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" The highest reward for a person's toil is not what they
get for it, but what they become by it."
-John Ruskin

Abstract

Glasses have long been successfully doped with erbium ions for amplification
at 1.53|im. There is also, however, great interest in doping silicon with erbium for the
purpose of integration of optical and electronic devices. However, from the work
carried out to date, it is clear that the erbium ion does not interact significantly with
the host. This implies that the emission cross-section therefore remains unchanged at
approximately lO’^l cm^ resulting in a small gain coefficient in comparison to gains
obtained from band to band transitions in III-V's. Thus, if doped material is to
provide significant gain and be electrically activated, either the emission cross-section
of the ion must be increased or the concentration of active erbium ions be in excess of
1Q20 ions/cm^. An enhancement of the emission cross-section may be achieved by
increasing the degree of mixing between the 4 / and 5d levels and electrical activation
becomes feasible if the erbium ion is forced into a 'mixed valence' state.
This thesis presents the results of an investigation into the possibility of
increasing the radiative cross-section (and therefore, the electrical activation
efficiency) in erbium doped silicon. The energy levels of the isolated erbium ion
have been theoretically predicted by employing the Thomas-Fermi method. The
behaviour of these levels in silicon was then investigated using a Kronig-Penney
approach. The results show that fluorine, in addition to erbium in silicon, doubles the
radiative cross-section of the rare earth ion by enhancing the mixing of the 4 f and 5d
levels of erbium.
Photoluminescence spectra of erbium in silicon doped with fluorine, also
demonstrate that the introduction of a co-dopant enhances erbium luminescence by
approximately an order of magnitude.

This can be further increased by post-

amorphisation, solid phase epitaxial re growth and the correct choice of substrate (i.e.
in terms of electrical dopants).

Erbium photoluminescence in silicon exhibits a

stronger quenching behaviour as the temperature is increased, thus, room temperature
luminescence was not observed. In addition, diffusion of erbium into silicon was
successfully attempted and photoluminescence was observed.
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Chapter 1: Erbium doped silicon based opto-electronics

Chapter 1:
Erbium doped silicon based opto
electronics
Abstract
This chapter is an introduction to the technology of rare earth doped silicon
and summarises the important work conducted to date, in the literature. The aim of
the work in this area is to achieve luminescence from the rare earth ions via electronhole recombination in the semiconductor. Thus, pertinent properties of the rare
earths, such as mixed valence, are discussed. The fabrication methods for producing
doped silicon are presented, as well as the possible device applications for this
material. The chapter concludes with a summary of the structure of the thesis.
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Introduction
1.1 General Introduction
Photonic technology may be a driving force for many technological
developments in the coming years. The enormous speed and bandwidth may enable,
a wealth of sophisticated telecommunication services. Future information highways
will also be based on photonic technology.

The challenge therefore lies in the

integration of both electrical and photonic technologies into one opto-electronic
system. This would allow information to be generated, transported, switched and
received as light or electrons.

Opto-electronics could also lead to revolutionary

developments in medicine in the applications of laser surgery, blood sensing and
optical imaging.
For the development of this technology new opto-electronic materials are
required for the waveguiding, switching, multiplexing and amplification of lighth2.
In turn, these components demand light sources operating at the appropriate
wavelengths. The dominant material in the microelectronics industry is silicon, and
one potential approach to the integration of higher levels of optics and electronics is
to combine the different functions on a common silicon substrate.
Silicon has a number of attractive properties as a substrate for integrated
optics.

It is relatively low in cost and available in large quantities. It has high

thermal conductivity and useful electronic properties. Unfortunately, bulk-crystalline
silicon exhibits very inefficient light emission due to its indirect energy gap
(Fig. 1.1.1).

Indeed, the radiative recombination of an electron excited into the

conduction band with a hole in the valence band, occurs with an efficiency of less
than 10'^; i.e. one photon is em itted per every million electrons injected^.
Consequently, crystalline silicon has long been considered unsuitable for certain opto
electronic applications, and III-V semiconductors have been the preferred materials of
use. However, silicon technology, being mature, and the material being both cheap
and highly integratable, suggests that silicon may be a more attractive host for lasing
ions than glasses and III-V semiconductors.
As a result, since the early 1980's, a considerable effort has been made to
circumvent the fundamental processes which limit light emission from silicon. The
different approaches can be divided into two main classes: 1) light emission from
silicon nanostructures; 2) light emission from impurities introduced within the silicon
matrix. The former encompasses phenomena such as light emission from porous

17
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silicon and from silicon clusters^, while the latter consists mainly of light emission
from rare earth doped

s ilic o n 5 ,6 .

This thesis will focus upon the latter approach.

conduction band
electrons

holes

valence band

Crystal momentum p
Figure 1.1.1 The energy bands of silicon. The dashed arrow represents the recombination of an
electron with a hole and requires a phonon to be supplied before a photonic transition can occur^.

1.2 Rare earths in silicon
The luminescence properties of rare earth ions in solids in the visible and
infrared spectral regions were extensively studied in the 1960's and 1970's^. This
work was almost entirely concerned with the optical properties of rare earth ions in
ionic host crystals such as oxides and halides^’

However, rare earth ions in their 3+

state present an incomplete 4 / shell shielded by the outer 5s and 5p electrons: because
of this shielding process, the spectrum which arises from the intra-^/ transitions is
almost entirely independent of the host matrix. In particular, erbium ions emit light
from the "^Ii3 /2 to

11 5 /2 transition at about 1.54pm (Fig. 1.2.1). This is the standard

wavelength utilised in the communication industry as it falls within the window of
minimum loss for optical fibres
In experiments on emissions from rare earth doped semiconductors and
glasses, excitation of the relevant transitions is typically by an external optical source.
If these transitions could be brought about electrically, using the valence and
conduction bands of a semiconductor, we could in principle integrate the optical
source with the semiconductor. With this in mind, much research has been performed
in recent years by various groups at AT&T 1^4 3 and The Institute for Atomic and
18
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Molecular Physics

These groups have concentrated upon the fact that

the luminescence intensity of the erbium ion increases if part of a complex with other
impurity atoms such as oxygen, fluorine, nitrogen and carbon.

However, these

complexes are little understood in their formation, dissociation and structure.
T=80K

hv=1.535|im
1.500

1.550

1.600

1.650

1.700

WAVELENGTH (urn)

15/2

Figure 1.2.1 The photoluminescence spectrum of a sample of erbium doped silicon annealed at 900°C
for 30 minutes

The inset diagram illustrates the relevant manifold for the peak transition (1) seen in

the spectrum on the left.

1.3 Erbium in silicon
The recombination energy of an electron-hole pair in silicon is sufficient to
excite an electron from the ground manifold to the first excited manifold in erbium.
Therefore it is energetically possible to excite the erbium ion by carriers injected into
silicon in, for example, a p-n diode structure. This was first demonstrated by Ennen
et al. at tem peratures below 77K in 1983^.

More recently, room temperature

electroluminescence has been demonstrated^^.
A survey of the literature shows that although there are several established
methods for doping silicon with rare earth ions, the resulting electroluminescence
spectra are so feeble and the quantum efficiencies so low that they are not practical
for device applications^^. A possible explanation for this is that the rare earth ions
may not be in a valence state which allows them to contribute to the carrier density.
This suggests that they do not interact significantly with the host lattice and this is
borne out by the observation that the radiative cross-section also remains unchanged
at approximately lO'^^cm^ (the same as that for the isolated ion^^). This gives rise to
a very small optical gain coefficient in comparison to the intra-band gain seen in III-V
direct injection devices (in which the cross-section is of the order of lO'^^cm^). Thus,
if doped silicon is to provide significant gain, either the activation cross-section of the
ion must be increased or the concentration of active erbium ions be in excess of 10^^
19
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ions/cm^.

U nfortunately, the latter is difficult to achieve in silicon, because

significant lattice damage is likely to occur at higher dopant concentrations^O. In
addition, erbium begins to cluster at concentrations greater than 10^^ ions/cm^ and to
form erbium silicide (ErztSig)^!. With this limitation on the concentration, the way
forward would appear to be to try to increase the radiative cross-section of the ion.
Selection rules forbid electric dipole transitions within the 4 / band, but the
radiative cross-section is not zero, for two reasons: 1) the existence of a magnetic
dipole interaction and 2) the mixing between the 4 / and 5d energy states. If it were
possible to modify the wave function in such a way that this 4 f-5 d mixing was
enhanced (Fig. 1.3.1), the result might be to increase the cross-section without a
significant alteration in wavelengths of emission and absorption (which are primarily
determined by spin-orbit interactions)^9. The same alteration of the wave function
may further result in an improved interaction between erbium and the semiconductor
host. Thus, the electrical activation of the dopant may be enhanced.

electron__
repulsion

Single.
electron

Spin-orbik
coupling

Host

Tailoring of
host with
co-dopant?
(f-d mixing)

7/2

I

I

a=10“2icm2

a= 0 cm2

a = 1 0 “‘^cm2

Figure 1.3.1 A schematic diagram of the change in the electronic states (when Stark splittings of the
atomic levels occur) and emission cross-sections of the isolated erbium ion due to the effect of the host
and a co-dopant. The terms describing the levels are explained in Chapters 2 and 3.
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1.4 Mixed valence
4f-5d mixing has been shown to occur in the rare earths due to their 'mixed
valence'

p ro p e r tie s ^ 2 ,2 3

The energy levels may be made to overlap by applying

pressure to the material containing the rare earth ions. This pressure can be applied
either mechanically or structurally by co-doping with an ion of appropriate size or
electronegativity24, in the latter case, the degree of mixing will depend upon both the
ionic species and the concentration of ions present. This is equivalent to modifying
the distance between the erbium and co-dopant ions.

conduction band
electrons

/ 11/2
*13/2
%

hv=1.535|J.m

15/2
holes

valence band

Crystal momentum (p)
Figure 1.4.1 A schematic diagram of the silicon bands indicating where the 4/ erbium manifold would
be sited to enable the 1.535|i.m transition to occur. Note that in comparison to Fig. 1.1.1, no phonon is
required for electron-hole recombination. The Er^+ electronic states provide intermediate levels for
electrons to fall into on their way to the valence band. For this to occur, the erbium ion would have to
fluctuate between the 2+ and 3+ states.

Co-doping could therefore not only change the cross-section and allow the valence of
the 3+ ion to alter, but also counteract the screen provided by t h e 'd' shell electrons.
Consequently, the chemical bond formed would leave th e /s h e ll unshielded and able
to interact with the bands of the host. In the event of the bond forming with the host,
the 3+ ion might act as an acceptor for an electron from the conduction band (thus
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being reduced to a 2+ ion, Fig 1.4.1). 'Fluctuating' or 'mixed' valence is a property
unique to the rare earths and is discussed in detail in Chapter 5.

1.5 The reduction of Er^+ to Er^+
The reduction of the Er^+ ion to Er^+ has been extensively studied in ionic
crystals, including alkaline-earth halides^^. Doping of a salt such as calcium fluoride
with an ion that differs from the calcium or fluorine valence by a value of one (i.e. 3+
or 2"), has been used to study crystal imperfections^^. For example, consider oxygen
diffusing into calcium fluoride.

The necessity for charge neutrality inevitably

suggests that an electron trap vacancy (an F centre) will form in the crystal. This is
one possible mechanism for maintaining electrical neutrality; another is to change the
valence of the dopant ions to match the corresponding ions in the host. Therefore,
Er^+ would accept an extra electron to become Er^+.

In this case, no charge

compensators such as F centres are required.
The different methods of reducing the rare earth ion in alkaline-earth halides
include gamma irradiation^^, and solid state electrolysis^^. The latter results in a
permanent change of valence and a visible colour change within the sample crystal.
Numerous spectra of stable divalent rare earths in ionic crystalline hosts are provided
in reference^^. However, all transitions fall within the absorption band of silicon and,
for this reason, even if Er^+ ions were present, their identification by means of
luminescence would be difficult. In Sec. 1.8, the effect of co-dopants on Er^+ in
silicon is addressed.

Various papers suggest that the reason for increased

luminescence upon the introduction of electronegative ions, such as fluorine, is due to
Er^+ undergoing oxidation to a 3+ state (the reverse of the process given in the
paragraph above).

Thus, the fluctuating valence property of the rare earths is

probably already being employed in the luminescence mechanism within silicon.
However, due to the enormous problems associated with the identification of the 2+
ion in silicon, it is not addressed further within this thesis.

1.6 Possible device applications
In considering the possible engineering applications of this work, we identify
the most significant limitation of rare-earth doped glasses - which are insulators- as
the necessity for an external optical pump to provide the excitation mechanisms
which enable population inversion to occur. This does not compare favourably in
22
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practical terms, with the direct current injection used to power semiconductor-based
optical amplifiers and lasers. Clearly, integration with electronic devices on silicon
substrates would be much more difficult to realise if optical pumping were the only
option.

In semiconductors, on the other hand, the optical transitions used for

am plification are 'band to band' transitions.

These are ideal for wide band

amplification but not for applications in which high spectral purity is a requirement,
such as wavelength division multiplexing. Spectral purity can be obtained by using a
single-mode semiconductor laser which employs an external cavity, or a distributedfeedback laser (DFB) using an etched diffraction grating^^. If the intra-4/ shell
transitions in rare earths could be combined with the direct electrical pumping offered
by semiconductors, then we would have some interesting possibilities for realising
spectral purity.

Indeed, with all the different rare earths that exist, it becomes

possible to have one material emitting light at various different wavelengths
depending upon the dopant ions being activated.

lon-ion interactions between

different dopants could be used to transfer energy from one frequency to another
without dissipating it into the phonon structure; an effect already successfully
demonstrated in glass hosts (Chapter 2).
There exists very little literature on the nature of potential device
a p p l i c a t i o n s b u t

all the possibilities will have one thing in common: the use of 4 f

shell transitions in place of, or in addition to, inter-band transitions provided by the
semiconductor host. Wide band optical amplification is clearly not an objective, but
selective amplification of certain wavelengths is. Since semiconductor lasers and
amplifiers already exist, use of the rare earths is only justified for reasons of
wavelength selection or spectral purity.

The following are two suggestions for

possible device applications:
1.

an electrically pumped rare earth laser (Fig. 1.6.1);

2.

a device for wavelength conversion (Fig. 1.6.2);

The principles involved are illustrated below.
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conduction band
Current injection

1535nm

valence band

Figure 1.6.1 An electrically pumped rare earth laser. A second upper excited state is precluded as the
electrons come directly from the conduction band of the semiconductor. This would also improve the
efficiency of the electron-hole recombination in silicon as a phonon would no longer be required for
the photonic transition to occur.

conduction band
Optical pump

1535nm

valence band
Figure 1.6.2 A wavelength conversion device. In this application, the excitation of the silicon
conduction-to-valence band transition is still by optical means. However, the resultant emission is no
longer due to the intra-band transitions in the semiconductor. Instead the intermediate atomic rare
earth levels dictate the emitted wavelengths. The emission cross-section is unknown.

1.6.1 The emission cross-section and gain
The advantages of incorporating rare earths into silicon were discussed above,
but the achievable maximum gain and peak emission cross-section^^ in erbium
doped-silicon do not com pare well with those of rare earth-doped III-V
semiconductors. This will now be discussed.
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The maximum gain g, at 1535nm (which arises upon a transition from the first
excited state (2) to the ground state (1), where 2 and 1 represent bands almost
equivalent to discrete energy levels) is defined as
8 = (^2l^a

(1.6.1.1)

where Na is the number of active atoms (or ions) and

021

is known as the emission

cross-section and has the dimensions of area i.e. cm^. In addition, the probability
{P2 1 ), of a transition per second, occurring from the first excited state to the ground
level can be shown to be

Pll = <y2\VNa

( 1.6 . 1.2)

where v is the group velocity of the incident photons in the material {P 2 1 is also
inversely proportional to the lifetime of the transition, x). Thus, for increased gain in
the material, either: 1) the emission cross section must increase, which will require an
increase in the probability of a transition occurring (hence, x must decrease), or 2) the
concentration of erbium ions must be increased. The maximum concentration has
been shown to be limited (Sec. 1.3) and therefore it is the former approach which has
been investigated in this project. The value of this direction is confirmed by results
obtained from

m o d e llin g ^ ^

which have shown that, even with a concentration of

approximately IxlO^Ocm'^, the maximum gain possible (independent of the host
material) is of the order of IdBcm k From E q .(l.6.1.1) the gain of different active
materials can be calculated and compared to the maximum possible gain from erbium
in a silicon host. In III-V materials such as InGaAsP, the gain possible from intra
band transitions is 200cm" ^ or 860dBcm "k

However, at a concentration of

IxlOl^cm"^ erbium in silicon provides a gain of only 2.15dBcm"^ . Thus, the gain is
approximately two orders of magnitude lower in an indirect band-gap doped
semiconductor, such as silicon, than in a direct band-gap semiconductor. These
figures therefore illustrate that the reason for including erbium in silicon is not to
provide a gain comparable to that achievable from III-V compounds but to facilitate
the use of silicon as a light emitting source.

In addition, the bandwidth of the

emission in InGaAsP, for example, is broad (50nm) and consists of many modes.
Erbium could therefore be used to provide a slightly narrower (<50nm) single mode
with a small gain which would superimpose upon the multi-m odes from the
semiconductor; potentially a lower cost method of achieving single mode operation
relative to the more effective but costlier DFB laser^^.
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1.7 Fabrication methods for silicon
Various methods of fabrication have produced optically active erbium doped
silicon, e.g. molecular beam epitaxy (MBE) and ion implantation. The following is a
brief summary of the experimental conditions under which material has been obtained
as described in recent papers. Due to the limited facilities available for this project,
ion implantation was the selected method.

1.7.1 Ion implantation
In 19835, it was reported that well-resolved, sharp luminescence peaks at
1.54|Lim could be observed in erbium implanted silicon if it was prepared in the
following manner: ion implanted at 350keV using concentrations of erbium varying
from 5x1013 to 5xlOT4 ions cm'^. For spectral characterisation, the specimens were
cooled to 20K and excited with the 514.5nm or 457.9nm line of an argon ion laser.
Similar results were obtained in 1989, when l^^Er was implanted into silicon at
250keVl5 in concentrations between 1x10^3 and lxlQ l5 cm‘^.
The work conducted in 1983 was the first to draw some conclusions as to the
effect of the dopant concentration, the annealing time, and the temperature, upon
photoluminescence intensity.

It was found that as the ion dose increased, the

emission intensity decreased in the material prepared at the lower annealing
temperatures. One suggested explanation for this was that the increased ion dose
would cause increased lattice damage. Therefore, the number of sites with tetrahedral
(T) symmetry (which corresponds to a substitutional position) would be diminished.
The effect of the annealing temperature could be explained by the erbium tending to
occupy non-T symmetry sites. These are not thermally stable at lower temperatures.
As the temperature is raised, more erbium ions revert to T positions but, if annealed
for too long, they begin to diffuse to the surface. Since so few ions are initially in T
sites, the implication is that they are in interstitial positions. This paper suggests that
the production of material with optimal photoluminescence, requires an anneal at
900°C for a period of 30 minutes, and an incorporated erbium concentration of
lxlQl3cm"2The excitation mechanisms of the rare earth in silicon have been discussed
qualitatively in various

p a p e r s

^^'34

Both the excitation wavelengths 514.5nm and

457.9nm penetrate to a depth of about 1pm in silicon. It has therefore been suggested,
that the excitation of erbium luminescence is due to photo-generated electron-hole
26
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pairs, rather than direct optical excitation. This hypothesis was tested by illuminating
the sample from the rear face^^. This effectively blocks out the direct excitation
beam so that only photo-generated carriers can travel the necessary 500|im, through
the sample thickness, to exite the erbium centres. The observed photoluminescence
decreased by only 20% compared to the front illuminated case, confirming the
hypothesis suggested. If photo-generated electron-hole pairs are responsible for the
excitation then injected carriers in a p-n diode should have a similar effect^^.

1.7.2 Other methods
Ion implantation has been the preferred method for most of the groups
working in this field, but methods such as molecular beam epitaxy (MBE)^^ and
thermal diffusion^^ have also been studied. A few papers describe methods by which
rare earths, including erbium, were made to diffuse into silicon. It was found that the
rare earths possess diffusion properties similar to those of other group III elements, in
that they migrate between crystal lattice sites. In none of these papers, however, was
erbium reported to luminesce.
In 19856, erbium doped silicon light emitting diodes (LEDs) were produced
by MBE. p-n junctions were formed by growing an erbium doped p-type epitaxial
silicon layer onto an «-type silicon substrate. When the diodes were biased in the
forward direction, and measurements taken at 77K, sharp electrolum inescence
emissions at 1.54|xm were obtained. It appears that the erbium ion may have been
excited by (free) carriers within the p-n junction region. The problem remained that
the quantum efficiency of the process was found to be merely 5x10"^ at 77K and not
observable at room temperature.

1.7.3 Conclusions
The ion implantation method, up until the present day, has yielded erbium
ions occupying prim arily interstitial sites.

These are unsuitable for electrical

activation: the reason for this is that, in interstitial positions, ions form bonds which
are significantly weaker than those formed when the impurity is substitutional. This
inhibits the exchange of electrons between the conduction and valence bands of the
host atom and the impurity (the electrons are said to be localised). Electrons or holes
superfluous to the number required to satisfy neutrality in the bond are not liberated
and are therefore not available for the conduction process. However, the annealing
27
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process has the effect of not only repairing crystal damage but providing the impurity
ions with enough energy to migrate to substitutional positions^^.

1.8 The effects of co-dopants
The effects of impurity co-doping in erbium implanted silicon were first
studied in 1991 by J. Michel et a l at AT&T and their paper was the starting point for
much of the experimental work conducted during this study 12 (although, at this time,
the material fabrication parameters had not yet been optimised). The results of their
work demonstrated that emission would only be observed in silicon if the erbium ions
formed some kind of complex, mainly with oxygen. They found that unless the
silicon used was Czochralski-grown (CZ), in which the concentration of oxygen is of
the order of IxlQl^cm"^, the intensity of the emitted fluorescence was significantly
lower than in the case of float-zone (FZ)-silicon, in which the oxygen concentration is
-IxlQ l^cm '^.

The AT&T paper also discusses the effects of co-im plants.

