sqrt(n2^2-n0^2)/sqrt(nl^2-n2^2)))/(sqrt(nl^2-n2^2)*k);
disp('The single mode cutoff is: ')
tgl*le9

end

%polarization = input('Which polarization should be calculated (TE or TM): '
's ');
%polarization = 'TE';
polarization = 'TM';

polTE=strcmp(polarization,'TE');
polTM=strcmp(polarization,'TM');

%Determine the normalized propagation parameter b from the root of the
%transcendental equation from the slab waveguide and solve for the
%effective index, neff, of the waveguide

if(polTE==l)
disp('The polarization is TE.')
%neffguess=input('Enter guess for the effective index: ');
neffguess=1.5; %guess for effective index of the guided mode
bguess=(neffguess^2-n2^2)/(nl^2-n2^2); %guess for b parameter
options=optimset('Display','iter'); % Turn off Display
%Given the guessed b parameter call the function slabtrans which
%solves the transcendental equation for a slab waveguide and returns the
%value for b
[b,Fval,exitflag]=fsolve(@slabtransTE,bguess,options); % Call optimizer
neff=(b*(nl^2-n2^2)+n2^2)^(1/2) %calculate the effective index

%using the b parameter from the
%solver

%Calculate the power confinement factor in the core
beta=k*neff; %calculate propagation constant
%Define layer characteristics
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kx=sqrt(k^2*nl^2-beta^2); %core
alphac=sqrt(beta^2-k^2 *n0^2); %top cladding
alphas=sqrt(beta^2-k^2*n2^2); %bottom cladding (substrate)
phi=kx*d-atan(alphas/kx);
%Calculate the power fraction in each layer from the integral of the
%E-field in each layer
syms x;
%Power fraction in the top cladding layer
Pclad=int(((cos(phi)*exp(-alphac*(x)))^2),0,inf);
Pclad=double(Pclad);
%Power fraction in the bottom cladding (substrate) layer
Psubs=int(((cos(-kx*d+phi)*exp(alphas*(x+d)) ) ̂ 2),-inf,-d);
Psubs=double(Psubs);
%Power fraction in the core layer
Pcore=int(((cos(kx*x+phi))^2),-d,0);
Pcore=double(Pcore);
%Power confinement factor in the core layer
Pconf=Pcore/(Pcore+Pclad+Psubs)
%Calculate the E-field profile in the waveguide along with the
%index profile of the waveguide
%Define the structure thickness from top to bottom
simwin=10;
dimension=simwin*20000+1;
%Initialize matricies
E=zeros(l,dimension);
n=zeros(l,dimension);
pos=zeros(l,dimension);
%Define the E-field in each layer
for(i=1:1:dimension)

y=(i-dimension/2)/20;
dbottom = -d*10 ^ (9);
dtop = 0;
%E-field and index profile in top cladding layer
if(y>=dtop)

E(l,i)=(cos(phi)*exp(-alphac*(y*10^(-9)) ) ) ;
n(l,i)=n0;

%E-field and index profile in the bottom cladding (substrate) layer
elseif(y<=dbottom)

E(l,i)=(cos(-kx*d+phi)*exp(alphas*(y*10 ^ ( - 9)+d)));
n(l,i)=n2;

%E-field and index profile in the core layer
elseif((y<dtop) & (y>dbottom));

E(l,i)=(cos(kx*y*10^(-9)+phi));
n(l,i)=nl;

end
pos(i)=y/1000;

end

%Plot E-field and index profiles in the waveguide
[AX,H1,H2] = plotyy(pos,E,pos,n,'plot');
%Label the axes
set(get(AX(1),'Ylabel'),'String','Normalized E-field');
set(get(AX(2),'Ylabel'),'String','Index of Refraction');
xlabel('Position (nm)');
%Add plot title
title('E-field and Index Profiles of the Slab Waveguide');
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%Create matrix to output the E-field profile in the waveguide
dataprof=[pos',E'];
dataindex=[pos',n'];

%Write E-field data to file
csvwrite('profile.dat',dataprof);
csvwrite('indexprof.dat',dataindex);

elseif(polTM==1)
disp('The polarization is TM.')
%neffguess=input('Enter guess for the effective index: ');
neffguess=1.5; %guess for effective index of the guided mode
bguess=(neffguess^2-n2^2)/(nl^2-n2^2); %guess for b parameter
options=optimset('Display','iter'); % Turn off Display
%Given the guessed b parameter call the function slabtrans which
%solves the transcendental equation for a slab waveguide and returns the
%value for b
[b,Fval,exitflag]=fsolve(@slabtransTM,bguess,options); % Call optimizer
neff=(b*(nl^2-n2^2)+n2^2)A^(/2) %calculate the effective index

%using the b parameter from the
%solver

%Calculate the power confinement factor in the core
beta=k*neff; %calculate propagation constant
%Define layer characteristics
kx=sqrt(k^2*nl^2-beta^2); %core
alphac=sqrt(beta^2-k^2*n0^2); %top cladding
alphas=sqrt(beta^2-k^2*n2^2); %bottom cladding (substrate)
phi=kx*d-atan(nl^2*alphas/(n2^2*kx));
%Calculate the power fraction in each layer from the integral of the
%E-field in each layer
syms x;
%Power fraction in the top cladding layer
Pclad=int(((1/(nO^2))*(cos(phi)*exp(-alphac*(x)))^2),0,inf);
Pclad=double(Pclad);
%Power fraction in the bottom cladding (substrate) layer
Psubs=int(((1/(n2^2))*(cos(-kx*d+phi)*exp(alphas*(x+d)))^2),-inf,-d);
Psubs=double(Psubs);
%Power fraction in the core layer
Pcore=int(((1/nl^2)*(cos(kx*x+phi))^2),-d,0);
Pcore=double(Pcore);
%Power confinement factor in the core layer
Pconf=Pcore/(Pcore+Pclad+Psubs)
%Calculate the E-field profile in the waveguide along with the
%index profile of the waveguide
%Define the structure thickness from top to bottom
simwin=10;
dimension=simwin*20000+1;
%Initialize matricies
H=zeros(l,dimension);
n=zeros(l,dimension);
pos=zeros(l,dimension);
%Define the H-field in each layer
for(i=1:1:dimension)

y=(i-dimension/2)/20;
dbottom = -d*10^(9);
dtop = 0;
%H-field and index profile in top cladding layer
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if(y>=dtop)
H(l,i)=(cos(phi)*exp(-alphac*(y*10 ^( - 9))));
n(l,i)=nO;

%H-field and index profile in the bottom cladding (substrate) layer
elseif(y<=dbottom)

H(l,i)=(cos(-kx*d+phi)*exp(alphas*(y*10 ^ (- 9)+d)));
n(l,i)=n2;

%H-field and index profile in the core layer
elseif((y<dtop) & (y>dbottom));

H(l,i)=(cos(kx*y*10 ^ (-9)+phi));
n(l,i)=nl;

end
pos (i)=y/1000;

end

%Plot H-field and index profiles in the waveguide
[AX,H1,H2] = plotyy(pos,H,pos,n,'plot');
%Label the axes
set(get(AX(1), 'Ylabel'),'String','Normalized H-field');
set(get(AX(2),'Ylabel'),'String','Index of Refraction');
xlabel('Position (nm)');
%Add plot title
title('H-field and Index Profiles of the Slab Waveguide');

%Create matrix to output the E-field profile in the waveguide
dataprof=[pos',H'];
dataindex=[pos',n'];

%Write H-field data to file
csvwrite('profile.dat',dataprof);
csvwrite('indexprof.dat',dataindex);

else
disp('You must enter a polarization!!!')

end
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slabtransTE.m

function F = slabtransTE(b) %function declaration
global lamda d nO n1 n2 %receive global variables defined in effslab.m
k=2*pi/lamda;
V=sqrt(k^2*d^2*(nl^2-n2^2)); %define normalized frequency parameter
gamma=(n2^2-n0^2)/(n1^2-n2^2); %define asymmetry parameter
m=O; %perform calculation for the fundamental mode
%Transcendental equation for a general slab waveguide
F=sqrt(b/(-b) ) +sqrt ((b+gamma) / (-b)) ...