A

significant variation in the intensity of the erbium emission was observed for different
co-implant atoms. The conclusion drawn was that impurities modify the chemical
environment around the ion and are essential for the formation of optically active
Er^+ centres.
The highest energy implants (-5.25 MeV) were chosen such as to locate the
peak of the erbium distribution at a depth of 1.5pm below the surface. The co
dopants were implanted with energies that would locate them at the same depth as the
Er^+ (Fig. 1.8.1) The co-implants (carbon, nitrogen and fluorine) were introduced at
doses in excess of the oxygen, peaking at concentrations of IxlO^^cm'^. W ith the
inclusion of these light elements, the intensity of the fluorescence peak was greatly
enhanced. All these elements are more electronegative than silicon. Hence, if a free
electron exists it is attracted to these elements. As a result, any Er2+ ions (which are
optically inactive) within the vicinity of a co-dopant are oxidised to Er^+. This results
in an increase in the light emitted. The interaction of near neighbours was indicated
by the fact that the position of the photoluminescence peak shifted slightly for
different co-implants. This suggests a change of symmetry. In addition, various
anneal temperatures and times were explored in order to identify the optimum
conditions for maximum photoluminescence (Fig. 1.8.2). This appeared to be at
900°C for 30 minutes.
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1.8.1 Fluorine co-doping
In another very recent paper from the same group at AT&T, fluorine enhanced
Er^+ light emission was studied in d e t a i l T h e main conclusion drawn was that the
erbium -fluorine complex is 100 times more effective than the erbium-oxygen
complex in generating light emission at 1.54)j.m in silicon. The luminescence light
intensity was found to be linearly proportional to the total number of retained fluorine
atoms in silicon after heat treatment (Fig. 1.8.1.1). It is eventually limited by the
damage associated with the higher doses of fluorine implantation. The optimum
annealing temperature which achieves the maximum intensity was found to decrease
from 1000°C to 800°C (for a 30 minute anneal) as the fluorine implantation
concentration increases. Thus, the silicon/erbium anneal and the optimum processing
window are determined by the interaction of three processes occurring during heat
treatment: 1) damage recovery/complex formation; 2) fluorine out-diffusion; 3)
erbium-fluorine complex dissociation.
Damage

10'

F G ut-dirT uslon

Recovery

Er-F Complex
Dissociation

^ d is .

= 2.4 cV

lo'

10"
5x10** ► 3x10** O Ix lO '*
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A nnealing T e m p e r a tu re (C)

Figure 1.8.1.1 Photoluminescence peak intensity vs. anneal temperatures as a function of the fluorine
level during the heat treatment process*^.

The study by AT&T as just summarised, has led to work being conducted at
Surrey University^^ in which fluorine doped samples were re grown by solid phase
epitaxy (SPE). As a result, the luminescence intensity is greater in these samples than
in those conventionally annealed. RBS profiles show that the Er3+ diffusion during
the SPE re growth of the amorphous layer is suppressed and it is suggested that this is
due to the formation of Er^"*"/? complexes.
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1.8.2 Oxygen doping
In several

p a p e r s ^ 4 ,4 0 ,2 0

luminescence was reported to be stronger in CZ

silicon (which contains an average concentration of IxlO^^cm"^ of oxygen centres),
than in FZ silicon.

Some

p a p e r s ^ 4 ,4 0

explored the direct role played by oxygen

impurities in the optical activation of the 1.54pm luminescence by implanting oxygen
into erbium-doped silicon at concentrations comparable to those of the rare earth.
In a review of the effect of oxygen co-doping^O, it was suggested that the
reason for an increase in the luminescence intensity is that erbium behaves as a donor
in the presence of oxygen, which therefore has the effect of enhancing the electrically
active population by several orders of magnitude.

This suggests that the local

environment around the erbium ion is changed in the presence of oxygen. This is
supported by Extended X-ray Absorption Fine Structure (EXAFS) measurements
from erbium implanted CZ-silicon, which reveal a local six fold co-ordination of
oxygen atoms around each erbium ion^T

By contrast, similar concentrations of

erbium in FZ-silicon, which are essentially optically inactive, show that erbium is co
ordinated to twelve silicon atoms. This paper also concludes that erbium in silicon
behaves as an oxygen getter, only reacting with silicon when either the amount, or the
accessibility of oxygen is limited.
The enhancement in both erbium donor behaviour and luminescence in the
presence of oxygen suggest that these two quantities may be correlated. The donor
levels might be associated with an optically active 3+ state. In addition, a slight shift
in the peak of the luminescence spectrum from 1.538pm to 1.534pm suggests that
oxygen modifies the local erbium environment. Further experiments showed that the
shape of the spectrum is not sensitive to the absolute concentrations of erbium and
oxygen, but rather to the erbium/oxygen ratio.
Further work on the temperature dependence of the luminescence (Fig. 1.8.2.1)
has resulted in room temperature photoluminescence measurements for highly co
doped materiaM^. The limiting factor is not the density of excitable states but the
nonradiative de-excitation of excited erbium which quenches the luminescence at
higher temperatures. As the temperature dependence of this de-excitation is rather
weak, room temperature luminescence is observed in oxygen co-doped samples.
Photoluminescence temperature dependence of an untreated sample is also shown in
Fig.(1.8.2.1). The reason suggested for the fall off of photoluminescence intensity
above 150K is that nonradiative recombination is occurring, thereby preventing
carriers from diffusing to the optically active centres.
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temperature increases, the erbium ion may be losing energy nonradiatively through
the crystal (Chapter 6).
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Figure 1.8.2.1 Temperature dependence of the photoluminescence intensity for both the undoped
(circles) and oxygen-doped (squares) samples'^^.

The co-doping of erbium has also led to recent measurem ents of room
temperature electroluminescence

(E L )4 3 .

p-n diodes were fabricated and it appears

that the electroluminescence intensity increases linearly with the current passing
through the device. The limiting steps were suggested to be nonradiative decay
processes and limited pumping efficiency.

1.8.3 Semi-insulating polycrystalline silicon
The concept of oxygen doping has been successfully extended to other
m aterials such as SIPOS (sem i-insulating polycrystalline silicon), which is a
semiconductor fabricated using low-pressure chemical vapour deposition from SiH^
and N 2 O. This material combines the advantages of silicon as a semiconductor, in
which carriers can be generated, and Si0 2 , which is a good host for erbium (i.e. can
activate a high fraction and is subject to limited temperature quenching). Lombardo
et a l have implanted 1pm thick SIPOS films deposited on a silicon substrate. After
annealing, room temperature photoluminescence was observed and the luminescence
was shown to be generated by photo-generated carriers. Electroluminescence was
also observed'^'^.
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1.8.4 Solid phase epitaxy
In an effort to limit both the number of implantation induced defects and increase the
concentrations within silicon without the onset of precipitation, various groups have
been working on the solid phase epitaxy (SPE) re growth of erbium implanted
crystalline silicon (c-Si) which has been post-am orphised in the im planted
r e g io n l2 ,3 4 ,4 2 ,4 5 ,4 6

Polman et

have incorporated erbium in silicon at high

con cen trations,-10^®cm~^. This concentration is some two orders of magnitude
higher than previously achieved. If the total amount of erbium incorporated in csilicon could be optically activated (as opposed to the 1-2% actually activated)^^, the
fabrication of silicon based optical devices would become feasible.

1.9 Summary
To summarise, the important points that arise from the literature can be
separated into two main categories. The first category listed below under headings
(1) to (5), addresses the factors affecting the process of Er^+ luminescence in silicon.
The second category, listed (6) to (9), involves possible device fabrication and
increased electrical activation. The conclusion that is immediately apparent is that
firstly, the fraction of optically active centres must be increased from the present 12% and secondly, that all the noted features must be optimised if material of device
quality is to be realised. The limiting factors are:
1) erbium must be in the optically active 3+ state;
2) erbium must be incorporated within silicon in concentrations avoiding precipitation
i.e. presently at IxlO^^/cc^;
3) the pumping efficiency of the Er^+ sites through electron-hole processes should be
as high as possible;
4) the crystalline quality of the silicon host matrix must remain high to avoid
alternative nonradiative recombination routes to the electron-hole pairs;
5) the routes for nonradiative de-excitation of the pumped Er^+ sites should be
minimised;
6) m aterials doped with rare earth ions do not exhibit an increase in carrier
concentration. The rare earth ions are therefore electrically inactive;
7) with the exception of alkaline-earth halide crystals, erbium exists in a trivalent
state;
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8) the spectra of incorporated ions and their radiative cross-sections are largely
unaffected by the host (except for Stark splittings) and are similar to those of the
isolated ion (lO'^^cm'^ for the emission cross-section).

Hence the gain for silicon

doped material is small (less than 6cm'^), which is two orders of magnitude lower
than the compound semiconductor counterpart;
9) the sites at which the dopant ions are located are dependent upon the method of
fabrication.
If the requirem ents (1) to (5) can be met, while bearing in m ind the
observations (6) to (9), it would become possible to fabricate a silicon based LED
operating at 1.5pm with a power of typically ImW. This might eventually result in
the main goal of a silicon based laser.
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1.10 Thesis Outline
From the summary above, the objective of this project was to investigate
points (1), (4), (7), and (8). The emission cross section (8) in particular, appears to be
one of the most limiting factors. Even with a significant increase in the optically
active fraction, the carrier concentration and the material quality, the gain would not
be large enough for a lasing material to be feasible (see Sec 1.6.1).
The organisation of this thesis is as follows:

Chapter 2 discusses the

properties of the rare earths with particular attention to Er^+ and the factors affecting
luminescence. In order to study the behaviour of the emission cross-section, a model
has been developed of the Er^+ energy levels based upon the Thom as-Fermi
approximation for the radial component of the 4 f wave function, and on symmetry
group theory for the angular part of the wave function. This is discussed in Chapter 3.
The treatm ent is less rigorous than, for example, the H artree-Fock approach;
nevertheless, as we expect to find a large change in the radiative cross-section - and
electrical activation energy - the accuracy is adequate for the present purpose. The
validity of the model was tested by theoretically calculating fluorescence spectra for
Er3+ and comparing to experimental measurements.

The ion was situated both

interstitially and substitutionally within a silicon host.
Chapter 4, discusses how the above model was expanded to study the effect of
co-dopants on the levels of erbium.

This was achieved by constructing a two

dimensional, quantum well system with the parameters pertaining to the Er^+ ion and
a co-dopant such as fluorine. Emission cross-sections calculated from Chapter 3 and
4 show that the presence of fluorine does increase both the level of mixing and the
emission cross-section. The concept of 'mixed valence' is also discussed.
The experimental investigation (Chapters 5 and 6) centres upon the use and
effect of co-dopants on the luminescence intensity of erbium in silicon. This was
investigated for different types of silicon {n, p n+ and intrinsic), to examine the effect
that different levels of carriers had on the luminescence. In addition, methods of
introducing erbium into silicon in a less destructive manner than ion implantation,
were explored, such as thermal diffusion. The first photoluminescence spectrum of
doped material created in this manner has been published. Solid phase epitaxial re
growth of fluorine doped material has also been carried out in an attempt to decrease
emission lost due to nonradiative processes.
Chapter 7 concludes the work, drawing together the results gained by
m odelling and experiment, and summarises the achievem ents of this research
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programme. Possible future work in this area and applications of the research are also
discussed.
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Chapter 2:
Properties of the rare earths
Abstract
This chapter begins with a general treatise of the rare earth (or lanthanide)
series of elements. The erbium ion (Er^+) is then discussed both in isolation and as a
dopant within a host. The calculation of the energy levels and the use of RussellSaunders coupling for the isolated erbium ion are presented as well as the parameters
affecting the luminescence spectrum such as Stark splittings, nonradiative transitions
and line broadening. The effect that the host crystal field has upon the shape and
magnitude of the emission spectra is also discussed.

The chapter closes with a

discussion of the mixing between the ground and first excited levels, which enhances
the emission cross-section for these levels without affecting their position. This
chapter acts as an introduction to the work presented in Chapters 3, 4 and 6.
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Introduction
This chapter summarises the properties of rare earths both as isolated ions and
in the context of a dopant within a host. W here certain properties have not been
measured within silicon, examples are given from glass hosts. Glasses have been
successfully doped with rare earth ions by a variety of methods, leading to the
developm ent of optically pumped fibre lasers and amplifiers.

One of the most

important points discussed is the effect that the host crystal field has upon the shape
and magnitude of the emission spectra.

2.1 The rare earths
The rare earths, or lanthanides, form a group of 15 chem ically similar
elements occupying the penultimate row of the periodic table T They have an unfilled
4 / shell in common. The name and chemical symbol of the each of the elements in
the lanthanide series are shown in Tab.2.1.

Rare-earth

Chemical
symbol

lanthanum
cerium
praseodymium
neodymium
promethium
samarium
europium
gadolinium
terbium
dysprosium
holmium
erbium
thulium
ytterbium
lutetium

^^La
58Ce
59pr
60Nd
61pm
62Sm
63Eu
64cd
65xb
66Dy
67Ho
68£r
69jm
70yb
21Lu

Table 2.1 The elements of the lanthanide series with their atomic numbers^.

All rare earths have the same outer electronic structure of [Xe]5s^5p^6s^. The
number of electrons occupying the inner 4 / shell dictates their optical characteristics.
When ionised, they are chiefly trivalent and it is principally the properties of the
trivalent ions which are of interest because these fluoresce mostly in the near infrared
region (1300-1550nm). Emissions at these wavelengths for some of the rare earth
elements, correspond to the range of transmission wavelengths used in optical fibre
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communications. As stated earlier, the 5s and 5p shells shield the 4 f orbitals of the
rare earth ions from host lattice effects. Thus, the absorption and emission spectra of
the ions are largely unaffected by the host material. Since it is the properties of the
unfilled 4 f shell that are of interest, further discussion is confined to these. Fig.2.1.1
depicts the radial parts of the 5s, 5p and 6s wave functions for Ce3+ and illustrates the
extent to which the 4fv/av& functions lie within the closed 5s^5p^ shelP.

1

U
o3J
1-

0

2<

■1

0

1

2

3

4

5

Figure 2.1.1 The radial wave functions for Ce^+ in units of the Bohr radius, aqi^l.

Consequently, the energy levels are: 1) relatively insensitive to the host
crystal; 2) possess small host-induced splittings; 3) are only weakly m ixed with
higher energy states (i.e. 5d and 6s)\ 4) are subject to weak nonradiative relaxation of
excited states, which occur through phonon emission^. Thus, the optical transitions
between the 4 f states manifest themselves as narrow lines, typical of isolated atom
spectra. Furthermore, in silicon, the rare earth ions do not contribute significantly to
the carrier concentration (Chapter 1). This is another consequence of the lack of
interaction with the host and its valence and conduction bands.

Increasing this

interaction would require an alteration to the wave function of the ion and is
discussed in Chapter 3.
As the 4 f electrons interact only weakly with electrons on other ions, the
Hamiltonian (parts of which are discussed in more detail in Chapter 3), can be written
for an individual rare earth ion as"^

^

^

fr e e —ion

^ io n -la ttic e

^em

^

^ io n -io n
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where

is the Hamiltonian for the ion in complete isolation.

^^e

Ham iltonian for the interaction between the ion and the host.

treats the

interaction of the ion with an electromagnetic field and the last term describes the
interaction between rare earth ions. Interactions other than
small and will
therefore be treated as perturbations.

2.2 Energy levels of erbium
The ground state configuration for the erbium atom is [Xe)4fi^5s^5p^6s^5d^.
W hen it becomes ionised, the final four shells become 4 fi^5 s^5 p ^, the 5d and 6s
shells being empty. The first two terms in Eq.(2.1.1) determ ine the electronic
structure. The approach to treating
is to em ploy the central field
approximation^ (Chapter 3). The solutions to the problem can be split into a product
of radial and angular functions. While the radial function depends upon the potential
formed by the nucleus and all other electrons in the shell, the spherical symmetry
ensures that the angular component is identical to that of the hydrogen atom and can
therefore be expressed as a sum of spherical harmonics. The solutions are labelled by
the quantum numbers, L and 5. L is the total orbital quantum number and S is the
total spin quantum number. Linear conibinations of states described by L and S serve
as the basis states for evaluating the electron-electron interaction. This interaction
splits the single-electron configuration into separate levels The allowed values of L,
which are 0, 1, 2, 3...6 , are expressed by the capital letters S, P, D , F, G, H, and I,
respectively. The electronic structure of rare earth ions is dominated by this factor
followed by the spin-orbit interaction next in importance. Spin-orbit interaction lifts
the degeneracy in total angular momentum and splits the LS terms into J multiplets
(where J is the total spin)^.
This splitting into multiplets means that the energy of a state depends upon the
total momentum quantum number J, where J=(L+S), (L+S-1), (L+S-2), ...(L-5). The
level notation is based upon the 'Russell-Saunders' nomenclature, and provides the
symbol characterising each level. This is calculated from
W hile both the
electrostatic and spin-orbit interactions increase with rising atomic number, spin-orbit
increases more rapidly, so that LS mixing is more significant for high-Z rare earths
such as Er^+.
The maximum capacity of th e /s h e ll is 14 electrons. In the case of the Er^+
ion the / shell contains 11 electrons and 3 holes. It is convenient to calculate the
electronic configuration using the 3 vacancies rather than the 11 electrons^. The only
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difference arises when ordering the levels, as holes possess a positive charge. The
ground state of an atom is the state with the highest value of S and L, in this order.
For the ground state of Er^+, the sum of the individual spins for each vacancy is
S=S]+S2+S3=\/2+\/2+\/2=3/2.

The highest value of L compatible with the exclusion

principle is L=/ 7+/2 + /i= l+2+3=6. According to Hund's rule, if an atom has more
electrons than vacancies in the valence shell, the ground state has the highest value of
y, where y=L+5=15/2. The ground state is "^1,5/2 - The other levels of the multiplet
are, in ascending energy, 7=13/2, 11/2, and 9/2.
The complete configuration of Er^+ can be calculated from all the possible
values of L = l, 2, 3, 4, 5, 6 , with 6 "=1/2 and 3/2. Multiplets of close levels can overlap
to a certain extent. The energy level diagram of Er^+ is shown in Fig.2.2.1. The
energy levels are labelled by their Russell-Saunders S U terms^.

7 /2

1/2

3 /2

9 /2

1 3 /2

No
electron
interaction

► electron
repulsion

Spinorbit
coupling

1 5 /2

Figure 2.2.1. The energy levels of the isolated Er^+^^1.

For each of the 1 levels there are several degenerate states. The number of
states is equal to (2J+1). It is found that counting all the I levels will result in a total
of fifty-six possible states. In Chapter 3, the effect of crystal symmetry in relieving
some of these degeneracy's is examined.
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2.2.1 Pump wavelengths
The first four levels have all been successfully used as optical pump levels for
Er^+ in glass. The most efficient pump is in the 980nm range, corresponding to the
third, \ ^ i 2 level (Fig 2.2.2). An ion in the ground state is excited by 980nm to the
third excited level. It then decays nonradiatively to the ^ Ii 3 /2

metastable state. This

is the initial level for the transition producing gain at 1500nm. Any process which
removes ions from this state, other than by stimulated emission, decreases the
luminescence efficiency. When the rare earth is in silicon, however, the case is
different. The pump wavelengths used must be within the host band-gap to ensure
absorption i.e. 514nm, 488nm, 476nm, and 457nm.

The only one of these

corresponding to direct optical excitation of the Er^+ is 476nm thus, excitation in
silicon is believed to occur by indirect means^. The exact mechanism is not known,
but as m entioned in Chapter 1, the excitation is believed to result from the
recombination of an electron and hole at, or near, a rare earth ion.

4

490 nm
520 nm
550 nm

1/2
S 3 /2

650 nm

9/2

92-

800 nm

11/2

^ 13^2

\

Pump At
980 nm

980 nm
Non Radiative
Transition
1535 nm

/\/v

15/2

Ground State

Figure 2.2.2 Energy levels of Er^+ labelled with Russell-Saunders ^Lj terms. For each state, the
Ground State Absorption (GSA) column lists the wavelength of the excited-state absorption
terminating on it^.
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2.3 Stark splittings
As explained in Chapter 1, the host has little effect on the position of the
energy levels but can produce large changes in transition strengths. The effect of the
host may be represented by a potential field. The constituent ions are represented by
point charges which may be expanded in a spherical harmonic s e r i e s ( T h i s is dealt
with in more detail in Chapter 3). In practice, only the nearest neighbours need be
considered. The even terms in the expansion produce shifts in the energy levels and
split the free ion J multiplets into 'Stark' components. The odd terms admix higher
states of opposite parity e.g.

and 5d^. This permits the otherwise forbidden

electric-dipole transitions between the 4 f levels to occur. This has a far reaching
effect upon the optical emission cross-sections. Individual dopant ions may occupy
different sites within the host crystal, leading to a distribution of Stark energies. The
disorder that this causes in the odd terms of the host potential produces variations in
emission cross-sections between a given pair of levels.

Transitions are also

broadened by electron-phonon interactions and are therefore strongly temperature
dependent, particularly in silicon.
Stark splittings lead to a degenerate seven-fold manifold for the "^Iis/ 2 level
and an eight-fold manifold for the lower '^lis/ 2 level. At low temperatures, in glass
most of these states may be resolved^k Fewer can be spectroscopically resolved in
the case of silicon. At room temperature in glasses, even the highest components
have some therm al occupation, and the em ission and absorption spectra are
composites of fifty-six largely unresolved Stark transitions.

In silicon, a room

temperature spectrum was not measured until recently - and even then, was observed
only in the presence of certain co-doping s p e c i e s F r o m the work performed in this
research programme, emission ceases at temperatures greater than 180K and reaches a
maximum at 4K. The lack of emission above 180K is mainly due to nonradiative
losses in the crystal (Sect. 2.5).

2.4 Radiative transitions
For luminescent devices the most important term in Eq.(2.1.1.) is

the

interaction with the electrom agnetic field, which gives rise to the stim ulated
absorption and emission of photons. These are known as radiative transitions which
are time dependent and therefore do not lead to stationary states of the system. They
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m ay be treated using tim e -d ep e n d en t perturbation theory

A transition involves two

interactions: 1) b etw een the electric charge and the p ertu rbin g electric field (electric
dipole) and 2) b etw een th e electron spin and the pertu rbin g m ag n etic field (m ag netic
dipole). E lectric dipole transitions are about seven tim es strong er than their m agnetic
dipole equ ivalen t. In silicon, how ever, because o f the increased ad m ix tu re b etw een
levels within the

shell, these two terms are com parable.

T h e solutions to these equations contain superpositions o f the w ave functions,
as m e n tio n e d above; th eir tim e -d ep e n d en ce m ay be in terp reted as a transition from
one state to another, w ith a rate which reflects the transition probability p er unit time
and hence, the c ro s s-s e c tio n (a ). F rom ex perim ent the em issio n cross section can be
ap p ro x im a te d to be the p ro d u c t o f the lifetime and the linew idth o f the transition*'^.
Values for lifetim es of erb iu m in pure silicon have proven im p ossible to attain to date,
but the effect o f host co m p o sitio n upon the em ission cross-section can be illustrated
for different glass types as show n in F ig.2.4.1 *5. This will be discussed in m o re detail
in S ec.2.8.
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S i h c a le L 2 2

Z
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UJ
CO
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CO

o
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o
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CO

1450

1550
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1600

1650

WAVE LEN GTH (n m )

F igu re 2.4.1 1500nm stimulated cross-section for different glass ty p esF ^ f

It sh ould be n oted that the silicate spectra are narrow and sharp, w he reas the
Al/P silica s p ec tra are m u ch broader.

T h e addition o f a lu m in iu m or p h o s p h o ru s

increases the n u m b e r o f p ossible physical sites of the e rb iu m ion w ithin the host.
This results in a broaden ing o f the spectra.
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The host crystal field is also responsible for the observed shape of the
emission spectrum. Consider a transition between two J multiplets. The even terms
in the expansion of the crystal potential determine the position of the Stark
components for each multiplet and therefore the wavelengths at which either emission
or absorption occurs. The odd terms determine the intensity of the process for each
pair of components involved. The crystal field terms vary from material to material
and this is the most important factor affecting the host dependence of the spectra.
Measurements on doped glasses have revealed that it is the variation in intensities of
the transition between Stark components (odd terms in potential) that dominates the
shape (and therefore the cross-section) of the emission and absorption bands (Sec
2 .8).

2.5 Nonradiative transitions
Rare earth ions in solids can also undergo nonradiative transitions as a result
of their interaction with the host material.

Since there is a large variation in

vibrational spectra among materials, this makes the nonradiative rate extremely
dependent upon the host.

In crystals such as silicon, nonradiative transitions

correspond to the emission and absorption of phonons. If the electronic states are
spaced closely enough to be bridged by one or two phonons, the transitions will occur
rapidly.

This leads to thermal occupation of levels above the ground state or

metastable excited state if the separations are in the order of the thermal energy (a few
kT or less). Thus, these processes are very temperature dependent and explain why
emission from pure silicon has not been measured at room temperature. As the
energy gaps between levels are usually larger than kT, nonradiative transitions occur
in the downward direction. The density of states is much higher for phonons than for
photons- in some cases up to eleven times g r e a t e r ^ T h u s , if the nonradiative
relaxation rate of a level is comparable to its radiative transition rate, the efficiency of
the luminescence is degraded even though phonon interactions are weak.

2.6 Line broadening mechanisms
In rare earth doped crystals, transitions between Stark levels can usually be
observed at room temperature as discrete lines. In glasses, however, this resolution
can only be attained at temperatures near absolute zero. In the case of silicon (unless
co-doped) a luminescence spectrum is only apparent at temperatures below 180K.
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As the temperature decreases, the peak becomes narrower until at 4K discrete lines
may be resolved^^.

The line broadening at elevated tem perature is due to a

combination of mechanisms, both homogeneous and inhomogeneous. In the former,
a given wavelength will interact with all ions with equal probability. In the latter
case, however, since individual ions possess spectroscopic differences due to their
occupation of unique sites within the host, individual ions interact independently and
can be excited by photons of different wavelengths. Homogeneous broadening in
crystals is an order of magnitude less than in glasses and is temperature dependent.
Inhomogeneous broadening is essentially independent of temperature.
Both broadening mechanisms are dependent upon the host quality. Although
silicon is referred to as a crystal in this thesis, it must be noted that after implantation
with erbium, especially at high concentrations, the crystal quality has been degraded.
This helps to explain the lack of luminescence at room temperature and the low
luminescence efficiency in silicon.

2.7 lon-ion interactions
The interaction between the rare earth ions is treated by //lon-jon’ the last
term in Eq.(2.1.1). The most important manifestation of this interaction is the transfer
or sharing of energy between ions. This exchange may occur between any two ions
and may be either beneficial or detrimental to the luminescence efficiency. For
example, energy interchange techniques such as between ytterbium and erbium
(Yb^+/Er^+) have been used since the earliest days of solid state lasers to improve the
pumping efficiency of devices^^.

In contrast, Er^ +/Er^+ energy transfer is an

important dissipative mechanism for fibre amplifiers at ISOOnm^^.
Radiative energy transfer involves one ion emitting a photon, which is then
absorbed by another ion. However, a process far more likely to occur is that of
resonance excitation in which the energy transfer is mediated by a virtual photon.
This will involve phonons which are, of course, tem perature dependent.

The

absorption or em ission of phonons is necessary to conserve energy when the
transition energies for the ions involved are not equal. Even when the transfer is
resonant, the phonon assisted process dominates in the case of crystals^®.
In the case of the Yb^+/Er^+ interaction, the ytterbium is normally present in
much greater quantities than the erbium. In this way the ytterbium (which is a donor )
is excited and the excitation migrates via other donor ions until it reaches the acceptor
ion, erbium. This then emits at the required wavelength.
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2.8 Level mixing and co-doping
The effect of dopants other than other rare earths was discussed in Chapter 1.
Fluorine appears to be the most effective at increasing luminescence efficiency^ ^ and
this will be discussed further in terms of level mixing, in Chapter 4.
A dichotomy which must be addressed, however, exists between the need for
increased level mixing (and interaction with the host) and the need for shielding of
the 4 / levels in order to avoid shifting the wavelengths. This can be illustrated with
measurements taken from glasses of various compositions (Tab.2.2) and from the
appearance of emission spectra of various glass types^ (Fig.2.4.1).

Glass

Peak
Peak X (nm)
oxlO-21 cm^

Al/P silica

5.5

1531.4

Al silica

5.6

1531 + 1

Ge/Al silica

5.8

1531±1

Ge silica

7.9

1531±1

Table 2.2 Emission cross-sections and peak positions for the first excited to ground state transition for
erbium doped glasses^.

From the data in Tab.2.2 it can be seen that the wavelengths of peak emission
for all compositions fall in a narrow range of approximately Inm around 153Inm.
Hence, the same Stark components dominate the emission (the transitions have been
found to occur from the lowest level in the manifold). Therefore, it would appear that
the glass composition alters the position of the Stark splittings by approximately
0.1%. The emission cross-sections, however, are affected much more significantly.
The change in the cross-section is more like 20% if the two aluminium doped glasses
are taken as an example.

This fluctuation in the em ission cross-section with

composition was also illustrated in Fig.2.4.1.
The change in the emission cross-section in different hosts w ithout an
accompanying change in the position of the spectral peaks is explained by the effect
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of the crystal potential (as discussed in Chapter 1). If a point charge Coulomb
potential is expanded in spherical polar co-ordinates resulting in solutions in I
(angular momentum), it is found that terms with even / will affect the energy levels
(E), and the odd, the emission cross-section (cr)[^l. In the case of the rare earth ion
when situated in a host, the position of the level is equal to
E = E q +AE

(2.8.1)

where Eg is the energy of the level for the isolated ion and AE is the perturbation due
to the crystal potential (i.e. the even terms). AE is very small in comparison to Eg as
can be observed from the figures in Tab.2.2. Similarly, the emission cross-section for
a transition between two energy levels of the rare earth is
(T = (Tq + Act

(2.8.2)

where ag is the cross-section for the isolated ion and, A(J is the perturbation due to the
crystal potential (i.e. the odd terms).

However, in this case, ag and A a

are

comparable. Therefore, the crystal potential has a much more significant effect upon
the cross-section than the position of the energy levels.
increase

in

As a result of this, a large

the emission cross-section without anaccompanying

change in the

emission spectrum is feasible upon the introduction of the rare earth ion to the host.

2.8.1 An introduction to the modelling in Chapters 3 and 4
It is apparent form literature, that the effect of co-dopants upon the erbium ion
- especially with respect to the emission cross section - has been seldom studied.
Thus, in the modelling that follows (Chapters 3 and 4) co-dopants will be investigated
by replacing the nearest host atoms with co-dopant atoms. The host has therefore to
be modelled (Chapter 3), and then the co-dopants included (Chapter 4), and any
significant changes to the levels or cross-sections of the erbium ion noted. The
approximations made are: 1) that the host material atoms may be treated as point
charges and; 2) that the 4 / wave functions of the rare earth may be calculated by the
Thomas-Fermi method. The even terms in the expansion of the host potential will
result in the position of the Stark splittings pertaining to the levels of erbium and the
odd terms will admix the levels of odd parity ( / and d) thereby allowing transitions to
occur.

The calculation of the Stark splitting is purely to provide a method of

measuring the success of the model as there are no experimentally measured values
for the emission cross-section of erbium in silicon, for comparison.
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Conclusion
This chapter introduced the lanthanides and presented the properties
pertaining to the energy levels and spectra of Er^+. Particular attention has been paid
to the terms giving rise to the Stark splittings and broadening of transitions between
electronic states. Nonradiative transitions were also discussed. One of the most
important points concerns the increase in the amount of mixing between energy
levels, which may be brought about by co-doping. This would be sufficient to alter
the emission cross-section but not be of such magnitude that the emission spectrum
would be dramatically shifted.
The material in Sec.2.8.1 forms a background to the calculations of Stark
splittings and emission cross-sections which are presented in the next chapter; and to
the discussion and modelling of fluorine doping and consequent mixing of energy
levels, which is presented in Chapter 4.
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Chapter 3:
Theoretical modelling of emission cross
sections
Abstract
This chapter presents all the steps leading to the calculation of the optical
emission cross-section for the transitions between the ground and first excited states
of erbium in a silicon host. Crystal field theory was employed to calculate the host
lattice potential and both the Thomas-Fermi and Symmetry group theories were
utilised to calculate the perturbed wave functions for the erbium ion. Stark splittings
as well as the emission cross-section were calculated between the ground and first
excited states. The validity of the results produced by the model was tested by
comparing the theoretically produced spectra with those measured experimentally.
The discrepancy was at most, 10%.
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Introduction
As has been discussed previously, it is important for the purpose of this work
that the impurity ion fluorescence wavelengths should not be substantially altered by
the host crystal. When a foreign ion, or atom, is placed in a crystal lattice, it is
subject to an electric field due to the surrounding ions. The presence of this crystal
field will perturb the electron wave functions and hence split the energy levels. The
splitting of the energy levels due to the host is known as 'Stark splitting'k The crystal
field will also affect the radiative cross-sections (discussed in Chapter 2)^.
The transitions of interest are those between the first excited state ^^1 1 3 /2
(including all its Stark splittings), and the ground state "^Iis/ 2 (see Fig.2.2.1). The
Laporte selection rules, based on the requirements for conservation of energy, forbid
electric dipole transitions between the "^Iis/ 2 and '^1 1 5 /2 levels, as they belong to the 4 f
band.

The observed transitions may therefore be explained, in part, by two

phenomena: 1) the existence of a magnetic dipole interaction and 2) the mixing
between the ^ /a n d 5d energy states^. If it were possible to modify the wave function
in such a way that the 4f-5d mixing was increased, the result may be to increase the
optical emission cross-section without a significant alteration in the emission and
absorption wavelengths. The same alteration of the wave function might also result
in an improved interaction between erbium and the silicon host, thus enhancing the
efficiency with which the dopant is electrically activated (this is not within the scope
of this thesis).
Crystal field theory^ is most effectively applied to complexes of atoms or ions
possessing incomplete d o r / electron shells. In a free rare earth ion, (Chapter 2),
each level has a degeneracy equal to 2J 4-1; in a complex, these 2J 4-1 states split into
smaller sets according to the symmetry of the host crystal. This partially relieves the
degeneracy. As previously described in Chapters 1 and 2, 4f-5d mixing has been
shown to occur in rare earths due to their 'mixed valence' property"^. The levels may
be made to overlap by applying pressure to the material containing the rare earth ions.
This pressure can be applied either mechanically or structurally (by co-doping with an
ion of appropriate size or electronegativity). The degree of mixing will depend upon
both the ionic species and the concentration of co-dopant ions present.

It is

anticipated that this will have the effect of enhancing the emission cross-section
(discussed in greater detail in the next chapter).
In order to study the behaviour of the emission cross-section, a model of the
Er^+ energy levels was developed based on the Thomas-Fermi approximation for the
radial component of the 4 / wave function^, and on symmetry group theory^ for the
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angular part. This is a less rigorous treatment than, for example, the Hartree-Fock
approach

nevertheless, as we expect to find a large change in the radiative cross-

section - and electrical activation energy - the accuracy is adequate for the present
purpose. The effect should not be of such magnitude, however, that there appears an
appreciable change in the emission and absorption wavelengths between the ^Iis/2
and "^Ii3 /2 levels. The validity of the model was tested by calculating fluorescence
spectra for Er^+. The ion was situated both interstitially and substitutionally^ within a
silicon host.
The application of crystal field theory is relatively straightforward in the case
of ionic crystals, in which a reasonable approximation to the potential can be
calculated by representing each atom using a point charge. The situation is more
complicated in crystals which are either wholly or partly covalent, such as silicon. In
this case, bonding results from an overlap of atomic wave functions, and therefore the
charge is de localised.

The approach that was taken was semi-empirical.

The

spherically symmetric part of the potential for the silicon crystal was calculated as
though it were wholly ionic. Thus, initial values for the energy levels and emission
cross-sections could be obtained. These values were then compared to those which
had been experimentally measured^. Any discrepancy was accounted for by adjusting
a factor

in the crystal potential until agreement with experimental results was

improved. It was found that both the splittings and emission cross-sections agreed to
within approximately 10% of those obtained from experiment.

3.1 Summary of the steps in the modelling
The diagram shown in Fig.3.1.1 illustrates the procedure used to calculate the
Stark splittings and optical emission cross-sections for erbium in a silicon host.
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Use Laporte selection
rules to identify which
transitions are
possible.

Calculate the potential
for Er^"^ using the
Thomas Fermi theory
to calculate the inter-

Use L-S coupling to
distinguish nondenerate Er^+ energy
levels in terms of angular
momentum.

Calculate crystal
potential,% using a
point charge
approximation.

electronic repulsion.

Calculate the transition
dipole u.E from a magnetic
and an electric term.

Use the potential to
find the radial wave
functionwhere

RniV(r)=ERni

Use of group theory
to identify the splitting
of levels as a cause of
the tetrahedral
symmetry of the lattice.

Calculation of perturbed
wavefunction
^n, I,

Transposition of V into
sph. harmonics
including an electronic
distribution term

Varying
to achieve
correct degree of ionic
or covalent bonding.

^lm(

Calculation of the emission
cross-section, a.

Calculation of the
Stark splitting, AE

Generation of spectrum and
comparison to experiment

Figure 3.1.1. Flow diagram depicting the steps taken to calculate the Stark splittings and emission
cross-sections.
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It must be noted that Fig.3.1.1 shows no relationship between the factor
(and thus the potential), and the emission cross-section. This is not the case and
should be clarified. The constituent silicon ions are represented by point charges,
which may be expanded in a spherical harmonic series^. The even terms in the
expansion of the potential produce shifts in the energy levels and split the free ion J
multiplets into 'Stark' components as will be shown. The odd terms however, admix
higher lying states of opposite parity e.g.

and 5d^. This permits the otherwise

forbidden electric-dipole transitions between the 4 f levels, to occur. This has a far
reaching effect upon the optical emission cross-sections.
The modelling in this chapter as opposed to that in Chapter 4, concentrates
upon the evaluation of the Stark splittings, although it is the emission cross-sections
which are of most interest. This is because, both the splittings and the cross-sections
require calculation of the radial and angular wave functions. In addition, the emission
cross-sections for Er^+ in unco-doped silicon has never been measured (although it is
known in glass) and thus, there is no experimental standard against which it is
possible to compare the results from the modelling generated in Chapter 4. This is
not the case with Stark splittings. Numerous well resolved spectra for erbium in
silicon have been produced^. Thus, the method of calculating the crystal potential
and thus, eventually, the emission cross-section may be validated by comparison with
measured spectra.

3.2 The isolated erbium atom
The Hamiltonian operator for a multi-electron atom such as Er^+ has the
formh5

where

, is the Laplacian operator for the co-ordinates of electron j ; Zje is the

nuclear charge on electron j ; rj is the distance of electron j from the nucleus; rjic is
the distance between electrons j and k ( the term in rjk takes account of the
electrostatic repulsion between different electrons; the summation is written in such a
way that each repulsion term is counted once). The final term takes account of the
magnetic interaction between the spin and orbital angular momenta of the electrons
(spin orbit coupling). Here Ij and sj are the orbital and spin angular momentum
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vectors. Q is a quantity which depends upon the derivative of the Coulomb potential
to which electron j is subjected and is a function of rj.
The presence of the term in rjj^ renders separation of the variables in the
Schrodinger equation impossible, requiring the use of approximate methods of
calculation. The Coulomb term is usually the dominant term and thus the other terms
(including the spin-orbit) may be neglected to the first order. Therefore, the initial
approach was to take

2m j

j

(3.2.2)

rj

as the Hamiltonian operator of the unperturbed system. The above expression simply
takes into account the Coulomb potential and the kinetic energy of the electrons. To
allow for the repulsive effect of all the other electrons.
« = X -

(3.2.3)

i< k ^jk

is applied as a perturbation. The Hamiltonian can then be separated into a series of
one-electron Hamiltonians

^

2m

^

rj

Since the corresponding Schrodinger equations
=

(3.2.5)

are identical to the equations for a hydrogen-like atom, the unperturbed one-electron
wave functions are of the form
=

(3.2.6)

where n is the principal quantum number, I is the azimuthal quantum number, m is
the magnetic quantum number, Rni(r) is the radial and Yim((l> ,0) , the angular part of
the wave function, {Rni(r) is a approximately equivalent to the Laguerre polynomial).
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3.3 The radial wave function
The total Hamiltonian for an atom or ion may be written as
Htotal —H^cpot+ H erep+

(3.3.1)

where H^cpot is the Hamiltonian arising from the Coulomb potential.
Hamiltonian due to the inter-electron repulsion, and

H erep is the

is the Hamiltonian due to

the spin-orbit-coupling. The part of the Hamiltonian due to the electron repulsion is
considered below.
To find an exact solution for the Schrodinger equation for such a system is
im practical.

There do exist, however, several approxim ate m ethods for the

calculation of electronic wave functions. One of these is known as the Thomas-Fermi
Method.
The basis of the Thomas-Fermi^ Method lies in the fact that, in complex
atoms with a large number of electrons (such as rare earths), the valence electrons
have large values of n. In these conditions the quasi-classical approximation is
applicable. Thus, one can reasonably assume that the spherically symmetric potential
remains essentially unchanged over distances which are large compared to the De
Broglie wavelengths of the electrons; in this way, a number of electrons can be
considered to be localised within a volume in which the potential is approximately
constant. The condition is satisfied for atoms of large Z in the regions near the
nucleus.
W ith reference to the following sections, it must be noted that all the
equations are given in atomic units. The unit of energy is therefore equal to 27.21 eV,
and is given by

m6

4

In all the equations that follow, m, fi and e have been set

equal to 1.

3.4 The Thomas-Fermi theory
At a great distance, an ion or atom looks like a point charge i.e. (Z-z)q^, where
Z is the number of protons (the atomic number), z is the number of electrons and
the charge on an electron. Hence, the expression for the unscreened potential, V, is
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V = (^ z V
47r£Qr

(3.4.1)

If a screening factor % is now added the expression in Eq.(3.4.1) becomes

(3.4.2)
4;reo^
Thus,
%= ^

=

(3.4.3)

In an atom, the number of protons is equal to the number of electrons so that %
is zero. However, for an ion which is singly charged z = Z -l, so that

Z =^ ,

(3.4.5)

and for a triply charged ion such as Er^+

Z=|

(3.4.6)

Thus, the Thomas-Fermi model provides an expression for the screened potential as
%y, where V is the unscreened Coulomb potential and % represents the screening due
to the electrons in the 4 / shell. % is calculated using the following equation

2

1 _i

^
dx

= X ^-X 2

(3.4.7)

where x is the distance from the nucleus (a full derivation of this equation is given in
Appendix 1).
The values for % vary between 0 and 1: the former when x is at infinity and
the screening is at a maximum value of 1; the latter when jc is at 0 and the screening is
at a minimum. This equation can be tailored for either an atom or an ion by altering
the value for %'(%). Once %(%) for the Er^+ ion has been calculated, the screened
potential can be shown to be

y (r) = - . S l W
r

(3,4,8)

where Z is the atomic number of the ion.
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3.4.1 Use of the Thomas-Fermi equation
Eq.(3.4.7) was initially solved for the erbium atom. Since x (^) is a generic
screening function, it is relatively simple to alter the function for a specific element of
Z electrons. The employed method of solution was to obtain expressions for the
initial conditions by breaking the equation down using the Taylor Expansion. The
'Mathematica' package was then used to solve the differential equation in Eq.(3.4.7).
This package works as a 'black box' with the user providing initial conditions and the
solution returned as an interpolation function.
The Taylor Expansion of % takes the following form;

x ^ x ( 0 ) + x {0)x + ^x(0) x^ +■■■

(3 4.].])

which can be solved for small x (when x = 0), as we know that x(0) is equal to 1 near
the nucleus; %'(0) is unknown and will have to take trial values; %"(0) has to be
calculated.
Since
3

_ j_

X

^

(3.4.1.2)

for X = 0 where %(0) =X((0) = 1, integration gives the initial values for x(0) and x(0)

1 1
%'(0) = 2;(2%2(o) + q
3

(3.4.].3)

3

X{0)-^x^X^{0) + Cix + C2
where

Cj is x'(0) and C2 ,

(3.4.].4)

.

The function is difficult to calculate accurately since it is very sensitive to the
initial value of the derivative x (^ ).

It was found that with a %'(0) value of

-1.58809003124, the values of % were accurate to five decimal places for x = 60
when compared to the tabulated values in Ref. [5]. W ithout this number of decimal
places, values of % were only accurate for small values of jc .
In the case of the atom becoming a triply charged ion, the value of x'(0) may
be adjusted until Eq.(3.4.3) gives z = +3. Once the value for x ' has been determined, it
is substituted into the equations in section 3.4 to generate new values for the function
(3.4.7).
61

Chapter 3: Theoretical modelling of emission cross-sections

3.4.1.1 Results
The graphical representation of the function is shown below.
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Figure 3.4.1.11. Graph of the screening, %, due to inter-electronic repulsion vs. distance from the
nucleus for the erbium atom.

The Thomas-Fermi equation becomes inapplicable both at the smallest and
largest distances from the nucleus. This is because, at these extreme values for r , the
quasi-classical approximation is not valid.
Once X has been found, the Schrodinger equation in atomic units for the
electron wave function,

dr^

becomes

(3.4.1.2,1)

+ V{r) 'F (r) = £o'î'('-)

where Eo is the electron energy and V(r), the potential well, is described by

r

(3.4.1.2.2)

\b j

where b is the Bohr radius (see Appendix 1 for derivation).
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The solution of Eq.(3.4.1.2.1) provides the radial part of the wave function.
This differential equation was solved numerically by 'Mathematica' as described
below. For the ion, Eq.(3.4.1.2.2) needs to be altered to account for the overall
potential on the ion due to its charge. Hence the potential in atomic units becomes
(3.4.1.2.3)

V(r) = — z ( ^ ) - —
r
xq

In conclusion, the Thomas-Fermi equation provides a function that describes
the screening of the electrons. We now possess of a full expression for both the
potential and the Hamiltonian for the ionic Schrodinger equation. The next step is to
solve the Schrodinger equation to obtain the eigenvalue corresponding to the
eigenfunction for the valence electron shell.