-(tan(V*sqrt(l-b))*(1-(sqrt(b*(b+gamma)))/(l-b)));
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slabtransTM.m

function F = slabtransTM(b) %function declaration
global lamda d nO nl n2 %receive global variables defined in effslab.m
k=2*pi/lamda;
V=sqrt(k^2*d^2*(nl^2-n2^2)); %define normalized frequency parameter
gamma=(n2^2-n0^2)/(nl^2-n2^2); %define asymmetry parameter
m=O; %perform calculation for the fundamental mode
%Transcendental equation for a general slab waveguide
F=(nl^2/n2^2)*sqrt(b/(l-b))+(nl^2/nO^2)*(sqrt((b+gamma)/(l-b)))...

-(tan(V*sqrt(l-b))*(1-(nl^4/(n0^2*n2^2))*((sqrt(b*(b+gamma)))/(l-b))));
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Appendix B I Program for Rate Equation
Modeling of the Er-Sensitizer Coupling

In this appendix we present a Matlab program, Ergain.m, that was used to analyze the

emission and gain results presented in Chapter 6. First the coefficients representing the various

processes in the sensitizer - Er system are defined. Then the differential equations 6.27 and 6.28

representing the time dependent excited-state populations of the SRO sensitizer and Er ion are

defined in the function rateeqns.m and solved using the Matlab ordinary differential equation

solver odel5s. The solver starts with the initial condition of zero excited-state population for

both the sensitizer and Er ion at time equal to zero and evaluates the differential equation for

various pump-photon fluxes at a long time (t = 100 s) such that the calculated value represents

the steady-state population. The sensitizer and Er emission is proportional to the excited-state

populations. The gain is calculated using the excited-state Er population from equation 6.26 with

g = (em(2N 2 -N 1 1) (B1)

The gain results can also take into consideration the confined carrier absorption of the sensitizer

through the confined carrier absorption coefficient, clccA,

cXCCA = aCCA nh (B2)

where aCCA is the confined carrier absorption cross section. The program also allows the user to

plot the sensitizer emission, Er emission and gain versus pump-power density as well as save the

results to a data file.
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%Ergain. m

%This program runs together with rateeqns.m to solve the rate equations
%defining the time dependent excited-state populations of Si-nc and Er in the
%steady-state. Once the excited-state populations are known, additional
%calculations of the gain, energy-transfer time, energy-transfer efficiency
%and the number of Er ions excited per Si-nc are calculated as a function of
%pump power.

global Ntot ntot gammac sigma tau sigmaab tauba Cal Cup;

%Define Variables
Ntot = 1.2*10^(20); %total Er concentration
ntot=6*10^(18); %total Si-nc concentration
gammac=150*10^(-15); %Si-nc -> Er coupling coefficient
sigma = 1*10^(-19); %Er excitation cross section
tau = 4.2*10^(-3); %Er emission lifetime
sigmaab=1.6*10^(-17); %Si-nc mediated excitation cross section
tauba=l*l0^(-6); %Si-nc emission lifetime
Cal=l*10^(-13); %Coefficient for Auger recombination in Si-nc (assume 2

%exciton process)
Cup=3e-18; %Coefficient for cooperative upconversion in Er
sigmaEr=3.5*10^(-20); %Er emission cross section
alpha=9.2; %propagation losses (used for simulating gain data)
sigmacca = 1*10^(-20); %confined carrier absorption of the Er emission
conffact=0.9; %slab
waveguide confinement factor

%Initialize matricies
Y = zeros(100,2);
y = zeros(2,100);
dy = zeros(2,100);
gaindata=zeros(1,100);
pump=zeros(1,100);
nb=zeros(1,100);
N2=zeros(1,100);

for(i=1:1:100);
global phi; %define phi as a global variable so it can be accessed by