3.5 Calculation of the radial wave function
The Schrodinger equation for the motion of a particle in a centrally
symmetric field, such as an electron under the influence of the nucleus, is given by

2m

9
V y/+ V (r)y/= E w

(3.5.1)

This equation can be split into two parts (Appendix 2), one of which does not
depend on r but only on 0 and 6. Since we are looking for eigenfunctions, the two
components of the equation are separable and may be solved independently.
Eq.(3.5.1) once rearranged and in atomic units, can be shown (Appendix 2) to
become
1 d

dR.■nl \
dr J

/(/ + 1)

&

+ 2[E-y(r)K=0

(3.5.2)

To simplify this equation, make the substitution
(3.5.3)

Thus, Eq.(3.5.2) becomes

dr

2 +

(3.5.4)

=0
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where

^nl - 2

(3.5.5)

v(r) = - M r )

(3.5.6)

and V{r)

is the screened coulomb potential in atomic units.
Eq.(3.5.4) was solved using 'Mathematica' in much the same way as the
Thom as-Ferm i equation.

Before the solution could be calculated, however,

expressions for the initial conditions needed to be obtained. This was achieved in the
following manner: consider that the potential energy V(r) is finite everywhere. If so,
the wave function

must be similarly finite, including at the origin. Therefore as
ooand E - V{r)

r —> 0,

oo Eq.(3.5.5) becomes

/(/ + !)

(3.5.7)

As r is small, Rni(r) can be expressed as a power series. The first term of the
power series is ar^. a is a constant. Now Uni =oci^'^^ and, when a substitution is
made for

Eq.(3.5.7) and (3.5.4) become
1(1+1)
dr^

(3.5.8)

2/

Solving for s, we find that s = I, so that near the origin the wave functions of
states with a given value of I are proportional to r ^. So
Rl = a r ‘

(3.5.9)

This will therefore mean that for the initial conditions, u . =
du nl
dr

_

= a (l + \)r
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3.5.1 Results
A plot of the radial wave function for the erbium ion is shown in Fig.3.5.2.1.
This compares favourably with the plot in Fig.2.1.1 which depicts the radial parts of
the 5s, 5p and 6s wave functions for Ce^+ and illustrates the extent to which the 4 f
wave functions lie within the closed 5s^5p^ shell.

soon
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1001
2:5
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Figure 3.5.2.1 A plot of the radial wave function (arb. units) against distance for an electron the 4 f
shell of Er^+.

3.6 The angular wave functions
3.6.1 The angular wave functions for the erbium ion
The angular wave functions are extremely important as they form an integral
part of the calculation of the emission cross-section further on in this chapter. As has
been stated in Chapter 2, the angular momentum operators I and s commute with the
Hamiltonian for the isolated ion provided the spin-orbit interaction is neglected.
Thus, we can expect the states of an atom to be characterised by particular values of
total angular momentum as well as energy 1. A given electron configuration may give
rise to several possible values of the total angular momentum. Referring to the
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unperturbed system which we have been considering, these different angular
momenta all correspond to the same total energy.

Under the influence of the

perturbation due to spin-orbit interaction however, the degeneracy is partially lifted.
Each electron possesses both spin and orbital angular momentum and there are two
ways in which these angular momenta may be considered to interact: either the total
orbital angular momentum interacts with the total spin, or, the total angular
momentum of each electron interacts with that of the others. The former method is
known as "Russell-Saunders" (or "L-S” coupling) and the latter as "j-j” coupling.

3.6.2 The application of L-S coupling to the

levels of the erbium ion

All the inner shells of the Er^+ ion are full. Hence the L, S and J vectors of
these levels are all equal to zero and there is no resultant L-S coupling. Thus, all the
shells other than the 4 f can be neglected. In Sec.(2.2) Chapter 2, L-S coupling is
applied to the ^ /le v e ls of the Er^+ ion and these levels are shown in Fig.2.2.1. For
each of the I levels there are a number of degenerate states. The number is equal to
(2J+ 1). It is found that counting all the I levels will result in a total of fifty-six
possible states. In the next section we will see what effect the symmetry of the crystal
has in relieving some of the degeneracy's.

3.7 The erbium atom in a complex
The Hamiltonian operator for an electron in an atom of a crystal or other
complex has the form

2m ;

^

;

rj

^

which is, except for the last term, identical to the Hamiltonian for a free atom,
Eq.(3.2.1). In this expression the last term ^represents the host crystal potential. In
the case of rare earth complexes, the perturbation due to spin-orbit coupling is greater
than that due to the crystal potential. The effect of the field is merely to lift the
degeneracy associated with the different values of the total angular momentum J.
The crystal potential V may be separated into two: a spherically symmetrical
component Vr , known as the Madelung potential (which is a constant) and
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has the local symmetry of the crystal. Of these terms, V r is generally much greater
dominating the lattice energy of the crystal. The effect of this term on the energy
levels is to shift the whole system of energy levels downwards without removing any
degeneracy.
The term Vs is important due its symmetry properties.

In a spherically

symmetrical environment, 4 f orbitals possess seven-fold degeneracy's (i.e. 2L+1=7)
as shown in Sec. (2.2). Under the influence of V^, these degenerate orbitals transform
into sets according to an irreducible representation of the symmetry group of Vs ■
Thus the pattern of the energy levels is altered resulting in many im portant
consequences, particularly with regard to the spectroscopic properties of the complex.
The use of group theory will be explained in the next section.

3.8 The angular wave functions for the atom in a complex
3.8.1 Group theory
The symmetry operations that leave a crystal unchanged form a group known
as the 'point group' of the crystaP’^. An example is C«. As a symmetry operation, it
is the symbol for a rotation through Ijt/n about any axis; as a symmetry element, it
implies an n-fold axis of symmetry. The letters T and O designate tetrahedral and
octahedral point groups respectively. Silicon possesses a T point group. These
groups have no principal axis and are known as 'special groups'.
Each transformation adopts the form of a matrix operating on the co-ordinates
of the crystal and on any function of the co-ordinates (such as the wave functions).
Any set of functions that transform into one another is known as a 'basis' of the group.
Furthermore, any set of matrices such as those that describe the rotation group is
known as a 'representation' of the group in that basis.
In general, with a proper choice of basis function, any representative matrix
can be reduced to a number of lower order matrices (along the diagonal) to the extent
that sub-sets of basis functions transform separately. If a representation cannot be
reduced to a sum of representations of lower dimension, it is said to be irreducible.
Hence any representation matrix may be reduced to a diagonalised block structure in
order to obtain the irreducible representations. Physically, each irreducible
representation corresponds to an energy level, since eigenfunctions corresponding to
the same level transform into one another under symmetry transformations. Thus,
determining the irreducible representations of a symmetry group is equivalent to
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determining the energy levels of the atom. The problem still remains: how to
calculate the irreducible representations for a set of symmetry operations?
As previously stated, an isolated atom (or ion) has levels determined by the
rotational symmetry of its electronic configuration described by the angular
momentum eigenvalues. When the same atom is inserted in a crystal, the crystal
potential is added to the isolated Hamiltonian; as the symmetry of the crystal is
different from the symmetry of the isolated atom, the levels of the latter split into new
levels corresponding to the irreducible representation of the new symmetry operation.
In order to determine how each level is split, the simplest approach is to look at the
traces or characters (which are linear combinations of levels) of the matrices
representing the symmetry operations^.
Tables of characters for various representations provide the irreducible
representations present. Once these (known as P's), have been obtained, a further set
of tabulated results will give the linear combination of angular momenta equivalent to
each value of P. In the following discussion the Bethe nomenclature was used.
For example, for J =15/2 , the irreducible representations are given by
P 1 + 2 P 12 + P 25

(3.8.1)

Hence, this level has been split five times. Taking P 12 as an example, the partner
functions given are
^20

^ (^ 2 2

+ ^ 2- 2 )

(3.8.2)

3.8.2 Results
The irreducible representations^ for the two levels levels I] 3 /2 and 113 / 2 , are
shown in Fig.3.8.2.1. The diagram also illustrates the splittings of these levels as
calculated by group theory.
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Figure 3.8.2.1 A diagram of the Stark splittings for the ground and first excited states for Er^"'" in a site
of cubic symmetry. The partner functions for each split level are given.

3.9 Calculation of the crystal potential
The total crystal field can be considered as a perturbation on the isolated ion,
which in this case is Er^+. Hence, the original wave functions of the active electrons
belonging to the ion will be modified by a small amount. The magnitude of this
change is determined by the crystal field together with the effect of the screening by
the outer orbitals of the ion. This screening can be observed from experimental
results as the Er^+ spectrum is shown to be almost entirely unaffected by the host
material^.

3.9.1 Impurity states in semiconductors
Another contributory factor to the crystal potential is that arising from
'impurity states' which are electronic states, within the crystal, due to the presence of a
foreign atoms or ions which can cluster at grain boundaries or dislocations. The
second-order effects arising from crystal imperfections, are likely to have a significant
impact on the observed results.

However, in the modelling, only a first order

calculation has been done. Thus, the situation, which is somewhat idealised (and
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simplified), considers one Er^+ ion embedded in a quasi-infinite, perfect silicon
lattice.

3.9.2 Calculation of the silicon crystal potential
The next step in establishing the shift in energy levels was to find an
expression for the crystal potential in terms of spherical harmonics. In order to
simplify the calculation of the integral in which the wave functions have rotational
symmetry, the potential was calculated in Cartesian co-ordinates and then converted
to spherical polar co-ordinates. The conversion is done by substituting rs'mO for x,
r sin 0 sin (f) for y and rcos 6 for z and expanding^.
In the modelling, the potential was firstly calculated for silicon, a face centred
cubic crystal, by locating the position of the constituent atoms. The impurity was
initially positioned at a substitutional site which had been taken as the origin (ro).
Using the lattice constant, the distance from the origin to the nearest neighbour was
calculated and then repeated for ten unit cells. The charge on each ion was taken as
-h4.
The potential (Madelung) is given by^
.2

(3.9.2.1)

I

j^0 4jreQ
In spherical harmonics, the expression in Eq.(3.9.2.1) for the potential becomes^
V = l A ‘ai^„Y,^„{e,<^y

(3.9.2.2)

l,m

where the coefficients

^ are determined by the symmetry of the crystal.

is an

adjustable parameter and is dependent upon the electronic distribution. As silicon is
covalent in nature,

is varied until the theoretical splittings that have been calculated

agree more closely with experimentally measured splittings.
empirical approach as mentioned previously, with

and

This is the semireferring to the

spherical harmonic terms. The reason that the expansion of the potential results in
spherical harmonic terms in r, I and m is due to this potential satisfying the Laplace
relationship for an electrostatic field in the absence of any charges i.e.

= 0. The

Laplacian operator will provide solutions of the same form as those of the
Schroedinger equation.
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The calculation of the potential was checked from a comparison with an
experimental value for the Madelung potential.

3.10 Calculation of the splittings
The effect of the crystal field on the atomic levels can be found using
perturbation theory and group theory as described. The following integral is a first
order estimate of the effect of the perturbing field on the energy states
=

(3-10.1)

where AE is the value for a Stark splitting and Vr+s is the total crystal potential
(calculated from both the symmetrical and radial components). The unperturbed
wave functions are given by the product of the radial and angular wave functions.
The volume for integration was taken as ten crystal cells. Integration was repeated
for each of the irreducible representations pertinent to an angular wave function,
which are themselves referred to by a specific value of J. All the 'partner functions'
were then combined (Fig.3.8.2.1). It follows that the greater the symmetry of the
host, the fewer are the splittings, as most of the permitted wave functions for the
impurity superimpose on one another.
From symmetry, we obtain an expression for a perturbed wave function which
is a combination of all the partner functions as explained in section (3.10.1)
m
(3.10.2)

where the coefficients

are determined by symmetry, and represent the amount

each partner function contributes to the final wave function. This linear combination
is a result of orthonormality of the partner functions. The calculated splittings are
shown in Fig.3.10.2.1 along with the experimental^ energy splittings for trivalent
Er^+ at a substitutional position in silicon.
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Figure 3.10.1 Stark split levels with calculated transition wavelengths. Experimentally attained values
are given for comparison^.

The discrepancy between the calculated and actual values for the transition
wavelengths is at maximum 10%. The difference can be explained by the fact that a
direct comparison of the modelled values with those which have been measured is
slightly unrealistic. This is because real material will subject to defects and other
irregularities in the crystal. In addition, a point ion approximation has been employed
and does not allow for overlapping wave functions such as those found in covalent
bonding.

3.11 Generation of spectra
In this, the final section, the construction of spectra from the splittings
calculated in the previous sections is discussed. Spectra will prove useful in the
testing of the modelled results from the Thomas-Fermi model as they can be directly
compared to an experimentally measured spectrum.

3.11.1 Introduction
The effect of electrom agnetic radiation can be considered as a small
perturbation in much the same way as the crystal field but with time dependence^.
The perturbation results from the interaction between the oscillating electromagnetic
field and the dipole moment of the electron. The perturbation causes the system to
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switch back and forth repeatedly from one state to another with the absorption or
emission of radiation.

The rate at which the system undergoes these induced

transitions is proportional to the intensity of the incident radiation. From this, an
expression for the probability of a transition occurring as a function of time can be
derived.

This, along with the selection rules for the system, will enable us to

determine which transitions are likely to occur.

3.11.2 Calculation of the emission cross-section
The expression for the probability of a transition between an initial and final
level is given by the Fermi Golden Rule^
(3.11.2.1)
where ji is equal to the electron's electric dipole moment. This is a product of the
electron charge e and distance r , (the displacement from the nucleus). E
electric field vector of the incoming radiation and

is the

P, where P is the optical

power. Since E is a constant, Eq.(3.11.2.1) can be reduced to
/>

(3.11.2,2)

The similarity between this equation and the equation in which the crystal
potential was the perturbation Eq.(3.10.1), should be noted.
Eq (3.11.2.2) can then be expanded to give the probability of a transition
occurring between the first excited level / 13/2 , and the split levels of the ground state
A 5/2- The transition cross-section, cris given by
2

(J oc S^E^ —Ej-^

P

NVg

(3.11.2.3)

where N is the concentration of incident photons, S(Ei-Ef) is approximated by
(AE is the experimentally measured^ peak line width).

,

The product u.E is the

Hamiltonian due to the electromagnetic perturbation. This includes magnetic and
electric dipole terms (which are of the same order of magnitude) arising from f- d level
mixing. Ug is the group velocity of the photons in silicon. The next point to be
considered is between which levels transitions are allowed to occur.
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3.11.3 The selection rules
A basis for the selection rules is concluded by noting that a photon has spin.
When a photon is absorbed by an atom, its angular momentum is transferred to the
electron. Correspondingly, when a photon is emitted, a unit of angular momentum is
carried away. Therefore, since the photon can only give up one unit of momentum,
the momentum of the an electron can change by only one unit. It follows that an
electron in a J orbital cannot make a transition to an s orbital. This brings about the
first selection rule
A /= ±1

(3.11.3.1)

It has already been stated that the intensity of a transition from one state to
another is proportional to the transition dipole moment

(J lI )

squared. If the transition

probability is proportional to the dipole moment, the dipole moment must be > 0 (this
is equivalent to a selection rule).
Group theory gives us the condition that fi is zero unless it is totally
symmetrical under the symmetry operations of the system. Considering the operation
of inversion, where r —> - r , wave functions corresponding to an even value of I (i.e.
5 and d ) do not change sign (have even parity); wave functions with I odd {p and/
) have odd parity. Hence the integrand is of the form

and is even only

when one I is even and the other odd. Hence, the Laporte selection rule: the only
allow ed electric dipole transitions are those involving a change o f parity
Eq.(3.11.3.1).
In the case of a rare earth ion, we know that the transitions that we are
interested in occur between sub levels in the 4 f shell. Hence, an electron must be
moving from a value of / of 3 to 3. Hence, the components that contribute to th e /-/
transition probability arise from: a magnetic dipole term; electric quadrupole terms;
and the mixing of 4 f and 5d states due to the crystal field, which provides a non-zero
electric dipole contribution. The two former transitions are much weaker than the
electric dipole. However, as they satisfy different selection rules they may give rise
to lines where the electric dipole transitions are forbidden. In addition, in a solid
because of the level mixing which occurs, the selection rules are partially relaxed and
thus it can be assumed that transitions can occur between any two wave functions in
th e/sh ell.
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3.11.4 Generation of spectral plots
Spectra were plotted using the previously calculated Stark splittings and
emission cross-sections. The five possible transitions from the splittings of the first
excited state to the ground state were considered. The emission cross-section was
used as the peak intensity for each of the resonant Lorenstian line shape^. T h e
frequency at which the peak occurs for each of the transitions was taken from an
experimental spectrum and the calculated splittings were added to the frequencies
associated with the maximum intensities of the experimental spectrum. The width of
the peak was also taken from half the value of the full width at half maximum.
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3.12 Results
The calculated photoluminescence spectra of
Figs.3.12.1 to 3.12.4. The alteration of the factor

in silicon are shown in

had no immediate effect upon the

magnitude of the emission cross-section which was 7.7xl0'^^cm ‘^ for the main peak
at 1.534|im (which agrees well with experimentally measured values in glass which
are of the order of -IxlO '^lcm '^)^. The consequence of varying

was however,

very evident in its effect upon the number and size of the Stark splittings. This is to
be expected as the even terms in the expansion of the potential do not have a direct
effect upon parity and therefore the cross-sections of energy levels as was discussed
in Chapter 2. The odd terms in the expansion of the potential however, have a
significant effect purely because it is between the levels with odd values of I that the
transitions occur. The potential does not affect the parity of these levels directly but
does alter the partner functions so that they may have different parity.
For an A ^value of 10, which corresponds to a predominantly ionic lattice, the
resultant spectrum (Fig.3.12.1) looks very unlike that measured from experiment.
Only three splittings have been resolved. When

takes a value of 0.013, however,

the result (Fig.3.12.4) resembles more closely the measured spectrum Fig.3.12.5. The
results arising from the use of intermediate values of

are also shown.

Individual dopant ions may occupy different sites within the host crystal. This
can be shown as by placing the erbium ion at different sites within the silicon host
leading to a distribution of Stark energies. The disorder that this causes in the odd
terms of the host potential will produce variations in the emission cross-sections
between a given pair of levels. Thus, the variation in the size and positions of the
spectral peaks resulting from locating the erbium ion either interstitially or
substitutionally position can be understood due to the variation in the odd terms of the
potential.
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Figure 3.12.1 Spectrum of Er^+ in silicon with an

(10) factor corresponding to an ionic lattice.

The three resultant peaks result from both substitutional and interstitial splittings.
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Figure 3.12.2 The spectrum of erbium in silicon with an A ^factor (0.1) corresponding to a
predominantly ionic lattice.

The four resultant peaks are summed from both substitutional and

interstitial splittings.
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Figure 3.12.3 Spectrum of Er^'^ in silicon with an

factor (0.01)corresponding to a predominantly

covalent silicon lattice. The four resultant peaks are summed from both substitutional and interstitial
splittings.
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Figure 3.12.4 The spectrum of Er^+ in silicon with an

factor (0.013) corresponding to a covalent

silicon lattice. The six resultant peaks arise from the sum of both substitutional and interstitial
splittings. The interstitial splittings are sited at 1.655|im and 1.794|im. This spectrum is in closest
agreement with an experimentally measured spectrum as shown below.
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F ig u re 3.12.5 M easured PL spectrum o f Er^+ in silicon®. The spectrum was taken at 4K and show s
five o f the splittings calculated in Fig.3.12.4.

3.13 Conclusion
In order to study the behaviour of the emission cross-section for erbium in
silicon, a model has been developed of the erbium energy levels based on the
Thomas-Fermi approximation for the radial component of the 4 / wave function, and
on Symmetry group theory for the angular part. This is a less rigorous treatment than,
for example, the Hartree-Fock approach; nevertheless, as we expect to find a large
change in the radiative cross-section, the accuracy is adequate. The effect of the host
was studied by using an effective crystal potential V. This is written as the sum of
terms which transfer as spherical harmonics (their coefficients depending upon the
symmetry group of the crystal).
It was found that, as expected (Chapter 2 ), the even terms in the expansion of
V split the levels of the isolated ion. The splittings are known as Stark splittings. The
phenomenon of most interest, however, is the effect of the odd terms in V, which mix
the 4 f levels with the hybrid 6s-5d band, thus modifying the values of the inim -df
shell transition cross-sections. The validity of the model was tested by theoretically
calculating fluorescence spectra for erbium in silicon and comparing to experimental
measurem ents.