%rateeqns
phi = lel6*10^(i/10); %define pump-photon flux
options = odeset('RelTol',le-3,'AbsTol',[le-3 le-3]); %sets the options

%for ODE solver
[T,Y] = odel5s(@rateeqnsnew,[0 100],[0 0]); %solve the system of

%differential equations found in rateeqns
Er=Y(:,2);
Nano=Y(:,l);
valEr=length(Er);
valnano=length(Nano);
nb(i)=Nano(valnano); %Si-nc excited-state population evaluated at long

%times
N2(i)=Er(valEr); %Er excited-state population evaluated at long times

end

%Define the pump-power density for plotting and calculations
x=1:1:100;
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p=lel6*10.^(x/10);
pump=p*4.07058905951e-19;

%Calculate the Er gain
alphacca = sigmacca.*nb;%confined carrier absorption contribution
gaindata = conffact*sigmaEr*(2*N2-Ntot)-alpha;%calculate gain without

%the confined carrier loss term
gaindatacca = conffact*(sigmaEr*(2*N2-Ntot)-alphacca)-alpha;%calculate the

%gain with the confined carrier loss term
erbiumemission=N2/1l.lel7;%scale the excited state Er population to compare to

%the steady state emission results

%Plot results
subplot(2,1,1);
loglog(exppump PL,Eremisdata, 'o', pump,erbiumemission);
title('Er Emission');
xlabel('Pump-photon Flux (cm-2 s-l)');
ylabel('Er Excited-state Population');
subplot(2,1,2);
semilogx(exppump_gain, expgain, 'o', pump,gaindata);
title('Gain');
xlabel('Pump-photon Flux (cm-2 s-l)');
ylabel('Gain(cm-l)');
%figure;
%semilogx(p,nb);
%title('Si-nc Emission');
%xlabel('Pump-photon Flux (cm-2 s-l)');
%ylabel('Si-nc Excited-state Population');
%semilogx(p,gaindata,p,alphacca,p,gaindatacca);
%title('Gain');
%xlabel('Pump-photon Flux (cm-2 s-1)');
%ylabel('Gain(cm-l)');

%Create matricies for output
%Sincemis=[pump',nb'];
gain=[pump',gaindata'];
Eremis=[pump', erbiumemission'];
%datagaincca=[pump', gaindatacca'];
%dataalphacca=[pump', alphacca'];

%Write data to file
%gainfilename = input('Enter filename for gain data: ', 's');
%Eremisfilename = input('Enter filename for Er emission data: ', 's');
csvwrite('Eremis.dat',Eremis);
csvwrite('gain.dat',gain);
%csvwrite('Sincemis.dat',Sincemis);
%csvwrite('alphacca.dat',dataalphacca);
%csvwrite('gaincca.dat',datagaincca);
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%rateeqns .m

%This program defines a set of differential equations which are the rate
%equations defining the excited-state populations of Er and Si-nc. Together
%with the program Ergain these rate equations are solved at long times
%(steady-state) to determine the excited-state population of Er and Si-nc
%as a function of pump power.

function [dy] = rateeqns (t,y)

global phi Ntot ntot gammac sigma tau sigmaab tauba Cal Cup;

%Rate Equations. Note that y(l)->nb and y(2)->N2
%Rate equation for time dependent SRO excited-state population
dy(l) = phi*sigmaab*(ntot-y(1))-y(1)/tauba-gammac*y(1)*(Ntot-y(2))-
2*Cal*(y(1)^2);
%Rate equation for time dependent Er excited-state population
dy(2) = phi*sigma*(Ntot-y(2))-y(2)/tau+gammac*y(1)*(Ntot-y(2))-
2*Cup*(y(2)^2);

dy = dy'; % This makes yprime into a column vector
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Appendix C I Program for Calculating the

Scattering Cross Section, Scattering

Efficiency and Loss Coefficient for

Spherical Scatterers

In this appendix we present the Matlab program, particlescattering.m, used to calculate the

loss coefficient for scattering from spherical particles. We have followed exactly the approach of

Bohren and Huffman [101]; below is a summary of the approach outlined in detail in [101] for

calculating the scattering values.