As the Thomas-Fermi method is based upon a point charge

approximation an additional electronic distribution factor,

was entered into the

calculation of the crystal potential to allow for the covalent nature of the bonding in
silicon. This proved to be justified, as for a certain value of the factor
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corresponded to a predominantly covalent lattice, the calculated emission crosssection was of the same order of magnitude as that measured for the isolated ion i.e.
-IxlO'^^cm^. However, a direct comparison between the calculated and measured
values for the spectrum is difficult, and may account for the discrepancy between the
actual and calculated energies of the levels, which was at most, 10%. The reasons for
this are twofold: 1) the Thomas-Fermi model is approximate and mostly applicable to
purely ionic crystals and 2) the optical quality of the crystal (i.e. the presence of
defects for example ) cannot be simply accounted for in the model.
The calculation of the Stark splittings amounts to little consequence in itself,
but is extremely valuable in terms of verifying the numerical model constructed to
calculate the host crystal field. The effect of fundamental importance, however, is the
modification in the intra-4/ shell transition cross-sections. This model has proved
successful enough to be used and expanded upon in the next chapter is which the
effect of a co-dopant such as fluorine on the emission cross-sections is studied. Thus,
the model constructed in this chapter will be used to calculate the emission crosssections from the perturbed energy values (due to the co-dopant) provided by the
model in Chapter 4
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Chapter 4:
The effect of co-dopants on the
erbium ion
Abstract
This chapter presents the concept and the application of mixed valence. The
evidence from literature suggests that the mixed valence state can be brought about in
certain rare earth compounds either by applying pressure or, by co-doping with
sufficiently large anions. The idea of mixed valence is demonstrated using a simple
Kronig-Penney approach to model the interaction between erbium and a neighbouring
ion. The degree of mixing and the emission cross-section are found to increase upon
the introduction of a co-doping species. It is concluded that the emission crosssection is doubled upon the introduction of fluorine and occurs at the position of
cross-over between the 4 f and 5d levels. The effect on the position of the energy
levels, however, is shown to be negligible.
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Introduction
The terms 'mixed' or 'fluctuating valence' have been largely ignored in work
involving erbium doped glasses and semiconductors. It is this property however,
which may allow an increase in the emission cross-section (a) within silicon to be
realised k This could then result in an increase in gain and furthermore the possibility
of electrically activating the ion.
The emission cross-section for erbium is small, because selection rules forbid
electric dipole transitions within the ^ /b a n d k Thus, the very existence of a non-zero
emission cross-section is due to, amongst other things, a degree of mixing between
the 4 / and 5d energy states. The overlapping of levels sufficiently alters their parity
to allow an electric dipole transition to occur. Increasing the degree of 4f-5d mixing
should therefore enhance the emission cross-section without a significant alteration in
the emission and absorption wavelengths. This should further result in an improved
interaction between the erbium ion and its environment.
4f-5d mixing has been shown to occur in the rare earths due to their mixed
valence' property^. The 4 f level mixes with the 5d (which is an empty level) rather
than the 6s because the 5d is slightly closer (as it is lower in energy than the 6s). The
levels are made to overlap by applying mechanical pressure to the material containing
the rare earth ions^. Alternatively, from the little literature that exists, it would appear
that pressure can be applied within the host if it is made up of certain anions of
appropriate size and electronegativity^. However, the effect of these ions on the
valence has not been experimentally quantified and the idea of using a co-dopant to
apply the equivalent pressure is a new one which will be examined in this chapter.
The degree of mixing depends upon both the ionic species introduced and the
concentration in which they are present. The concentration determines the distance
between the erbium and co-dopant ions. Depending upon the degree of applied
pressure, the wave function can vary between being either w h o lly /o r d in character.
The overlapping, or crossing, of energy states depends upon their degeneracy. When
crossing is not allowed, a form of 'avoided crossing'^ between levels occurs.
Unfortunately, the concept of 'avoided crossing' is difficult to find in the literature
and the author has not been able to locate data on its physical ramifications
The phenomenon of avoided crossing governs the properties of the levels
involved. Thus, a n /le v e l can become almost completely d in character if the levels
are brought into close enough proximity. In addition, if the mixing could be extended
to include the silicon bands, then not only will the erbium emission cross-section be

83

Chapter 4: The effect of co-dopants on the erbium ion

increased, but also, a path could be provided for electrons to move relatively freely
between the semiconductor and the rare earth impurity. This chapter therefore
concentrates upon the nature of mixed valence and its possible applications to the
enhancement of the emission cross-section and thus, gain.

The model
Essentially, the exercise was one of predictive modelling upon the effect of
co-dopants on the erbium energy levels and emission cross-sections. To model the
effect of co-doping, atoms were represented by quantum wells in a Kronig-Penney
environment^ as described in Fig.4.1. Each part of the flow-chart is expanded upon
later in this chapter. This is a far more approximate treatment than, for example, the
Hartree-Fock approach; nevertheless, as we expect a significant change in the
emission cross-section, the treatment is sufficiently accurate for the present purpose.
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The energy levels for one isolated quantum well
representing Er^+ were calculated. Only four
levels were required, ^Ii5 /2 to ^ 1 9 /2 The radial
wave functions were taken and the programs from
Chapter 3 used to calculate the cross-section (a)
for the transition from the first excited state
"^Il3 /2 to the ground state ^ I i 5 / 2 *

The energy levels for an
isolated fluorine well
were calculated as
above.

The energy levels for an
isolated silicon well were
calculated as above .

A fluorine well was inserted next to the
Er^+ well and the change in the eigenvalues
examined. The degree of mixing between
the levels of both was found and ct
recalculated to see whether an alteration had
occurred. Another Er^+ well was inserted in
place of fluorine for comparison, as Er^+ Er^+ interactions have been well studied in
the literature.
The results from the silicon were combined with
those from the fluori ne/Er^+c ombination, to
examine the effect on the erbium energy levels, a
was also recalculated to see what change, if any,
had resulted. The effect of silicon was found to be
almost negligible, but the degree of mixing and
thus the cross-section, was found to have almost
doubled upon the inclusion of fluorine.

Figure 4.1 A schematic breakdown of the steps undertaken in the modelling with respect to the
effect of a fluorine co-dopant upon the erbium energy levels and emission cross-sections.

4.1 ’Mixed valence’
Rare-earth compounds are known to display 'mixed valence' properties^.
This means th a t/, s and d level electrons are present near the Fermi energy. Thus,
the rare earth ion can undergo a change in oxidation state depending upon its
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e n v iro n m e n t.

T h e p h y sic a l p ro p e rtie s o f these c o m p o u n d s v ary ac co rd in g ly .

E x perim ental data for these m aterials has been

d o c u m e n t e d , ^ > 7 ,8

but there appears to

be little clear explanation as to the reason for the fluctuation o f valence.
C onsid e r the com p o u n d sam arium sulphide (Sm S) which, w hen pressures are
above 6K bar, p ossesses m ixed valence^. S am arium (Sm) and sulphur (S) have outer
electron ic structures o f [XeJ4fi5d^6s^ and Ss^Sp"^ respectively. T h e c o m p o u n d at
atm ospheric pressure is an ionic sem iconductor and is nom inally Sm^+S^-. T he final
o c c u p ie d / level is, h ow ever, not far belo w the d level even in p ure sam arium . In
these c o m p o u n d s , the d levels broaden into a band, hybridising in the p rocess with
the 6s band. T h e / l e v e l s , how ever, are relatively unaffected (apart from a c hange in
their absolute position). Experim ents co nducted on sam arium sulphide conclude that
the / w a v e fu n c tio n s m ust be m o re or less atom ic.

T h e e lec tro n ic structure o f

sam ariu m sulphide in the sem iconducting phase is show n in F ig .4 .1.1.

5d-6s band

S-p bands

Figure 4.1.1 Schem atic diagram o f the electronic structure for samarium sulphide in the
sem iconducting phase^.

U n d e r p re ssu re the lo w er o f the crystal field split J - b a n d s b ro a d e n s and
m o ves d o w n in energy relative to t h e / l e v e l . T his ultim ately results in the levels
crossing. This closing o f the band gap under pressure has been seen and described in
r e f e r e n c e s ^ '8

the pressure at w hich the f -d gap tends to zero, a m etal-insu lato r

transition occurs. This is accom panied by a change in volum e, resistivity and colour.
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Fig.4.1.2 shows a schematic illustration of the electronic energy levels for the
rare earths

The diagram (known as a Hubbard diagram), is arrived at if the

assumption is made that the simplified/electron Hamiltonian is of the form
(4.1.1)

Here, ^ i s the energy for a/*'^ configuration, «y is the number of electrons in
and U is the Coulomb potential.

- l)n^ is the electron - electron repulsion

term. The distribution of the energy levels for Eq.4.1.1 will be situated on a parabola
as shown in Fig.4.1.2. It is important to note that the electron-electron repulsion is
the most significant parameter for an / electron system, followed by Hund's rule
couplings, / - / o r f- d transitions can only be considered once these two terms have
been accounted for.

Number o f electrons in f level (n^)
fnfn-i-l

I

1 opin oro
,i splitting

minimum point

S-d band

n= l/2 - E/U

Figure 4.1.2 A Hubbard diagram for the electronic energy levels of mixed valence rare earths. The
multiplet splitting in a given configuration is very small compared to the difference in energies of
different configurations of/electrons. A wide s-d band overlaps one of the configurations^^.

Varma^dO suggests that when a rare earth compound is formed, the d levels
broaden into a band hybridising in the process with the 65 band. Furthermore, t h e /
levels remain effectively atomic. When the crystal is under the influence of strain, the
/ levels can hybridise with the d levels on a neighbouring atom. The width of the
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band containing the hybridised / band is very narrow. As a result, the density of
states exhibits a sharp peak attributable to the / level. This is superimposed on the
smooth s-d background (Fig.4.1.3).

P(E)

E

Figure 4.1.3 The density of states corresponding to an f- d hybrid^.

At T = 0 , the Fermi level is pinned to lie in the/-peak because the electron has
a significant chance of lying in either the f o r s-d band. In addition, since we know
that transitions do occur between th e /le v e ls , there must be one free electron per
atom. Hence, the Fermi level must be pinned within th e/b an d .
Returning to th e /-J hybrid, the wave functions near the peak of the density of
states are a linear combination o f/a n d d wave functions. Thus,
(4.1.2)

"^k=^k¥d+h¥f

where a and b are the fractions of d and/respectively (Fig 4.1.4). However, the 5d
electron is relatively free (being in the conduction band) and this implies that this
electron can mix with the 4 f state so that the 4 f level has only two vacancies as
opposed to three (in the case of erbium).

Thus, Eq.(4.1.2) represents a linear

combination of 2+ and 3+ valence states of erbium, for example.
A theoretical treatment of the valence states of a substitutional ytterbium (Yb)
impurity in In P ^ has also been conducted and it was concluded that the stable ground
state of the rare earth ytterbium is neither that of Yb^'*’

nor Yb^+ (f^^) atomic-like

ions, but rather corresponds to a configuration intermediate between the two.
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hybridized levels

f level

(l-a )'F f + (l- b ) Y d

d level or conduction
band
Pressure (or co-dopant)

Figure 4.1.4 A schematic representation of the 5 d and 4 f bands crossing.

The dotted lines

represent the hybridisation of levels and the solid lines are the levels should no hybrid form. It
should be noted for clarification that the 5d band is referred to as the conduction band as the top of the
band is higher in energy than the 4 f levels although this is not shown in the diagram. In addition,
within silicon for example, the lanthanide ion would form a bond with the 5 d levels or if mixed,
with the 4f-5d hybrid.

The ratio between the 4 f and 5d components can be calculated from wave
functions like those in Eq.(4.1.2) to be

(4.1.3)

The ratio R can thus be altered by moving the bottom of the 5d band with
respect to the 4 f levels. This can be brought about by one of three mechanisms: 1)
the application of strain or p r e s s u r e 2 ) the addition of appropriate co-dopants
(which is equivalent to an 'internal' pressure and which is a new concept); 3) a
change of temperature. The second mechanism is that which interests us here and is
discussed in greater detail in the next section.
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4.1.1 Pressure and co-doping
As previously mentioned, there are few experimental measurements^»
presented by the literature which support the theory of mixed valence (Chapter 2).
There are however, results of lattice constant measurements taken from rare earth
chalcogenides when subjected to varying degrees of mechanical pressure. The size of
the relevant ions and the resulting 'internal' pressure is also discussed. It is this
which suggests that co-doping might have a similar effect to mechanical pressure on
the valence of the rare earth. One paper in particular^ ^ shows, from x-ray diffraction
measurements, that samarium sulphide exhibits an abrupt decrease in its volume at
6.5Kbar. Since there is no change in structure, the large volume changes have been
explained on the basis of a pressure-induced 4f-5d electronic collapse. This would
involve a change in the valence state of the rare earth ion from 2+ towards 3+. This is
further corroborated by a later paper by^^
Varma^ presents a review of these results which are summarised as follows:
at atmospheric pressure, all the rare earth chalcogenides adopt the sodium chloride
(NaCl) crystal form. The lattice structure is given quite accurately, by the sum of the
ionic diameters of the rare earth and chalcogen ions. The ionic diameter of the 2+
state is larger than that of the 3+, often differing by more than 10%. Those rare
earths occurring as 2+ are insulators, and the 3+ are metals.
The P -V relationships of the samarium chalcogenides at room temperature
have been examined^^. It was concluded that as the pressure is increased (this is
equivalent to a decrease in the lattice constant), transitions in the volume vary between
being discontinuous and continuous. For compounds such as samarium selenide
(SmSe) and sam a^rium telluride (SmTe), the change is continuous and much more
gradual than for samarium sulphide. This can be explained by a metal to insulator
transition having occurred due to an overlap of the d an d /b an d s under pressure. The
/ character of the electrons is reduced but, as long as the pressure is not so high that
the Fermi level drops below th e /b a n d , it is not entirely eliminated. This is of great
importance when considering spectral purity. Since valence here is defined in terms
of the number of/electrons, the result is a mixed valence which lies between 2+ and
3+. Thus, given the lattice constants of both ions, the mixed valence ratio at a
specific volume can be obtained by extrapolation. The relationship between lattice
constants and valence is such that if a 2 and ag are the lattice constants of 2+ and 3+
respectively, and n 2 and ng are the average fractions of the 2+ (big 'balls') and 3+
(small 'balls') character of the atoms, then R=ng/n 2 can be deduced from the
measured lattice constant by means of the relationship a=a2 n2 +agn3 .
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The difference in the P -V relationship for the three samarium compounds (all
cubic crystals) can be explained by the differences between the ionic radii of the three
anions. These are sulphur (S), selenium (Se) and tellurium (Te), the largest being
tellurium. The energy of ionic solids in the NaCl structure is lowest when the atoms
in the structure touch each other. In the samarium chalcogenides, the arrangement
(Fig.4.1.1.1) is such that the anions (S'^) touch the cations (Sm^+) but do not touch
each other.

tD
Figure 4.1.1.1 The structure of the cation-anion spheres in samarium chalcogenides (i.e. SmS)^.

The cations are thus under internal pressure. The pressure is largest for SmS which
possesses the smallest molecule. Therefore, any change in the valence of SmS will
have the most significant effect on the lattice constant and consequently, volume, in
comparison to SmSe and SmTe.

4.1.2 Level crossing
The effect of erbium ions on a semiconductor host can be understood by
using the formalism of avoided crossings between eigenvalues as used by Varma.
This approach has been widely used in spectroscopy and stellar physics

and is

based upon the rate of change of two distinct sets of eigenvalues. The approach
described by Varma can be applied to the eigenvalues and eigenfunctions for the 4 f
levels of Er^+ and the conduction band of silicon. In the former, the wave functions
are confined and hence atomic and the dispersion relation (which is the relationship
between the energy levels E and the quantum number n) corresponds to the Bohr
relation for confined energy levels within a quantum well. In the latter case however,
the wave functions are non-confined (Bloch functions) and the dispersion relation is
parabolic and free electron wave functions. The energy levels for both if not bonded
(uncoupled oscillators) are therefore, quite distinct. Hence, the relative positions of
both sets of levels are dependant upon the degree of interaction between the Er^+ ion
and the silicon host.
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Consider the introduction of a co-dopant adjacent to the erbium ion. As the
distance between the two is slowly decreased the eigenvalues of the silicon host
remain effectively unaltered whereas those of the rare earth vary significantly
(Fig.4.1.4). Since the boundary conditions of the Schroedinger equation describing
the entire system do not allow the eigenvalues to meet, an avoided crossing' takes
place whereby the two eigenvalues initially move together and then apart. The
trajectory followed by the eigenvalues is approximately a h y p e rb o la ^ In the vicinity
of the minimum distance between the eigenvalues, the physical characteristics of the
eigenstates are mixed (i.e. 50/50) and almost com pletely swapped when the
eigenvalues move apart.

In the mixed state, the silicon and erbium levels are

practically indistinguishable and both wave functions are partially localised and
partially distributed. The mixed state is one in which both electrical activation of the
erbium (i.e. transitions from the silicon to the erbium state) and a significant change
in the cross-section of erbium (due to mixing not only with the 5d/6s states but also
with silicon) are more likely to occur.

4.2 The band structure of atoms
Introduction
A crystal lattice consists of atoms arranged in a spatially periodic pattern.
Imagine a crystal of identical atoms in which the spacing, /, can be altered. In the
case of / being large, the motion of an electron in one of the atoms will be affected to
a negligible extent by adjacent atoms. Its electrons therefore exist in discrete bound
states. If I is small however, the potential V(r) in the neighbourhood of a given atom
is now affected by the presence of its neighbours, particularly those closest. An exact
calculation of this situation is complicated. An approximate solution can be reached if
the assumption is made that a given electron in a crystal can be treated as a single
particle. The potential energy of the electron arises from the electric field produced by
all the constituent atoms in the crystal. It can be shown that as / gets smaller, each
discrete atomic energy level spreads out into bands of closely spaced levels.
There follows an exploration of the band structure of silicon in which a single
atom is represented by a one-dimensional quantum well^. Eigenvalues for n silicon
atoms are calculated. The effects of impurities are then computed by substituting
silicon quantum wells for those of erbium.

Other various co-dopants are also

introduced. In this manner, we show that: 1) the energy bands of silicon are altered
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Upon the inclusion of an impurity ion such as erbium and vice versa; 2) that the
silicon bands can be made to overlap with those of the rare earth by replacing a silicon
well with an electronegative ion such as fluorine. This overlapping may result in an
electrical activation of the Er^+ ion by its silicon host.

4.2.1 The Single Quantum Well
Consider an electron in a one-dimensional periodic square-wave potential
(Fig.4.2.1.1), where the zero potential is defined by the top of each well.

4
y

0

L
X

dl\

j

j+1

< '>

-y

I
origin

Figure 4.2.1.1 A one-dimensional periodic square-well potential.

If an electron has an energy E such that -V<E<0, then the Schrodinger
equation in the wells, y, j+ 2 etc. is
(4.2.1.1)

2m dx
and between the wells,y-7,y+7etc. is

(4.2.1.2)

2m dx^
In atomic units
II
2m

=

1

(4.2.1.3)

and thus Eqs.(4.2.1.1) and (4.2.1.2) become
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=

(4.2.1.4)

dx

^

in the wells, and
^

(4.2.1.5)

between wells, where
Pj^=E-V

and

aj_, = £

(4.2.1.6.)

E-V may be positive or negative. Therefore, p will either real or purely complex.
To solve these equations one applies Bloch's theorem^ which suggests that the
solutions are of the form
'V(x) = e‘'°‘u,{x)

(4.2.1.7)

in which k is real and Uk(x) is periodic with the same period L as the period of the
crystal lattice. Eq.(4.2.1.7) represents a wave of wavelength — with amplitude
k
^k(x) Hence, there is an equal possibility that the electron be found in the vicinity of
any of the constituent atoms.
The solutions to the two differential equations (4.2.1.4.) and (4.2.1.5) are
'¥ j =

(4.2.1.8)

and

J

^

A

(4.2.1.9)
)-l

)-l

respectively.
Then from (4.2.1.7), if (4.2.1.9) is taken as an example
= A .e'^-‘>'

(4.2.1.10)

At both edges of the well it is necessary that

and *F' (or equivalently u and

u ') are continuous. The periodicity of ^k(^) guarantees that if these conditions are
satisfied at the edges of just one well, then they are satisfied for every well. Thus, to
obtain a solution, the coefficients A and B must be calculated.

94

Chapter 4: The effect of co-dopants on the erbium ion

If at well j-1
( 4 . 2 , 1. 11 )

and
(4.2.1.12)
and for well j
(4.2.1.13)
and
(4.2.1.14)
then, applying the continuity condition and imposing the boundary conditions which
are x=0 at j-1, and x=L at j,
'P._,(0) = 'I',.(Z,)
(4.2.1.15)
% _,{0) = % { L )

A, + Bj =

= Y ._ ,(0) = 'P.(L)

(4.2.1.16)

and
Pj[Aj - B j ] =

= Y ,_](0) = Y'XA)

(4.2.1.17)

gaining four equations in the four unknowns A j.j B j.j, Aj and B j . This gives two
sets of simultaneous equations
In order that they have non-trivial solutions, the determinant of each of the
2x2 matrices must vanish. When expanded, they result in the condition

"' = 2

A,

B:

+ Bj_^e

and
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+ B-_^e

( 4 . 2 . 1. 19 )

B

Both a and p contain unknown eigenvalue (E ) terms. Thus, an initial value
for E was entered and Aj, Bj, etc. calculated. This was repeated up until the final
well, in which V=0 and the solution must be a decreasing exponential. Therefore, for
the

layer A„=(9. If An=0, E is the solved eigenvalue, otherwise a new value for E

is entered.

In practice

is never exactly zero.

Therefore, the eigenvalue

convergence criterion chosen was that of An/Bn<lO~^.
The emission cross-sections for transitions between the ground and first
excited levels are then calculated by entering the relevant eigenvalues into the program
used in Chapter 3. In this way, the change due to the co-dopant and the host can be
assessed. More than one well does not present a problem as the origin can simply be
moved for each well and the solution repeated as in the case of a single welP^.

4.3 Parity
The Schrodinger equation for the quantum well as seen in Eq.4.2.1.1 has
solutions of the form shown in Bqs.4.2.1.13 and 4.2.1.14. From these, it appears
that the possible wave functions for the system fall into two classes: even-parity wave
functions which are symmetric about the origin, \i/(x) = y/{-x) ; and odd-parity wave
functions which are asymmetric about the origin y/{x) = - i f / {- x) ^ .

The former

would correspond to the 4 / levels and the latter to the 5d levels. If two symmetric
wave functions ( for example two ground state levels for Er3+) overlap, the result will
be completely even in parity. The same is applicable in the case of two asymmetric
levels which will result in a wave function of odd-parity. However, if even-parity
levels for two different ions are combined, an admixture arises and the result will be
neither even nor odd, but a mixture of the two. The addition therefore, has resulted
in a 'mixed' level. Thus, two adjacent erbium ions should have lower cross-sections
than the corresponding results for Er^+ZF. The results of this investigation are
presented in the next section. Also in the next section, the angular wave functions for
a n /le v e l (i.e. 1=3) and for a d level (/=2) are plotted versus the inter-well distance to
illustrate the mixing that occurs in the proximity of a fluorine ion.
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4.4 Results
The results are presented in three parts:
1) the eigenvalues and eigenfunctions for the ground and first excited levels of an
isolated erbium ion are given. A fluoride ion is then placed adjacent to the erbium ion
and the same eigenvalues and eigenfunctions are recalculated and shown for the
bonding length at which the maximum emission cross-section occurred. These plots
illustrate the effect that fluorine has upon the energy levels of erbium;
2) the cross-sections for Er^+ when adjacent to another ion. The emission crosssections are compared to the erbium/co-dopant distances. In addition, the eigenvalues
calculated at various inter-well distances are compared to each other ( the inter-well
distance is equivalent to the bonding length in physical terms), for the erbium/fluorine
combination;
3) the dependence of the degree of mixing between the first and second energy levels
for erbium upon the erbium/fluorine distance upon is shown. The bond length at
which the maximum mixing occurs is given. This should correspond with the
distance at which the emission cross-section is at a maximum.
No data for the erbium/co-dopant composit within a silicon host is presented,
as silicon was found to have a negligible affect upon the emission cross-sections of
erbium. As this agrees with experimental findings (i.e. the lack of electrical activation
in a purely silicon host ) no further investigation was carried out.