The scattering coefficients an and bn are calculated by introducing the logarithmic derivative

D,(p)= d In((, (p)) (C1)dp

where V (p) is a Riccati-Bessel function.

The scattering coefficients then become

(C2)
mDn (mx) + (x)K- I (x)

bn ]

[mD,(mx) n (+ x) - ,(x)
ý(X ) - X

177



where m = Nscauer I is the normalized index of refraction and x = 2Vediu is the size
medium A

parameter with a as the scatterer radius. In equation C2 we have substituted the derivatives of the

Bessel and Hankel functions by their recurrence relations

Xx

The higher order Bessel and Hankel functions are generated through upward recurrence from the

lowest order functions using the relations

2n +1

xx (C4)X

with .(x)= .(x)- iX, (x) and the lowest order functions of

-, (x) = cos(x)
y,0(x)= sin(x)

_, (x) = - sin(x)

s(x) = cos(x)

where only x + 4xY + 2 terms are included.

The program particlescattering.m calls the function logderivativeD.m which calculates the

logarithmic derivative through downward recurrence using the relation

n 1
Dn-I = (C6)

P D.+-n
P
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starting from D. = 0 + iO at an order much larger than the maximum number of terms

calculated for the Bessel and Hankel functions. Bohren and Huffman [101] have determined that

an appropriate starting point for the calculation of the logarithmic derivative is

max(x+ 4x3+ 2,Imxij +15.

To calculate the scattering loss versus wavelength we calculated the wavelength dependent

refractive index for silica using the Sellmeier equation

n2 _=• = 2_12 (C7)
i=1 

i

with the coefficients Ai and li from Ref. 165. For silicon we calculated the wavelength dependent

refractive index using the equation from Ref. 166

ns = A + BL + CL2 + D 2 + El (C8)

with the coefficients A, B, C, D, E and L from the same reference.

The program also allows the user to plot the scattering loss coefficient versus wavelength as well

as save the results to a data file.

We compared our numerical results with those reported in Bohren and Huffman for the

extinction efficiency of water spheres in air considering the real and imaginary contributions to

the refractive index of water for various wavelengths [168]. The perfect agreement is shown in

Figure Cl.
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Figure C (a) Calculated extinction efficiency of water spheres in air using our computer program.
(b) Calculated extinction efficiency of water spheres in air from Bohren and Huffman [101].
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%particlescattering. m

%Input wavelengths for the calculation from a file
lamda=csvread('lamdascattering.dat');

%To calculate the scattering efficiency of water in air input the real and
imaginary
%index of refraction for water
%Nreal=csvread('nwater.dat');
%Nimag=csvread('kwater.dat');
%N=complex(Nreal,Nimag);
%N1=1;

%Define Sellmeier constants for Si02 index calculation (from J. W. Fleming
%and J. W. Shiever, J.Am.Ceram.Soc., 62, pp. 526 (1979).

A1=0.69681;
A2=0.40817;
A3=0.89493;
11=0.06853;
12=0.11612;
13=9.9140;

%Calculate the SiO2 index from the Sellmeier equation (index of the matrix)
Nl=sqrt(l+(Al.*lamda.^2./(lamda.^2-11^2))+(A2.*lamda.^2./(lamda.^2-12^2))...

+(A3.*lamda.^2./(lamda.^2-13^2)));

%Define the coefficients for the dispersion of Si (from H.H. Li,
%J.Phys.Chem.Ref.Data,9 (3), pp. 561 (1980)
A=3.41696;
B=0.138497;
C=0.013924;
D=-0.0000209;
E=0.000000148;
L=l./(lamda.^2-.168^2);
N=A+B.*L+C.*L.^2+D.*lamda.^2+E.*lamda.^4; %index of the scatterer (Si
nanocrystal)

%Define the particle radius in microns
particlesize=1.5e-3;

calculationsize=size(lamda);
%Initialize the matrix for the scattering efficiencies
Cscatotout=zeros(calculationsize);

for(j=l:1:calculationsize)
m=N(j)/N1(j); %define the relative refractive index
x=(2*pi*Nl(j)*particlesize)/lamda(j); %define the size parameter
STOP=round(x+4*x^(1/3)+2); %calculate the total number of terms to..