4.4.1 Eigenvalue solutions with the corresponding radial wave
functions
In the following plots, the normalised radial wave function for an electron in
the ground and first excited states of an isolated erbium ion, are plotted against the
distance (A) from the nucleus. For the double-quantum well system, the distance
was calculated from the nucleus of one ion to the nucleus of the other (i.e. the
distance from the middle of one quantum well to the next). The plots were chosen to
show the maximum change which resulted upon the introduction of fluorine adjacent
to the erbium ion. The calculated eigenvalues (energy levels for the isolated erbium
ion and for the co-doped erbium ion) are shown in Tab.4.1. The position of the
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Figure 4.4.1.1 The^Ij 5 /2 ground level and first excited state ^I]3/2 , normalised wave functions
for an electron in an isolated erbium well. The depth and diameter of the well are 6.25eV and 2Â
respectively.
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Figure 4.4.1.2 Tbe"^/;5 /2 (ground) and ^Ii3/2 (first excited) level normalised wave functions for
an electron in an erbium well at a distance of 3.05Â from an adjacent fluorine well. With a bonding
length of 5.35Â (the inter-well distance), the emission cross-section between these two levels is at a
maximum. The depth and diameter of the erbium well are 6.25eV and 2Â respectively. The
corresponding values for fluorine are 1.75ev and 2.7Â respectively.

99

C hapter 4: The effect of co-dopants on the erbium ion

energy levels (especially the ground and first excited levels) were relatively unaffected
by the change in inter-well distance. What is clear however, is that the erbium energy
levels did split upon the introduction of fluorine.

Er^+/fluorine

Energy level (eV)

Isolated Er^+

Ground state (^Iis/z)

-4.147

-4.32800

-2.76

-2.93199

-0.733

-1.07299

2nd
(4lii/2)
4th

-0.85899

(41^/2)
5th

-0.45999

Table 4.1 The calculated eigenvalues for the first five levels of the 4 f shell of both an isolated
erbium ion and one which is at a distance of 3.05Â from a fluoride ion. Upon the introduction of
fluorine the levels are split and two more eigenvalues result.

Fig.4.4.1.1 shows the ground and first excited states for the isolated Er^+
ion. The depth of the quantum well (third ionisation potential) is 6.25eV and the
ionic diameter is 2Â. The emission cross-section calculated for a transition between
the two levels shown in Fig.4.4.1.1 was zero. This result is as expected, since both
wave functions belong to the ^ sh e ll and therefore possess the same parity.
In the plot of the ground state the electron is most likely to be localised
som ewhere between 0.5Â and 1.5Â but is bound between the nucleus and
approximately 1.6À. In the plot of the Erst excited state, this shifts from 1.2Â to
1.6Â and the outer boundary is 1.7 Â. It should be noted that the plot for the ground
level in Fig.4.4.1.1 corresponds well to that shown in Fig.3.5.2.1
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Fig.4.4.1.2 shows the ground and first excited states for an erbium ion which
is at a distance of 3.05Â from a fluoride ion (the inter-well distance is 5.35Â). The
depth of the fluorine quantum well (first ionisation potential) is 1.75ev and the width
of the quantum well (ionic diameter) is 2.1 K. In the ground state the electron is
localised somewhere between 0.5Â and 1.5Â and is bound within approximately
1.6Â. The most interesting point of difference however, between the metastable level
wave functions of the isolated ion and those of the co-doped ion, is that the electron is
to be found so much further from the nucleus in the latter case. The centre of the
fluorine quantum well is 5.35Â away from that of the erbium. Hence, there is a 2Â
overlap between the levels of the two ions. This interaction has appeared to result in
a slight de-localisation of the electron so that it may be also found at about 2.5Â.
Hence, the effect of the neighbouring fluorine ion is to 'loosen' an electron from the
4 / shell of the erbium. In addition, the parity of the ground state in Fig4.4.1.2
erbium levels has altered significantly (apparent by a peak at 0.8Â) which allows a
transition to occur. The change in parity is due to the proximity of the fluorine ion's
levels which will cause a slight admixture between the ground and metastable levels.
The emission cross-section calculated for a transition between the two levels
shown in Fig.4.4.1.2 was 0.41 lxlO ‘^0 cm^. This is in stark contrast to the zero
emission cross-section calculated for the isolated erbium ion. Thus, fluorine appears
to alter the parity of the two levels to such an extent that a transition can occur.
Therefore, the addition of fluorine does appear to have an enhancing effect upon the
erbium levels.

4.4.2 The emission cross-sections and energy levels for co-doped
erbium
In the following two plots, Figs.4.4.2.1 and 4.4.2.2, the effect of varying the
co-dopant quantum well depth and distance as well as the inter-well distance from the
co-dopant ion, is shown. These three parameters correspond to varying the character
of the dopant and the bond length with erbium, respectively. The three co-dopants
studied were erbium (depth 6.25eV, width 2 A), fluorine (depth 1.75eV, width 2.7Â)
and ytterbium (depth 6.5eV, width 1.9Â). The emission cross-section between the
ground and first excited state for the erbium ion was calculated in all three cases, and
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is plotted against the inter-well distance (i.e. the distance between the erbium and co
dopant) in Fig.4.4.2.1.
— — - Er-Er wells
---------- Er-F wells
e— Er-Yb wells
max cs Er/F 0.41x10^° cm^
max csEr/Er 0.3x10^° cm^
max cs ErA^b 0.36x10'^° cm^

2

3

4

5

Inter-atomic distance

6

7

(A)

F igure 4.4.2.1 A plot of calculated emission cross-sections vs. the inter-well distance for three
sets of double quantum wells. Erbium has been combined with either erbium, fluorine or ytterbium
ions. The values for the maximum cross-sections are given.

From the above plot, it would appear that the erbium/fluorine combination
results in the largest emission cross-section of 0.41 xlO'^® cm^ at a bonding length of
5.35Â. This is followed by erbium/ytterbium (0.36 xlO"^^ cm^ at 4.6Â) and then
erbium/erbium (0.3 xlO'^® cm^ at 4.8À). It is not clear why fluorine perturbs the
levels more than either erbium of ytterbium but it is apparent that the cross-section for
the isolated ion is so small (i.e. effectively zero) that any electron cloud in close
proximity will have some effect upon the energy levels of the erbium ion.
Fig.4.4.2.2 shows the same plot of emission cross-section vs. inter-well
distance for erbium/fluorine as seen in Fig.4.4.2.1. In addition however, are the
plots of the energy levels between which the emission cross-section is calculated.
The maximum cross-section still occurs at 5.35Â as seen before, but the effect upon
the energy levels at this distance is negligible. In fact, the bonding length appears to
have no or very little effect upon the position of these two energy levels. W hat this
illustrates is that the cross-section is much more sensitive to the position and presence
of a co-dopant than are the position of the spectral lines. This is as expected as the
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cross-section for the isolated ion is effectively zero and therefore any interaction with
another ion will have some beneficial effect upon the size of the emission crosssection (see Sec.2.8.1).

max cs = 0.411x10

o1—
4

cm

at 2.2 Â spacing

X

G

O
’•5
u
O
V)i
Vi
Vi

o
u

r(A)
Figure 4.4.2 2

A plot of the emission cross-sections(o) vs. the inter-well distance for the

erbium/fluorine double well system. The bonding length at which the maximum value for a
occurred, is given. The energy levels for the ground and first excited states vs. inter-well distance are
also plotted for comparison. It can be seen that the magnitude of r has a significant effect upon o
but a negligible effect upon the position of the energy levels.

4.4.3 Mixing
Secs.4.1.1 and 4.1.3 presented the phenomenon of avoided crossing and
level mixing, earlier in this chapter.

Level mixing and avoided crossing are

demonstrated in Fig.4.4.3.1. The figure below illustrates both the emission crosssections for the erbium/fluorine composit and the angular wave functions for a 4 / and
a Sd level plotted against the inter-well distance. It can be seen that at an inter-well
distance of 5.35Â, which corresponds to the maximum emission cross-section, the
two levels cross and must therefore swap characters as predicted by Varma^.
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F igure 4.4.3.1 A plot of the emission cross-sections(a) vs. the inter-well distance for the
erbium/fluorine double well system. The contribution from the energy levels for the / and d levels
vs. inter-well distance are also plotted for comparison. It can be seen that the maximum crosssection occurs at 5.35Â which is as a result of th e /a n d d levels crossing. This corresponds to the
crossing depicted in Fig.4.1.4

It can be concluded from Fig.4.4.3.1 that the increased degree of level mixing
which is brought about upon the inclusion of fluorine does indeed increase the
emission cross-section as suggested by Miniscalco^

Conclusion
In this chapter, the concept and demonstration of 'mixed valence' have been
presented. This was achieved by constructing a one-dimensional quantum well
system with the parameters pertaining to the Er^+ ion and a co-dopant such as
fluorine. The eigenvalues calculated by this approach, were then transferred to the
model used in Chapter 3 and the emission cross-sections recalculated. The results
demonstrate that the co-dopant has a negligible effect upon the position of the energy
levels but increases the f-d mixing to such a degree, that th e /a n d d levels cross and
the emission cross-section doubles at an optimum bonding length. Again, although
this approach is an approximate one, it is efficient enough to demonstrate a significant
change in the cross-section depending upon the bond length and the electronegativity
of the ion. The main criticism with this approach, however, is in relating the
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properties of a modelled quantum well level to those of actual levels. Thus, it is not
understood why certain well parameters result in larger cross-sections.
Unfortunately, it is not clear whether the emission cross-section can be further
increased in terms of the physical material, as the critical parameter is the distance
between the erbium and co-dopant ions. The bonding length is determined both by
the chemistry of the bond and the concentrations of ions present and in terms of
material fabrication, would require an extensive investigation at different implantation
concentrations.
The conclusions that can be drawn are that the presence of a co-dopant does
have a beneficial effect upon the radiative cross-section if positioned at the correct
distance. Indeed, at a bonding length of 5.35Â, the electron was found to be slightly
de-localised. This is interesting in that it suggests that the property of mixed valence,
which is pertinent to the lanthanides, not only increases the possibility of a an electron
undergoing a transition from the 4 f to the 5d shell but, possibly also, to the silicon
conduction bands. This would have an significant bearing on the electrical activation
of erbium in silicon.
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Chapter 5;
Material fabrication and analysis
techniques
Abstract
This chapter outlines the processes whereby rare earth doped silicon may be
prepared and analysed. Two methods of preparation were adopted for this study, and
the fabrication conditions were chosen by careful consideration of previous studies.
A nalytical techniques are discussed; these include com positional spectrometry
(SIMS) and optical (fluorescence) spectroscopy.

The m easurem ent of erbium

fluorescence is described, as well as attempts to measure the fluorescence lifetimes.
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Introduction
It was reported in 1983 ^ that sharp luminescence peaks were observed at
1.54pm from silicon which had been implanted with erbium. The silicon was of high
purity (resistivity 10^ Q cm), and doses of 5x10^^ to 5x10^'^ ions cm"^ were implanted
at 350keV before annealing at 750°C for 15 min in an atmosphere of 92% nitrogen,
8% hydrogen. Similar results were obtained in 1989, when Er+ was implanted at
250keV^. The implantation source was 99.999% pure ErClg and a 2pA beam current
of 166ej-+ was obtained.

The dopant concentrations varied from 1x10^^ to 1x10^^

cm‘2 and both n and p-type silicon samples were used. Subsequent annealing was by
conventional methods (i.e. 900°C for 30 minutes in a nitrogen atmosphere).
Tang et a l's paper^ was one of the first to draw conclusions concerning the
effects of both the dopant concentration and annealing time and temperature on
photoluminescence.

It was found that, as the ion dose increased, the emission

intensity decreased in material when annealed at low temperatures. One hypothesis is
that the reduction in optical emission was caused by increased lattice damage as a
result of the larger ion doses, leading to a reduction in the number of crystal sites with
tetrahedral (T) symmetry.

As a result of these studies the optimum conditions

suggested were: an annealing temperature of 900°C for a period of 30 minutes and an
implanted erbium concentration of IxlO^^cm'^.
The effects of impurity co-implantation in erbium MeV implanted silicon
have also been studied^. A significant increase in the intensity of the Er^+ emission
was observed for different co-implants. A resultant hypothesis is that enhanced
emission is observed if erbium forms a complex with an impurity in silicon. The
silicon used was either p or n-type with resistivities between 10 and 70 flcm . The
m aterial was prepared as follows: the im plantation was perform ed at room
temperature, at energies up to 5.25 MeV. The highest energy was chosen to locate the
maximum erbium concentration at a depth of 1.5|Lim below the surface. The co
implants were implanted with energies that would locate them at the same depth as
the erbium. A 900°C anneal for a period of 30 minutes was then used. In another
study, concentrations of erbium as high as « 1 0 ^ ^ have been incorporated in
amorphous silicon by (what the authors refer to as) solid phase epitaxial re growth
(SPE)^. This concentration is some two orders of magnitude higher than has been
previously achieved. However, very few of these ions were optically active.
In addition to fabrication by im plantation, thermal diffusion has been
demonstrated for scandium and praseodymium^. It was found that their diffusion
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properties are similar to that of other group III elements, in the sense that they migrate
between crystal lattice sites. In a more recent paper^, the diffusion of erbium and
thulium in silicon was demonstrated and the diffusion coefficient measured using
radioactive erbium or thulium chloride. No luminescence was measured however.
The results from the publications mentioned above suggested the fabrication
conditions for the material to be used within this project. Since these studies, material
fabrication has been improved to such an extent that room temperature LED's have
been created^.

However, in all the work that has been perform ed to date, the

hypotheses which have been put forward to explain the observed effects of dopants
have yet to be supported by unequivocal experimental verification. As a result, there
remains considerable uncertainty as to the optim um conditions for m aterial
preparation ( i.e. dose and energy and annealing regimes).
In Secs.5.1.1 to 5.1.6, ion implantation and thermal diffusion are discussed in
greater depth.

5.1 Material fabrication
Diffusion and ion implantation are the two main processes employed to
introduce controlled amounts of dopants into semiconductors^. Until the early 1970's,
selective doping was carried out mainly by thermal diffusion. In this method the
dopant atoms are placed on or near the surface of the semiconductor, which is then
heated. The doping concentration decreases monotonically from the surface and the
profile of the dopant distribution is determined mainly by the tem perature and
diffusion time.

Since that time, doping has been increasingly perform ed by ion

implantation. In this process the dopant ions are introduced into the substrate by
means of a high-energy ion beam. The doping concentration has a peak inside the
semiconductor and the profile of the dopant distribution is determined mainly by the
ion mass and the implant energy. The advantages of the ion-implantation process are:
precise control over the total amount of dopants and impurity profiles, the ability to
place the distribution peak below the surface, and lower temperature processing. On
the other hand, diffusion is cheaper and more accessible than high energy
implantation.
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5.2 Ion implantation
5.2.1 The MeV ion implanter
Fig.5.2.1.1 shows a schematic diagram of an ion implantation system for high
energy implants.

Extraction and
focus
Quadrupoles

I
Ion
source

1

nz

Analysing magnet

Van der Graaf accelerator

Adjustable slits

High pressure tank

Vertical or
Y scanner

X scanner
and
deflection

Target substrate

Figure 5.2.1.1 A schematic diagram of the system for MeV implantation as used at Surrey University.

The ion source contains the ionised dopant atoms and is housed in a high pressure
tank containing nitrogen and sulphur hexafluoride gases at room temperature. The
ions produced in the source are extracted by an electric field applied near an aperture
in the source. This extraction electrode also provides some focusing of the ion beam
before it passes into the acceleration tube (Van der Graaf) with an electric field along
it which accelerates the ions to energies of up to 4MeV. The beam, which has been
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focused and shaped by the first set of quadrupoles, is passed through a massseparating analyser magnet which eliminates unwanted ion species. This high-energy
ion beam travels through a second set of quadrupoles before passing through the
vertical and horizontal scanners, which control dispersion and are offset to stop the
path of any neutralised impurity atoms.

The beam finally im pinges upon the

semiconductor substrate which is inclined at 7° to prevent ion channelling. The dose
(i.e. the number of ions falling per unit area) is m easured by a beam current
integrator.
The implant depth of an ion depends upon the energy of implantation, which
is equal to the product of the ionic charge and the accelerating potential. In addition,
the magnetic field strength also depends upon these parameters so that a doubly
charged ion only requires half the magnetic field strength.

5.2.2 Ion distribution
The energetic ions lose their energy through collisions with atoms and
electrons in the substrate before finally coming to rest. The total distance which an
ion travels before coming to a stop is called its range, R. The projection of this
distance along the axis of incidence is called the projected range, Rp.

Since the

number of collisions per unit distance and the energy lost per collision are random,
there will be a spatial distribution of ions possessing the same mass and initial energy.
The statistical fluctuation along an axis perpendicular to the surface is known as the
straggle, ARp. Along the axis of incidence the implanted impurity profile can be
approximated by a Gaussian function^

{x-RpŸ

(5.2.2.1)

2ARp
where x is the distance travelled, n(x) is the concentration of ions per unit volume at
this depth, and <f) is the ion dose per unit area. From this equation (if x = Rp) it can be
calculated that

(5.2.2.2)

n(x) =

where n{x) is the peak concentration measured at Rp. Thus, for a 250keV implant of
peak concentration IxlO^^cm'^ possessing a range of 80nm and a spread of 15nm, the
dose is ISxlQl^cm'^.
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5.2.3 Implant parameters
F ig .5.2.3.1 c o n ta in s s o m e ex a m p le s o f im p la n t e n e rg ies a n d the resulting
p r o je c te d ra n g e s fo r E r+ in silico n.

T h e s e v a lu e s w e re o b ta in e d fro m T R IM

sim ulation softw are at the university o f Surrey. It is clear that high im p lan t energies
are req uired to attain deep im plants in silicon. T he sam ples used in this project were
either im p la n te d with Er+ ions at 2 M eV , w hich resulted in depths o f app ro x im a te ly
0.8|Lim, or with Er^+ ions at 4 M eV . T he dose is co ntrolled by the b ea m current and
tim e w hich is defined by the n u m b er o f ions im pinging on the sam ple surface p er unit
tim e and per unit area.

H igh b e a m currents at high en ergies lead to a large p o w e r

input to the sam ple, which results in heating and perhaps dam age.
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Figure 5.2.3.1 A graph o f the spreads, ranges and d oses associated with im plants o f a peak
concentration o f IxlO^^/cm^ but p ossessing different accelerating potentials. T hese values were taken
from TRIM simulations.

In this w ork, it was d ee m e d best to restrict the b ea m current to less than 0.2p.A
per cm ^ and to e x te n d the im p lant duration acco rdingly in order to lim it the p o w e r
d elivered to the sub strate and so avoid ex cessive surface heating. T h us, the crystal
w as totally am o rp h is e d in the im plant region - an im p o rtan t co nsid eratio n in the re
cry sta llisatio n p ro c e ss d uring the p o s t-im p la n t anneal.
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might have caused partial re crystallisation during the implant therefore modifying the
re crystallisation process during the subsequent anneal.

5.2.4 Disorder
W hen energetic ions impinge upon the substrate, they lose their energy in a
series of electronic and atomic collisions before coming to rest^®. The electronicenergy loss can be attributed to electronic excitations to higher energy levels or the
generation of electron-hole pairs. Electronic collisions generally create broken bonds
in the lattice but rarely displace semiconductor atoms from their lattice positions
unlike atomic collisions, which can transfer sufficient energy to the lattice to result in
the host atoms becoming displaced. This is known as lattice disorder or damage. As
these displaced atoms may possess large fractions of the incident energy, they may, in
turn, cause cascades of secondary displacements of nearby atoms to form a tree of
disorder along the ion path. When the displaced atoms per unit volume approach the
atomic density of the semiconductor, the material becomes amorphous.
Light ions, such as boron 0 ^B+), have a tendency to lose energy via electronic
collisions, thus leaving the lattice lightly damaged except towards the end of range
where nuclear stopping becomes dominant. For heavy ions the situation is reversed.
Thus, the damage to the lattice is substantial and results in the material becoming
largely amorphous. This is the case with erbium which requires MeV implantation
energies to achieve projected ranges of l|im .

5.2.5 Annealing
The dam age resulting from ion im plantation has severe effects on
semiconductor properties such as mobility and carrier lifetimes. In order that the
impurity ions can be activated and the material parameters restored, the material must
be annealed at an appropriate temperature for a specific time. For example, boron and
phosphorus differ greatly in their annealing behaviour^. For boron implantation,
higher annealing temperatures are required for higher doses. Even at 2x10^^ boron
ions per unit area (cm-^), the silicon substrate remains crystalline, which applies also
to phosphorus when implanted in low doses. However, when the dose is in excess of
this amount, the re crystallisation temperature drops from 850^C to 600^C. This is
caused by a process known as solid phase epitaxy (SPE). At phosphorus doses
greater than lO^^cm"^, the silicon surface layer becomes amorphous. The single112
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crystal silicon beneath the amorphous layer serves as a seeding area for the re
crystallisation of the amorphous region. During the SPE process, the impurity dopant
atoms are incorporated into the lattice sites (i.e. substitutional) along with the host
atoms; thus, more ions can be activated at relatively low temperatures.

5.2.6 Solid phase epitaxy
Work conducted at Surrey University

suggested that a post-implant of Si+ at

cryogenic temperatures to the same depth and in the same concentrations as the
original erbium implant would result in an increase in the Er^+ luminescence intensity
if annealed at 600 C for three hours followed by the annealing schedule already
mentioned. This was as a result of the solid phase epitaxial re growth as seen in
Sec.5.2.5. This process was attempted for several samples and the results are shown
in Chapter 6 .

5.3 Thermal diffusion
W hen silicon is heated to a high enough temperature (> 900°C), certain
elements such as boron that have extremely high solubility's in silicon can diffuse into
substitutional or interstitial sites within the silicon lattice. It is thought that erbium
may behave in the same way^. W ork completed more recently^ describes a method
by which erbium diffuses into silicon. The intention in this study was to reproduce
this process and optically characterise the resultant material (which was not carried
out in the earlier work). This is discussed in far more detail in Sec.6.5 in Chapter 6 .

5.4 Compositional analysis
5.4.1 Secondary ion mass spectrometry
Secondary ion mass spectrometry (SIMS) is the technique which was used for
the compositional analysis of erbium and fluorine profiles in silicon. In SIMS^^, a
mass-analysed primary ion beam of gaseous ions (0 ^+ in the case of erbium) at 0.1 to
1 keV bombards the sample at 70 to the surface normal.

Secondary ions are

sputtered off and extracted normal to the sample surface and analysed by a
quadrupole mass filter which focuses ions of a particular mass (167, 166 and 168 for
erbium) through an aperture where they are deflected into a channeltron multiplier
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and detected by pulse counting techniques. Thus, compositional information can be
gained from SIMS measurements.