%consider in the sum
D=zeros(l,STOP+1); %initialize the matrix for the...

%logarithmic derivative
D=logderivativeD(m,x,m*x); %use recursion to calculate the...

%logarithmic derivative
%Cexttot=0;
Cscatot=0;
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psi0=cos(x);
psil=sin(x);
chi0=-sin(x);

kind
chil=cos (x);

kind

%define the
%define the
%define the

Oth spherical Bessel function
ist spherical Bessel function
Oth spherical Bessel function of the second

%define the 1st spherical Bessel function of the second

eta0=complex(psi0,-chi0); %calculate the Oth spherical Hankel function
etal=complex(psil,-chil); %calculate the Ist spherical Hankel function
for(i=1:1:STOP)

%Calculate the next spherical Bessel functions from recursion
psi=(((2*i-1)*psil)/(x))-psi0;
chi=(((2*i-1)*chil)/x)-chi0;
eta=complex(psi,-chi);
%Calculate the scattering coefficients for this iteration
a=(((D(i)/m)+(i/x))*psi-psil)/(((D(i)/m)+(i/x))*eta-etal);
b=(((D(i)*m)+(i/x))*psi-psil)/(((D(i)*m)+(i/x))*eta-etal);
%Cextcurrent=(2*i+l)*real(a+b);
%Calculate the scattering cross section for this iteration
Cscacurrent=(2*i+l)*(abs(a)*abs(a)+abs(b)*abs(b));
%TotalCext=Cexttot+Cextcurrent;
%Add the current scattering cross section to the total
TotalCsca=Cscatot+Cscacurrent;
psi0=psil;
chi0=chil;
psil=psi;
chil=chi;
etal=eta;
Cscatot=TotalCsca;
%Cexttot=TotalCext;

end
Cscatotout(j)=Cscatot;
%Cexttotout(j)=Cexttot;
end

xcalc=((2.*pi.*Nl.*particlesize)./lamda);
Qscattering=(2./(xcalc.^2)).*Cscatotout; %calculate the scattering
efficiency
%Qext=(2./(xcalc.^2)).*Cexttotout; %calculate the extinction efficiency
density=lel9; %define the density of scatterers
alpha=density*pi*(particlesize*le-4)^2*Qscattering; %define the loss
coefficient for scattering
plot(lamda,alpha); %plot the results
title('Loss Coefficient Due to Scattering from Spherical Particles');
xlabel('Wavelength (microns)');
ylabel('Loss Coefficient (cm^-l)');
dataext=[lamda,Qscattering]; %prepare the results for file export
csvwrite('extinctionefficiency.dat',dataext); %export the results to a file
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%logderivativeD.m

function [D]=logderivative(m,x,rho)

mx=round(abs (rho));
STOP=round(x+4*x ^ (1/3)+2);
NMX=max(STOP,mx)+15; %calculate the number of terms to include in the

%calculation
D=zeros(l,NMX); %initialize the matrix

%Determine the logarithmic derivative through downward recurrance
for (i=l:1:NMX-1)

D(NMX-i)=((NMX-i+1)/rho)-(l/(D(NMX-i+l)+(NMX-i+l)/rho));
end
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Appendix D Program for Calculating the

Scattering Cross Section, Scattering

Efficiency and Loss Coefficient for

Cylindrical Scatterers

In this appendix we present the Matlab program cylinderscattering.m which calculates the

loss coefficient due to scattering from cylinders at a single wavelength where we have also

followed the approach of Bohren and Huffman [101]. Similar to the calculation for spherical

scatterers we introduce the logarithmic derivative

Gn (p )  (D1)
Jp

where Jn is a Bessel function of the first kind.

The scattering coefficients are

G,+1 (mx) +- n]J (x)- Jn-1(X)

, m +- J.(x)- xJ-\ ix)
Smx

(D2)

[mGn+ (mx) + nJ (x)- J 1 (x)

Gr(mx •• (mx) + nH (x)- H (x)

where H(' are Hankel functions.
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The function logderivativeg.m is called in the program to calculate the logarithmic derivative

through downward recurrence through the relation

n-2 1 (D3)

+ n G. (p)
P

Instead of using recursion to calculate the higher order Bessel and Hankel functions we take

advantage of the built-in Matlab functions besselj(n,x) which calculates the nth order Bessel

function of the first kind (Jr) and bessely(n,x) which calculates the nth order of the Bessel function

of the second kind (Yn) where

H(1)(x)= J,(x)+iY (x) (D4)

For the special case of the 0 th order scattering coefficients we use the expressions

G,(mx)Jo(x) + J,(x)

a0  mao G, (mx)H o(x) + H ((D5)
m

= mG, (mx)Jo(x)+ J, (x)bO =mG,(mx)H ()(x)+ H()(x)

We calculated the density of cylinder scatterers (columns in the columnar film) from the

approximate column size, a, and volume fraction, f using the expression

fDensity = - (D6)
a

To calculate the scattering loss due to the columnar film morphology we performed a Cauchy fit of

the index of refraction versus wavelength measured by prism coupling for the Er-doped Si-rich
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SiO2 slab waveguide sample annealed at 6000 C. The index of refraction for the TE and TM

polarizations was given by the formula

n = A0 +A, 2 +A2 - 4  (D7)

For the TE polarization the coefficients were A0 = 1.5441, A, = 1.2860x10 4 and A2 = - 6.8099x108 .

For the TM polarization the coefficients were Ao = 1.5499, At = 9.4680x 103 and A2 = 2.8412x108 .

The refractive index of the column and boundary region were calculated by solving the system of

equations 4.11 and 4.12 with fcolumn = 0.83 and fbounary = - fcolumn These results are input into the

program from comma delimited data files matrixindex.dat and columnindex.dat for the matrix

(boundary) and column index of refraction, respectively, with the corresponding wavelength input

from the file lamdascattering.dat.

The program also allows the user to plot the scattering loss coefficient versus wavelength as well

as save the results to a data file.

We have compared our calculation to the values quoted in Bohren and Huffman for the scattering

efficiency of a single cylinder with a size of 0.525 p.m and refractive index of 1.55 in air at a

wavelength of 0.6328 gm. We calculated scattering efficiencies of 1.94587 and 1.48165 for light

polarized perpendicular and parallel to the cylinder, respectively. These values are comparable to

those reported in Bohren and Huffman (2.09716 and 1.92782 for the perpendicular and parallel

case, respectively) with the difference most likely due to the different approaches for calculating

the higher order Bessel and Hankel functions.
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%cylinderscattering.m

%Read the wavelength and index of refraction for the column and boundary
%regions from a file
lamda=csvread('lamdascattering.dat');
Nl=csvread('matrixindex.dat');
N=csvread('columnindex.dat');

%lamda=1.551;
%Nl=1.4652;
%N=1.5923;
%neff=1.5493;
%km=(2*pi*neff/lamda)

%lamda=0.6328;
%Nl=1.55;
%N=l;

%Define the column radius in microns
particlesize=170e-3;
%Define the filling fraction of the columns
f=.83;
%Define the effective radius of the coated column
RC=particlesize*le-4/f^(1/2);
%Calculate the density of columns
density=l/RC^2

%particlesize=0.525;

%Intitialize matrices
calculationsize=size(lamda);
Cscatotoutperp=zeros(calculationsize);
Cscatotoutpar=zeros(calculationsize);
Cextout=zeros(calculationsize);
Extinctiondata=zeros(calculationsize,2);

for(j=l:1:calculationsize)
m=N(j)/Nl(j);%define the relative refractive index
x=(2*pi*Nl(j)*particlesize)/lamda(j);%define the size parameter
STOP=round(x+4*x^(1/3)+2);%calculate the total amount of terms to include

%in the sum
G=zeros(l,STOP+l);%initialize the matrix for the logarithmic derivative
G=logderivativeG(m,x,m*x);%use recursion to calculate the logarithmic