Concentration profiles may be obtained by

monitoring the SIMS signal over an extended period, while the primary beam sputters
progressively deeper into the specimen. The profile depth may be calibrated by
measuring the final crater depth by, for example, using an interference microscope.
All elements present on the surface at concentrations above the limits of
sensitivity (IxlO^^ cm"^) will be observed. However, although SIMS is an excellent
method for the identification of those elements present, exact concentrations are
difficult to determine and there is a at least a 2 0 % uncertainty associated with these
measurements.

One of the reasons for the uncertainty, is the variation in the

sputtering yield depending upon the chemical environment of the species being
analysed. Furthermore, low concentration tails may be observed due to channelling
or knock-on effects.
SIMS was used throughout this work to obtain profiles for both erbium and
fluorine. A standard was supplied which had been measured using the Rutherford
Back Scattering technique (RBS), in which the uncertainty is no more than 1%!^.

5.5 Optical characterisation
5.5.1 Fluorescence spectrometer
Fig.5.5.1.1 shows a schematic diagram of the near infrared spectrometer
assembled for the study of rare earth doped silicon.
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Lock-in
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Optical
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Computer
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Ge diode
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'Scattered
light
Temperature
Controller
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Sam ple

Figure 5.5.I.2. A block diagram o f the fluorescence measurement system .

T h e solid line sh ow s the optical path from the sou rce to the d etec to r via the
ch op per disk, various filters and lenses, the cryostat, the m o n o c h ro m a to r slit, m irrors
and grating. T h e sam ples are p u m p e d using an argon ion laser with p o w e r outp ut o f
up to 4 W at w a v e le n g th s betw e en 45 7 and 5 1 4 n m .

T h e light is c h o p p e d at a

frequency o f 330 H z by the chopper and filtered by FI (a band pass filter allow ing the
cho sen laser line th ro u g h ) before im p in g in g upon the s am p le ( S I ) w h ich is at the
focal poin t o f the lens (L I). This lens is also used to m o v e the beam arou nd the area
of the sam ple. T h e sam ple is m o u n ted in an O xford Instrum ent C F 1204 con tinuo us
flow cryostat. T h e flu o rescence b ea m is then collected by lens L2 a n d fo c u sed by
lens L3 th ro u g h a h ig h -p ass filter (F 2 -filters out any p u m p laser light) on to the
m o n o ch ro m a to r slits. T h e m o no ch ro m a to r is a Spex 1704. The relevant w avelen gth s
are then selec ted by the grating (1 4 0 0 n m -1 7 5 0 n m ) and pass th rou gh a seco nd slit
into the d etec to r w h ich is a liquid nitrogen c o o led g e rm a n iu m P IN dio d e (7 0 0 n m 1750nm). This optical signal (the dashed line) is con verted to an electrical signal and
am plified by the lock-in amplifier. T he purpose o f the lock-in am plifier is to m easure
the signal w hich is m odu lated in phase with the cho p p e r reference signal, elim inating
any b a c k g ro u n d sig nals (w hich o ccur at o th er freq uen c ie s such as D C , 5 0 H z etc.).
The output o f the lock-in is recorded by the co m p uter (via an IE E E 488 bus), which is
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also used to control the temperature of the cryostat and the wavelength of the
spectrometer.

5.5.2 Fluorescence lifetimes
Lifetim e m easurem ents would allow the em ission cross-section to be
calculated

and this was attempted for the 1537nm transition using the spectrometer

set-up illustrated in Fig.5. 6 .2.1.

The output is recorded by a digital storage

oscilloscope which is triggered from the mechanical optical-beam chopper and the
fall and rise times were displayed on the screen. From the trace, direct measurements
of the lifetime can be made Unfortunately, the samples yielded only feeble signals
which were not sufficiently strong to provide meaningful measurements even after
they had been amplified. This is a common problem with erbium doped silicon and
the photoluminescence lifetime has only been successful for samples which have been
heavily doped with o x y g e n a n d which exhibit significantly increased emission
intensity.

Conclusion
In this chapter, the various fabrication and analytical methods employed
throughout this project have been reviewed. Optimum conditions, as found in the
literature, have been summarised and sample specification for experiment has been
outlined. This is expanded upon in the next chapter in which the experimental results
are presented.
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Chapter 6: Experimental results
Abstract
This chapter presents all the results obtained from experiment during the
course of the project. The measurement and fabrication techniques used were as
described in Chapter 5. The aim of the project experimentally was to investigate the
enhancing effect of fluorine upon the luminescence properties of erbium in silicon. In
addition, as a result of the damage introduced by high energy implantation, anneal
and fabrication conditions (such as thermal diffusion and solid-phase epitaxial re
growth) were studied in an effort to improve the crystal quality. It appears that the
electrical characteristics of the silicon substrate have a significant effect upon the
luminescence efficiency of the rare earth. In conclusion, material prepared by thermal
diffusion was found to luminesce (which has not been reported to date) and optimum
implantation fabrication conditions were found giving the narrowest and brightest
luminescence at ~1535nm.
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Introduction
It was explained in earlier chapters that in order for the activation crosssection of the ion to increase adequately, either the f-d levels of the rare earth must be
sufficiently mixed, or the concentration of active Er^+ ions introduced must be in
excess of 10^0 ions/cm^t^l. Unfortunately, the latter is difficult to achieve in silicon,
since significant lattice damage is likely to occur at such high dopant concentrations^,
thus reducing the carrier lifetime and the efficiency of the excitation. W ith this
limitation on the concentration, the way forward would appear to be either to increase
the radiative cross-section of the ion by co-doping, or to establish an alternative
method by which Er^+ can be introduced into silicon without the accompanying
defects that cause nonradiative loss. Either of these is expected to cause an increase
in the luminescence intensity at 1.53pm.
In Chapter 1 Sec. 1.9, the areas requiring improvement (in order that device
quality material be realised) were summarised. Some of these points were studied by
experiment in this chapter in an attempt to reach the following objectives:
1) increase the fraction of erbium in an optically active 3+ state;
2)

improve the crystal quality in order to reduce the number of nonradiative

recombination routes to both the electron-hole pairs as well as the photonic emission;
3) increase the intensity of radiative emission at 1.53pm.
4) increase the fraction of erbium ions which are donors (as these are in the 3-f- state
which is optically active).
This chapter is therefore split into three main sections. At the commencement
of this project there was a small but promising body of work which suggested that
im plantation with an ion such as fluorine has a beneficial effect upon the
luminescence intensity from erbium^. However, the results were little understood and
the fabrication method had not been optimised. Thus, co-doping is addressed in the
first section with particular reference to its effect upon items 1, 3 and 4 above. In
particular, the significance of the electrical characteristics of the silicon upon
photoluminescence was noted. The second section is concerned with the mechanisms
which affect the em ission of light, such as tem perature, pump intensity and
wavelength. The final part addresses item 2 and discusses methods of improving the
crystalline quality of post-implanted silicon by solid phase epitaxial re growth (SPE)^.
In addition, the introduction of erbium by diffusion was successfully attempted, in
order to reduce the number of nonradiative routes available (in comparison to those in
implanted material). The samples used in all the work (with the exception of the
diffused material) had been implanted with the active ions. The specifications for
these materials are detailed overleaf
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6.1 Sample implantation parameters
The implantation of erbium and fluorine into different types of silicon was
carried out by the University of Surrey Ion Beam Facility for Microelectronics on the
equipment which was described in Chapter 5. The sample parameters are listed
below.

Unfortunately, as the equipment was new at the commencement of this

project, long time delays were associated with all the implants. In addition, the high
concentrations required meant that the process was costly, thus limiting the number of
samples which could be studied. Optimum implanter operating conditions had not
been established for the implantation of erbium at this time and, as a result, the
projected ranges requested were not always attained. Ideally, all of the implants
should have been at l|Ltm.
Implantation was conducted at room temperature with the exception of the
additional silicon implants. The silicon post-amorphisation implants (for SPE) were
carried out at liquid nitrogen temperatures (see Chapter 5).
Sample
names
IMP2N
IMP2P
IMP2NF
IMP2PF
IMPIN
IMP1N+
IMPIP
IMPII
IMP INF
IMPIN+F
IMPIPF
IMPIIF
IMP2NS
IMP2NFS
IMP2PS
IMPIIS
IMPIIFS
IMPIN+FS

Silicon
type

Range
(pm)

Dose
/cm^

Source

1.0

Peak
Cone
/cc
1.0x10^8

Beam
current
pA
0.065

Energy
MeV

ErCl3

Implant
Ion
species
166gj-2+

n,p

4.5 x1013

n,p

1.0

1.0xl0l9

3.5x10^"^

SiP4

19p+

0.4

0.8

n,p,n+,i

0.6

1.0x10^9

1.0xl0l5

ErClg

166gj.2+

0.3

2.0

n,p,n+,i

0.6

1.0x10^0 2.8x10^5

Sip4

19p+

0.52

0.35

SiP4
1.0xl0l8
1.0x10^9

Si+

1.2
0.7

0.5
0.9

1.0
0.5

n,p,n+,i
6.0x1015
6.0x10^5

4.0

Table 6.1 A table of the implant parameters for the samples used in this project.

The silicon characteristics were as follows: CZ n ,n + ,p type and compensated
intrinsic silicon of resistivities 10-70Qcm, 0.1 Qcm, 24-26Q cm and >2000Qcm
respectively. Following implantation, samples received a 30 minute anneal at 900°C
in an argon atmosphere. This has been shown to produce maximum intensity at
1537nm^'^. Those samples which underwent SPE re growth (i.e. all those with a
suffix S in Tab.6.1), were annealed for three hours at 600°C in order to the re
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crystallise the amorphous surface layer. This was then followed by the conventional
30 minute anneal in argon to activate the ions.

6.2 The effect of fluorine
Introduction
It has been previously stated (Chapters and 5) that co-doping with light
electronegative elements, such as fluorine, has a beneficial effect upon the intensity of
the luminescence at 1.53p,m^’^. This may be due to the perturbation of the 4 / and 5d
levels by the impurity. This would alter the radiative cross-section and therefore the
luminescence efficiency. Alternatively, the co-dopant may be oxidising any Er^+ ions
present. This would then result in an increase in the optically active 3+ fraction. The
final possibility is that the extra implants compensate some of the post-implantation
defects, thus reducing nonradiative losses.
In the following experiments, the effect of the fluorine concentration on
erbium luminescence was investigated in silicon substrates with various electrical
characteristics. The erbium in the first set of samples was implanted at approximately
ten times the dose which was employed by J. Michel et al. at AT&T^. In the J.
Michel et al. paper, the presence of oxygen upon the luminescence intensity was
investigated and found to reach a plateau at an erbium concentration of SxlO^^cm"^ in
CZ- silicon. CZ material possesses an oxygen content of the order of IxlO^^cm'^,
which is comparable to the amount of erbium introduced. Thus, the plateau can be
explained by the necessity for erbium /oxygen com plexes to form so that
lum inescence can occur.

Alternatively, at these concentrations erbium /erbium

interactions may become important and reduce the concentration of light emitting
centres (as a result of nonradiative loss). Therefore, in the first set of implants for use
in this programme, fluorine was implanted in quantities in excess of the inherent
oxygen content.

This was done in order to produce an effect which might be

sufficiently strong to be observable in the presence of the effects of the oxygen
complex formation.

6.2.1 Method
The first set of experiments involved the twelve samples IM PIN , IMP INF,
IM PIP, IM PIPF, IMP1N+, IM PIN+F, IM PII, IM PIIF, IMP2N, IMP INF, IMP2P,
and IMP2PF. The first eight substrates were implanted with erbium and fluorine
doses of lxlO^^cm ‘2 and 2.75xl0^^cm‘^ respectively; the other four with doses of
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4.5xlOl3cm-2 and 3.5xlOl^cm-^ respectively. Photoluminescence was excited at 80K
with an argon ion laser using the 488nm line, at an excitation power density of
12.5Wcm-2.
The possible co-ordination of erbium with fluorine ions was investigated by
obtaining SIMS profiles of the implants in various substrates. The profiles were
taken using 0 2 ^ primary ion bombardment and positive secondary ion detection to
optimise the sensitivity to Er^+. The samples subjected to this investigation were
restricted to IM PIN , IM P INF, IM PIP , IM PIPF, IM P1N+ and IM PIN + F for
economic reasons.

6.2.2 Results
6.2.2.1 PL spectra
The results include six spectra which compare the effects on the PL intensity
of Fr^+ as a result of the addition of fluorine. The effect of varying the fluorine and
erbium doses was also investigated. Figs. 6 .2.2.1.1 and 6 .2.2.1.2 are repeated in
Figs.6 .2.2.1.3 and 6.2.2.1.4 but are isolated to show that the introduction of fluorine
does enhance fluorescence by at least one order of magnitude in both n and p-type
silicon. In both the n and p substrates the results are consistent with the hypothesis
that the local symmetry has been altered by the inclusion of fluorine as explained in
Chapters 1, 2 and 4. The evidence for this suggestion is to be seen in the small shift
in the wavelength at which the luminescence intensity peaks. It should be noted that
none of the spectra presented in this chapter are corrected for the system response
and, as both the grating and detector responses are dropping rapidly at the
wavelengths beyond 1650nm, there is a significant distortion in the shape of these
peaks. It should also be noted in the spectra which follow, that the intensity is
displayed in arbitrary units (a.u.). These are consistent within a given spectrum and
for spectra taken under the same conditions but cannot be compared from one
spectrum to the next.
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Figure 6.2.2.1.1 A comparison o f the PL spectra for implanted /t-type silicon sam ples (IM PIN and
IMP INF). The peak shifts from 1537nm to 1526nm upon the introduction o f fluorine.
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Figure 6.2.2.1.2 A comparison o f the PL spectra for implanted p-type silicon sam ples (IM PIP and
IM PIPF). The peak shifts from 1537nm to 15 2 Inm upon the introduction o f fluorine.

F ig .6.2.2.1.3 show s the lum inescen ce spectra o f Er^+ in intrinsic,

p and n-

type silicon. F ig .6.2.2.1.4 show s the co rresp ond ing spectra im planted with fluorine.
In the form er, it can be seen that the intrinsic and p -ty p e sam p les both lu m in esce
w eakly, w hilst the n and /i+-type are brighter by alm ost an o rd er o f m agnitu de.

It

should also be noted that the rz-type exhibits som e deep levels appearing at ~ 1650nm .
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T h e s p e c tra in F ig .6.2 .2 .1.3 are n ot c o rre c te d fo r s y stem erro rs and, as both the
grating and d etec to r re spo nses are dropping rapidly at these w a v elen g th s, there is a
sign ifican t disto rtio n in the sh a p e o f this peak.

T h e re so lu tio n for the spec tra in

Figs.6.2.2.1.3 and 6.2.2.1.4 is 4.8nm .
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Figure 6 .2 .2 .I.3 . PL spectra taken at 80K o f Er^+ in

n,

p and intrinsic silicon (IM P IN , IM P1N+,

IM PIP, IM PII).

U pon the in troduction o f fluorine, (F ig .6.2.2.1.4) there is a fu rth e r o rd e r o f
m agnitud e im p ro v em en t in lum inescence in the intrinsic,

and /i-type m aterials and

an even greater e n h a n c e m e n t in the /?-type (F ig.6.2.2.1.2), although it still rem ains a
factor o f tw o low er than in the co -im p lan ted « -type (Fig.6.2.2.1.1). It should be noted
that the lu m in e scen c e in the «-type is artificially high due to the superposition o f the
erbium lines on a broad b ac k g ro u n d spectrum (which appears to have a b road peak at
162 0-1 660 nm ).

T h e re is also e v id en c e that the in trod uction o f fluo rin e appears to

cause a further splitting o f the Er3+ lum inescen ce in all the substrates. This results in
the m ain peak m o v in g from 1 5 2 In m to 1526nm .

T his p h e n o m e n o n has also been

seen in carbon co-im planted sam ples by F. Priolo et a l J .
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Figure 6 .2 .2 . 1.4 PL spectra taken at 80K o f fluorine doped Er^+ in

n,

, p and intrinsic silicon.

(IM PIN F, IM PIN +F, IM PIPF, IMP I IF).

T he final tw o spectra (Figs. 6.2.2.1.3 and 6 .2 .2 .1.4), co m p are PL spectra taken
o f an n and p - t y p e su b strate with low er d o ses o f both erb iu m and flu o rin e (i.e.
4 . 5 x 1 0 ’ ^ c n r ^ and S.SxlO''^ crnr^ re spectively).
s p ectra in F ig s.6 . 2 . 2 . 1.1 and 6.2.2.1.2.

T h e s e m ay be c o m p a r e d to the

It is noticeable in the A^-type that the defect

l u m in e sc e n c e has d is a p p e a re d in the sam ple im p lan ted at low er fluences.

T h is is

easily ex p la in e d by the o b servatio n that there are fe w e r defects intro d u ce d during
im p la n ta tio n .

T h is is fu rth e r s u p p o rte d by the fact that all the sp e c tra are less

b r o a d e n e d ( s u g g e s tin g fe w e r e r b iu m /e r b iu m in te ra c tio n s and less im p la n ta tio n
d am age ) and that the peak shifts upon the introduction o f fluorine are not so extrem e.
T he overall intensities are, how ever, not as great. In addition, the im p ro v em en t in the
peak intensity in the co -d oped sam ples is not so p ro n ou nced in these sam ples.
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Figure 6.2.2.1.6 PL spectra taken at 80K for two different fluences o f fluorine doped Er^+ in p-type
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6.2.2.2 SIMS profiles
Fig.6.2.2.2.1 sh ow s the SIM S profiles for erbiu m and flu orine in a c o -d o p ed
a n d u n c o - d o p e d n - ty p e s u b strate w h ich h av e not b een a n n e aled .

F ig .6.2 .2 .2 .2

presents the correspon din g profiles for annealed material. It should be noted that each
e rb iu m profile sh o w n arises from the sum o f the three isotope profiles ( i.e. erbiu m
166, 167 and 168) m easu red for that elem ent.
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Figure 6.2.2.2.1 SIM S profiles o f erbium and fluorine in co-doped and unco-doped n-type silicon
(sam ples IM PIN , IM PIN F). This material had not been annealed.
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Figure 6 .2 2.2.2 SIM S profiles o f erbium and fluorine for annealed co-doped and unco-doped n-type
silicon (sam ples IM P IN , IM P IN F ). The dam aged/crystalline interface is visible at -0 .9 p m for all
three profiles.

127

Chapter 6: Experimental results

The profiles in Fig.6.2.2.2.1 agree well with those predicted from TRIM
software and all three are 'smooth' in appearance^. The corresponding profiles for the
annealed sam ples, how ever, are significantly m ore 'jagged' and show the
crystalline/am orphous silicon boundary (c-S i/a-S i) at - 0.9|im (Fig.6.2.2.2.2)^.
There also appears to be a lower concentration of erbium (down to about 0.5|i) at the
surface which may be due to a layer of damage at the surface. In addition, the
profiles of the annealed substrates are less broad than those in Fig.6.2.2.2.1. The
reason is that, upon annealing, the silicon lattice starts to re crystallise from both the
end of the implanted profiles and the surface. This has been seen to occur in paper by
Gillin et a l^ . As some of the implanted erbium and fluoride ions begin to diffuse to
the surface, the implanted profiles become trapped between two boundaries, c-Si/aSi. Also, it would appear from both plots that the background concentration for
fluorine is very high from a depth of approximately 1.2|Lim. This phenomenon may
be explained either by concentrations at these depths being very close to the
background detection limit for SIMS (this is of the order of 5 x 1 0 atoms/cc)^®.
It is interesting to note in Fig.6.2.2.2.2 that the erbium and fluorine traces in
the doped material tend to 'follow' each other in shape. This is not so evident in the
corresponding profiles for the 'as implanted' material. Thus, it is possible that there
is some complex formation between the erbium and fluoride ions upon heat treatment.
This is in agreement with results from on oxygen and carbon doping of erbium, in
which the SIMS profiles followed each other in the same manner^. This was
explained by the formation of complexes between the erbium and dopant ions.
Furthermore, a ratio of 1:1 erbium to fluorine was found by F.G. Ren et a i , at
AT&T^ to be the optimum value for the most efficient luminescence. In an effort to
test this result, the total number of fluorine and erbium ions was calculated between
various limits for the profiles in both figures. It was found that in the unannealed
sample, the ratio of Er:F varies between 1:5 (in the region ~0.2|Lim - ~0.4|Lim) and 1:3
(in the region ~0.4|im —l|im ). In the heat treated material however, the ratios were
between 1:3 and 1:5 up to the depth of 0.75)Lim. Beyond this to a depth of l|Lim, the
ratio was 1:1. This agrees with the findings from AT&T^.
The increase in photoluminescence upon the introduction of fluorine may well
be due to an increase in the number of active erbium ions. Er^+ is known to behave
as a donor in silicon^ and spreading resistance measurements

were carried out on

samples IMPIN and IMPINF to ascertain whether the electrical activation of ions was
increased upon the introduction of fluorine. The results were inconclusive, as there
was no discernible increase in the 1 % activation achieved in undoped material (i.e.
the number of erbium ions behaving as donors).
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6.3 Temperature and pump power dependencies
Introduction
One of the main problems with the device application of erbium doped silicon
is the strong temperature quenching of the luminescence. The effect is so significant
that room temperature photolumiescence of fluorine doped erbium has not yet been
successfully achieved^. This may be due to: 1) a reduction in the pumping efficiency;
2) a reduced number of excitable optically-active sites; 3) increased efficiency of the
nonradiative de-excitation processes. This section discusses how both pump and
temperature dependencies were studied for co-doped and unco-doped material.

6.3.1 Temperature dependence
In spite of the large amount of experimental data accumulated to date, the
strong temperature dependence of the Er^+ luminescence in silicon has not yet been
understood^'^'^. In this section the effect of temperature on photoluminescence
intensity is investigated.

Method
The samples IM PIN and IM PIN F were excited at 488nm at a power of
500mW. The photolumiescence spectrum was measured every lOK between 80K and
180K. These samples were chosen as they luminesced intensely.

6.3.1.1 Results
Fig.6.3.1.1.1. depicts the photolumiescence spectra taken for IM PIN F at
various temperatures. For clarification, the total photolumiescence intensity for each
spectrum was then taken and is shown in Fig.6.3.1.1.2 plotted against the reciprocal
of the temperature in Kelvin. (It was valid to take the total intensity rather than the
intensity at the peak only, as the ratios between the peak height and other parts of the
spectrum remained approximately constant). The corresponding plot for the undoped
sample is shown for comparison.
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Figure 6.3.1.1.1 PL spectra for erbium in IM P IN F taken at temperatures from 80K to 180K (the
spectrum at 180K was subtracted from each o f the other measured spectra). Beyond 180K, the PL had
been almost com pletely quenched.
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The photolum inescence intensity in the undoped layer decreases with
increasing temperature and shows two distinct regions. At low temperatures the
decrease is very gentle and cannot be described by an activation energy. At higher
temperatures (120K), however, a dramatic decrease in the intensity is observed. This
process is characterised by an activation energy of ~35meV and is responsible for the
large thermal quenching of the erbium luminescence in silicon. No room temperature
luminescence was observed in either of the samples.
The co-doped sample starts with luminescence which is close to an order of
magnitude greater than for the unco-doped. Its photoluminescence intensity, as with
the unco-doped sample, also falls off with increasing temperature and at higher
temperatures is characterised by an activation energy of ~78meV. Thus, the process
responsible for the high-temperature quenching is far more efficient than for the unco
doped substrate and starts to occur at a lower temperature.
There are three possible explanations for the increased radiative emission in
the presence of fluorine: 1 ) the number of optically active erbium centres may have
increased and; 2 ) fluorine perturbs the metastable

s/2 level to such an extent that a

larger energy phonon is required to de-excite the erbium (thus the activation energy is
twice that found in the unco-doped material; 3) the fluorine is passivating other
nonradiative routes for electron/hole pairs.