%derivative
Cscatotpar=O;
Cscatotperp=O;
Cexttot=O;
for(i=l:1:STOP)

%Compute the Bessel's and Hankel's functions using built-in Matlab
%routines
JO=besselj(i-l,x);
J1=besselj (i,x);
YO=bessely(i-l,x);
Yl=bessely(i,x);
HO=complex(JO,YO);
Hl=complex(Jl,Yl);
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%Calculate the scattering coefficients for this iteration
a=(((G(i+l)/m)+(i/x))*J1 -JO)/(((G(i+l)/m)+(i/x))*Hl-HO);
b=(((G(i+l)*m)+(i/x))*J1-JO)/(((G(i+l)*m)+(i/x))*H1-HO);
%Calculate the scattering cross section for this iteration (TE case)
Cscacurrentperp=2*(abs(a)*abs(a));
%Calculate the extinction cross section for this iteration (TE case)
Cextcurrent=2*a;
%Add the current extinction cross section to the total
TotalCext=Cexttot+Cextcurrent;
Cexttot=TotalCext;
%Add the current scattering cross section to the total
TotalCscaperp=Cscatotperp+Cscacurrentperp;
Cscatotperp=TotalCscaperp;
%Calculate the scattering cross section for this iteration (TM case)
Cscacurrentpar=2*(abs(b)*abs(b));
%Add the current scattering cross section to the total
TotalCscapar=Cscatotpar+Cscacurrentpar;
Cscatotpar=TotalCscapar;

end
%Calculate the scattering coefficients for the zeroth
%sum and add it to the total scattering cross section
J00=besselj(0,x);
J01=besselj(l,x);
Y00=bessely(0,x);
Y01=bessely(l,x);
HOO=complex(JOO,Y00);
H01=complex(JO1,YO1);
a0=(((G(1)*J00/m)+JO1))/((G(1)/m)*HOO+HO1);
b0=(((G(1)*J00*m)+JO1))/(((G(1)*m)+(i/x))*HOO+HO1);
Cextout(j)=aO+Cexttot;
Cscatpreoutperp=abs(a0)*abs(a0);
Cscatotoutperp(j)=Cscatotperp+Cscatpreoutperp;
Cscatpreoutpar=abs(bO)*abs(bO);
Cscatotoutpar(j)=Cscatotpar+Cscatpreoutpar;

order term in the

xcalc=((2.*pi.*Nl.*particlesize)./lamda);
Qscatteringperp=(2./(xcalc)).*Cscatotoutperp; %calculate the scattering

%efficiency (TE Case)
Cscatteringperp=(2.*1.5.*particlesize.*Qscatteringperp);
Qscatteringpar=(2./(xcalc)).*Cscatotoutpar; %calculate the scattering

%efficiency (TM case)
Cscatteringpar=(2.*particlesize.*l.5.*Qscatteringpar);
diameter=2.*particlesize;
%plot(diameter,Cscatteringperp,diameter,Cscatteringpar);
size(lamda);
%Calculate the loss coefficient from scattering
alphaperp=density.*2.*particlesize.*1.5.*Qscatteringperp.*1e-8
alphapar=density.*2.*particlesize.*1.5.*Qscatteringpar.*1e-8;
%Plot the results
plot(lamda,alphaperp);
%Prepare the results for file export
extinctiondata(:,l)=lamda;
extinctiondata(:,2)=alphaperp;
%Export the results to a file
csvwrite('cylinderextinction.dat',extinctiondata);
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end



%logderivativeg. m

function [G]=logderivative(m,x,z)

mx=round(abs(z));
STOP=round(x+4*x ^ (1/3)+2);
NMX=max(STOP,mx)+15; %calculate the number of terms to include in the

%calculation
G=zeros(l,NMX); %initialize the matrix

%Determine the logarithmic derivative through downward recurrance
for (i=1:1:NMX-l)

G(NMX-i)=((NMX-i-l)/z)-(l/(G(NMX-i+l)+(NMX-i)/z));
end
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