6.3.2 Pump dependence
The following section describes experiments which were carried out in an
effort to identify whether the mechanisms in silicon by which the erbium ions are
excited are either optical (directly), or electrical (indirectly). The samples were
pumped at various wavelengths and power intensities. All photoluminescence spectra
were measured at 80K.

6.3.2.1 Results
AT&T3 reported that excitation of the 1.53|Lim emission was by indirect
electrical means. In this paper it was suggested that the mechanism is due to carriers
(electrons and holes) migrating through the material and recombining near an active
Er^+ ion. In an effort to reproduce their findings, spectra from the back and front
surfaces were measured for the brightest of the samples, IM PIN F (Fig. 6 .3.2.1.1).
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The result obtained was not as convincing as findings of J. Michel et al.^. According
to this hypothesis, the luminescence should only have fallen off by approximately
20% when excited at the back surface. Fig.6.3.2.1.1 shows the distinctive peak for
Er^+ when taken from the front. The spectrum arising from back surface, however, is
too weak in intensity to draw the same conclusions as suggested by the AT&T study.
This suggests either that the carries lifetimes are short or that excitation is also by
direct optical means.
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Figure 6.3.2.1.1 PL spectra taken from the front and back surfaces of the fluorine doped n-type
sample (IMPINF).

In the next experiment, various incident wavelengths at a constant pump
power of 500mW were used as excitation sources. The wavelengths used (515nm,
488nm, 476nm and 457nm) are all fairly strong lines for the argon ion laser. Of
these, 476nm is the only line which is not a direct optical excitation line for Er^+. If
the excitation is direct, there should be a reduction in the luminescence intensity of
the photoluminescence spectrum taken at this wavelength in comparison to the other
three. No such reduction was observed. This indicates that erbium is excited by an
indirect photocarrier-mediated process rather than by direct absorption.
In Fig. 6 .3.2.1.3, the results of measurements taken for the luminescence
intensity as a function of pump power and temperature for the doped and undoped ntype are shown. These experiments were carried out in an effort to observe whether
the limitation on photoluminescence intensity is due to a lack of sufficient excitable
centres.
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Figure 6.3.2.1.2 A plot o f pump power vs. total PL intensity. The sam ples were //-type, co-doped and
unco-doped with a high concentration o f Ouorine ( IM PIN F and IM P IN ).

A n u m b e r o f interesting points arise from F ig .6.3.2.1.3.

In the u n co -d o p e d

sam ple, the lum in escence intensity saturates at p u m p pow ers above ~ 3 0 0 m W , at both
80 and I40K . This im plies that all the excitable centres are em itting light. M oreover,
on in cre asin g the te m p e r a tu re from 80K to 140K, the satura tio n level d e c re a s e s
significantly. This d em o n strate s that thermal quen ch ing due to phono n absorption is
in cre asin g an d hence, fe w e r optical ce n tres are em itting light as the te m p e ra tu re
increases.
A different scenario is present for the fluorine doped sam ple. In this case, the
PL intensity co n tin u o u s ly increases as the p u m p p o w e r is increased, d em o n stratin g
that only a fraction o f the optically active erb iu m ions are excited. T h e dec rea se in
lum inescence with tem perature therefore cannot, in this case, be attributed to a lack o f
active centres. T h u s, tw o factors m ay be lim iting the lum in e scen c e with increasing
tem peratu re: 1) the p u m p in g efficien cy through electron -hole m ed iated p ro cesses is
decreasing due to an increase in the nu m b er o f nonradiative paths; 2) the de-excitation
from the erbium to the silicon is increasing. B oth factors will cause a decrease in the
lum in escence yield ( a possible m echanism is presented at the end o f this chapter).
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6.4 Post-amorphisation and solid phase epitaxial re growth
One of the observations from the SIMS profiles in Sec.6.2.2.2 is that before
annealing, the implanted profiles are 'smooth' in appearance. This is common to 'asimplanted' profiles (Fig.6.2.2.2.1). The corresponding profiles for the annealed
samples, however, are significantly more 'jagged' and show the crystalline/amorphous
silicon boundary (c-Si/a-Si) at ~ 0.9|im (Fig.6.2.2.2.2). There is also a 'step' in the
profile from the surface down to about 0.15|im, which may be due to another c-Si/aSi boundary. This section discusses the reduction of the introduced damage both at
the surface and beyond the implant. After the initial erbium and fluorine implants had
been performed, two silicon implants were introduced into each sample: a shallow
implant to ensure complete amorphisation of the surface; and a deeper one at a range
of 1.2)Lim. The samples were then subjected to a two stage anneal as described in
Sec.6.4.1.
Polman et a/.'^d2,l3 have carried out work on the implantation of erbium
doped silicon with oxygen which has subsequently been subjected to a solid-phase
epitaxial re growth process. The result of this work was the incorporation of a higher
concentration of erbium (without the onset of crystallisation) than had been
previously achieved.

It was also observed that the defects introduced during

implantation became fixed at the a-Si/c-Si interface during re growth. The erbium
also concentrated in the same region. In addition, the effects of solid-phase epitaxial
re growth have recently been conducted by another group at Surrey

U n iv e r s ity ^ d 4 ^

with a view to observing the effects of fluorine on the SPE re growth and the erbium
luminescence. This section presents the results of similar work conducted by the
author, which examines the effect of two different fluorine and erbium fluences in
addition to the effect of the silicon substrate upon the intensity of erbium
luminescence.

6.4.1 Method
The six samples subjected to SPE re growth were IM P IPS, IM PIPFS,
IMP2PS, IMP2PFS, IMP2NS and IMP2NFS. After the initial erbium and fluorine
implants had been performed, two silicon implants were introduced into each sample:
a shallow implant for amorphisation of the surface; and a deeper one at a range of
1.2|im. The thermal treatment for all the samples was carried out in two steps in a
conventional tube furnace under argon. The samples were first annealed at 600°C for
three hours to enable crystal re growth, followed by a high temperature activation
134

Chapter 6: Experimental results

anneal at 900°C for 30 mins. All the PL spectra were taken at a pump power of
200mW using the 488nm excitation line of the argon ion laser.

6.4.1.1 Results
Figs.6.4.1.1.1 to 6.4.1.1.4 show spectra for the six post-amorphised SPE re
grown samples with the samples of the same material which have only undergone one
anneal at 900°C.
In Fig.6.4.1.1.1, spectra are shown for n- and p-type material without fluorine
(IMP2NS and IMP2PS respectively), implanted at the lower range of fluences. These
are compared to the p-type material implanted at higher concentrations (IM PIPS).
The latter is evidently the most intense at 1537nm, even if the background spectrum is
neglected. This is due to the high erbium concentration, leading to the presence of a
greater number of active centres. Interestingly, the p-type is the next greatest in
intensity followed by the n-type: this is the reverse of the case in Fig. 6 .1.1.1.1, in
which the n-type luminesces more strongly than the p-type. This suggests that some
of the defects introduced during implantation are more successfully eliminated during
SPE re growth in the p than in the n-type The shifts in the peak intensity suggest a
change in the crystal environment of the erbium ions upon re crystallisation^.
Fig. 6 .4.1.1.2 shows plots for the same substrates but with an additional
implant of fluorine. Again, the p-type substrate with high concentrations of both
erbium and fluorine dominates, but in the case of the lower concentration implants,
the n-type now luminesces more intensely than the p-type. This points to the fluoride
ions compensating some of the acceptor-like defects in the n-type which have not
been com pensated by phosphorous or elim inated by the re growth process.
Alternatively, a paper by H. Przybylinska et al.^^ presents electron spin resonance
and photoluminescence results on p-type and n-type erbium-doped silicon, in which
they suggest that the reason for increased luminescence intensity in the p-type
material is for the following reasons: 1 ) the erbium ion moves to a substititutional
position during the anneal as opposed to remaining interstitial (n-type) and 2 ) the
excitation mechanisms in the boron-doped samples are more efficient than in the case
of the phosphorous-doped material.

The results did not however, identify any

erbium-phosphorous or erbium-boron complexes.
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Figure 6.4.1.1.1 Erbium PL spectra taken at 80 K for undoped

n and /;-type substrates implanted with

two different fluences o f erbium.
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Figure 6.4.1.1.2 PL spectra taken at 80 K for fluorine doped

n and p-type substrates implanted with

two different fluences o f erbium and fluorine and re grown by SPE.

F igs.6.4.1.1.3 and 6.4.1.1.4 co m p are the effects o f fluorine d o ping and posta m o rp h isatio n /S P E on the lu m in e s c e n c e intensity o f e rb iu m im p la n te d at a lo w er
dose.

T h e results sho w that neither the introduction o f flu orine n o r the re g row th
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dram atically increases the ph oto lu m in esc en ce intensity. S o m e o f the peak intensities
are s o m e w h a t m is le a d in g , d u e to bein g s u p e r im p o s e d up o n a b ro a d b a c k g ro u n d
spectrum.
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Figure 6.4.1.1.3 PL spectra taken at 80 K for both F doped and undoped n-type substrates implanted
with low concentrations o f erbium and F, subjected to both the single and two step (SPE) anneals.
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Figure 6.4.1.1.4 PL spectra taken at 80 K for both fluorine doped and undoped n-type substrates
im planted with high concentrations o f erbium and fluorine which have been subjected to both the
single and two step (SPE) anneal.
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T h e final plot in the series show s the effect o f p o st-am orphisation and S P E re
grow th on p - ty p e m aterial in co m p ariso n to m aterial fa b ricated in the co nvention al
m an ner.

All the s p ec tra are m u ch less b road and there is less d iscre p an cy in their

peak w a v e le n g th s as c o m p a r e d to the sp e c tra in F ig .6.4.1 .1.4.

T h e p re s e n c e o f

flu o rin e a p p e ars to h av e a m o re sig nificant effect than the e lim in a tio n o f defects
through re crystallisation.
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Figure 6.4.1.1.5 PL spectra taken at 80 K for both fluorine doped and undoped p-type substrates
implanted with high concentrations o f erbium and lluorine which have been subjected to both the
single and two step (SPE) anneal.

6.4.1.2 Discussion
T h e m o st e fficien t m e th o d for in trodu cin g e rb iu m and attaining m a x im u m
l u m in e s c e n c e w o u ld a p p e a r to be to u se p - t y p e m ateria l im p la n te d w ith high
co n c e n tra tio n s o f both erb iu m and fluorine and su bjected to additional im p lan ts o f
silicon. T h e crystal m ust then un dergo S PE re growth. T he spectrum in F ig .6.4.1.1.5
sh o w s the result w hich is a narro w , intense p h o to lu m in e s c e n c e p ea k at 1537nm in
addition to a second peak w hich is visible at 1545nm.
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These results are comparable to those produced by Zhang et a l at Surrey^"^, in
which similar implant parameters were used and RBS experiments were conducted
upon the resultant material.

The conclusions drawn in this work were that the

intensity of erbium -related photoluminescence, at 1537nm, can be significantly
enhanced by implantation with fluorine. The erbium diffusion during the re growth
of the amorphous layer was suppressed in the implanted sample and it is speculated
that this is due to the formation of Er-F complexes. It was also concluded, from a
decrease in back-channelling, that fluorine is beneficial to the recovery of the implant
damage and thus improves crystalline quality.

6.5 Thermal diffusion of erbium into silicon
Introduction
Previous studies have demonstrated that high energy (MeV) implantation the method most commonly used to introduce erbium into silicon - introduces defects
which are, by their nature, detrimental to the crystal quality, and reduces the
luminescence intensity k For this reason, other methods of incorporating erbium into
silicon, such as diffusion (which also introduces defects, but to a lesser degree), could
prove to be invaluable in the optimisation of erbium doped silicon for use in
optoelectronic devices.
Erbium diffusion and luminescence have been shown to occur in gallium
arsenidel^T7 and reports of diffusion of erbium into silicon have been published!^.
H ow ever, no lum inescence was reported.

The follow ing section reports

measurements of luminescence from thermally diffused erbium in silicon for the first
time.

6.5.1 Experimental details
A film of erbium chloride was deposited onto the surface of an «-type, CZ
silicon crystal (p 10-70 Q cm). This material was then annealed at 1200°C for
periods of 16-24 hours in

a r g o n

After heat treatment, the samples were cleaned in

a mixture of HNOgiSHCl, followed by a mixture of H 2 0 2 :H2 S 0 4 and finally in
hydrofluoric acid. The profile of the diffusant was determined by SIMS. Optical
measurements were carried out at 80K and the PL was excited with an argon ion laser
using the 488nm line at an excitation power density of 12.5Wcm'^.
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6.5.2 Results and discussion
T h e S IM S p ro f ile fo r a s a m p le a n n e a le d for six teen h o u rs is s h o w n in
F ig .6 .5 .2 .1 .1 .

T h e p ro file e x h ib its th ree distinct regions: a) fr o m th e s u rfa c e to

a p p ro x im a te ly 0.9|Lim; b) fro m ~ 0 .9 |im to a depth o f - 3 . 2 p m ; and c) fr o m 3.2 pm
inw ards. T h e e r b iu m in region a) is partially that w h ich was left on the surfa ce as
debris.

It had a p a tc h y

ap pe ara n ce and did not react with any c le a n in g che m ic als

which w e re used. It has been reported that the solid solubility^ for e rb iu m in silicon is
in the re g io n o f lxlO**cm'^.

T h is w a s taken into a c c o u n t w h e n s e ttin g the

c o n c en tratio n lim its for the calculation o f the diffusion coefficient. R e g io n b) is the
a rea in to w h ich e r b iu m has d iffu se d an d c) is the tail e n d o f the d iffu s io n , the
concentratio n bein g so close to the SIM S detection limit that it m ay be neglected.

«
ta
c

|) = ; 7 0 + / . 0 0 7 x 1 0 '

0

0
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3

4

D q p lii ( n m )

F igu re 6.5,2.1.1 SIM S profile for erbium diffused into silicon for 16 hours. D is given for the Erfc fit
shown in b).

A s su m in g that P ic k ’s iaw^ ^ is o beyed and that the surface co ncentration o f the
im purity does not vary with time (diffusion from a constant source into a sem i-infinite
body), the diffusivity, D , for erb iu m in silicon (assum ing that D is in d e p e n d e n t of
c o n c e n tra tio n , d epth etc.), can be estim ated.

A theoretical c u rv e re p re s e n tin g the

diffusion from a constan t source can be expressed as:

(I)

w h e re

is the s u rfa ce co n c e n tra tio n , x is the depth and t is th e tim e for the

diffusion. A no n -lin ea r least square m inim isation routine was used to fit the data in
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b) to the complementary error function, the result of which is plotted in Fig.6.5.2.1.1.
The best fit in region b), is for a Q of (7.80 ± ±0.26)xlQl^ atoms/cc and diffusivity,
D, of

(1.70 ± 0 .0 7 )x l0 'l^ cm^s '.

This is in reasonable agreem ent with that

calculated in Ref.7 (-3.0 xlO'^^ cm^s ').

The photoluminescence of the cleaned sample was then measured and is
shown in Fig.6.5.2.1.2.
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Figure 6.5.2.1.3 Photoluminescence spectrum taken at 80K for erbium diffused into silicon.

From a comparison of the above spectrum with one from n-type implanted
material (Fig.6 .2.2.1.3) it is clear that erbium introduced by diffusion possesses a
different crystal environment. The main fluorescence peak is at the same position in
both materials but the number of resolved peaks is far greater in the diffused than in
the implanted material. The reason for this is most probably due to fewer defects
introduced upon the introduction of the rare earth. The local symmetry of the erbium
site can be related to the number of Stark peaks in the fluorescence spectrum. The
number and the spacing of the Stark-split peaks is consistent with cubic group
symmetry 5.

141

Chapter 6: Experimental results

6.6 Summary and discussion
At the beginning of this chapter, four pertinent points were highlighted for
investigation in order that erbium doped silicon would become a more efficient
material for use in device fabrication. These were: 1) increasing the fraction of
erbium ions in the 3+ state; 2 ) improving the crystal quality in order to reduce
nonradiative losses; 3) increasing the number of erbium ions, which are donors, and;
4) (which partially results from an improvement in 1) and 2)), increasing the
luminescence intensity at 1.53|im. The results of this experimental program (with the
exception of 3) have, with a degree of success, addressed all these points.
Sec.6.4.1 dealt with the investigation of the effects of implant dosage and
electrical characteristics of the silicon substrate with a view to addressing all four
points highlighted above. It was found that, in the samples without fluorine, the ntype silicon produced the most intense luminescence at 1535nm, but that this was
offset by deep levels appearing at 1650nm. Upon the introduction of fluorine, the
energy levels of the erbium were subject to Stark splitting and the luminescence was
enhanced by almost an order of magnitude. This coincided with a reduction in the
deep level luminescence in the /i-type. The higher doses of both erbium and fluorine
were found to produce the most intense luminescence at 1535nm. These findings
agree with those of F.G. Ren et al.^. An explanation may be gained from the SIMS
profiles, which indicate that erbium forms a complex with fluorine after heat
treatment. As spreading resistance measurements did not demonstrate an increase in
the donor activation of erbium upon the introduction of fluorine, it is not possible to
state whether the effect of fluorine is either to oxidise any 2 + ions to the optically
active 3+ state, or to reduce the number of nonradiative paths available to both the
excitation and resultant luminescence.

Thus, the investigation in Sec.6.4.2 was

carried out, which dealt with the effect of temperature and pump pow er and
wavelength upon the erbium peak luminescence.
The results from Sec 6.4.2 show that erbium one of the excitation mechanisms
for erbium within the silicon substrate is by electron-hole pairs. In the fluorine doped
samples, saturation of the excitable centres did not occur, although this was not the
case in the undoped sample. The effect of temperature also demonstrates that fluorine
has a beneficial effect upon the erbium peak luminescence.
The final section (6.4.3) illustrates that post-amorphisation and SPE re growth
does improve the crystal quality in all the samples to such an extent that, in the p-type
material co-doped with fluorine, for example, the luminescence was both narrower
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and more intense (approximately twice) than in the untreated samples. Thus, it would
appear that p-type material is either more efficient at re crystallising than the n-type
and therefore the excitation mechanisms are more efficient, or that in the p-type the
erbium ions are occupying substitutional positions and are more likely to be optically
active

6.6.1 Possible excitation mechanisms
In order to explain the effects of both fluorine and the crystal quality upon the
luminescence intensity of erbium, Figs.6.6.1.1 and 6 .6 .1.2 show schematic diagrams
for the possible excitation and de-excitation mechanisms for Er^+ in silicon^ ^>19, 20 ,
The latter figure can be expanded to explain one of the possible effects of fluorine
in the de-excitation process. In Fig.6.6.1.1, an electron-hole pair is trapped at an
erbium related defect. Upon the recombination of the electrical carriers, the resultant
energy is transferred via a phonon to the Er^+ ion, which is then excited to the ^Iis / 2
manifold. Hence, the defect must be localised near the erbium ion for the energy
transfer to occur. However, back-transfer of the Er^+ excitation can occur to the
defect state and de-trapping of electron-hole pairs from the defect may also occur
(Fig.6 .6 .1.2).
The rates of these processes depend upon the energy mismatch between
different states and therefore on the phonon density of states as well as the
temperature of the host material. Therefore, electron-hole (photo-generated) trapping
and energy transfer to the erbium are not temperature dependent, as phonons are
emitted during these processes. In contrast, de-trapping requires low-energy phonon
absorption and is, therefore, temperature dependent. This type of mechanism has
been proposed for erbium in semi-insulating poly-crystalline silicon (SIPOS)^l,
ytterbium in InP^^ and erbium in GaAlAs^^.

The back-transfer mechanism for

ytterbium in InP has been confirmed^^.
Interestingly, in SIPOS the effect of temperature quenching is so diminished
that room tem perature luminescence was measured.

This can be explained by

applying the above model to SIPOS material. As the band gap is so much larger
(2eV) than that of silicon ( l.le V ) back-transfer and/or de-excitation become
improbable as a large number of phonons would be necessary to bridge the energy
mismatch between the band gap, erbium related defect and the erbium 4 / transition.
As a consequence, no quenching is observed.
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Silicon bands
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Erbium related defect
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Excitation by p ^ t o n
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+
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15/2
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transition

Figure 6.6.1.1 Schematic of the excitation mechanism for Er^"*" in silicon. Trapping of an electronhole pair is shown to occur at a defect localised at the site of the erbium ion. The energy from
recombination is transferred to the Er^+ manifold, resulting in the emission of a photon, (dashed
arrows represent phonons).

—Energy mismatch
1 due to presence
of F

Conduction
De-trapping

Valence

rS

13/2

De-excitation by phonon

n.

Er^+ intra-4/
transition

electron

15/2

+
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Figure 6.6.1.2 A schematic of the de-excitation mechanism for Er^+ in silicon (the opposite process
shown in Fig.6.6.1.1). In this case, the energy from the transition occurring in the Er^+ ion is absorbed
by the defect (back-transfer) which results in an electron-hole pair recombination within the defect.
The resultant phonon is then transferred to the silicon bands (de-trapping). The dashed line in the
defect represents an energy mismatch brought about by the addition of fluorine.

Conclusion
It has been demonstrated in this chapter that the introduction of fluorine has
been shown to enhance the erbium luminescence at 1535nm by approximately an
order of magnitude. This can be further increased by SPE re growth of samples
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which have undergone implants of silicon both at the surface and at ~ 1 .2 |xm, causing
total am orphisation of the im planted layer.

The im provem ent in the

photoluminescence intensity is particularly prevalent in the p-type material, and it is
suggested that this may be because the excitation mechanism is much more efficient
in this substrate. In the absence of fluorine, the erbium luminescence in silicon
exhibits a stronger quenching behaviour as the temperature is increased. This is most
probably due to a decrease in the density of excitable erbium sites. Thus, fluorine co
doping increases the density of optically active erbium ions.

In this case, the

luminescence is not limited by the density of sites but by nonradiative de-excitation of
excited erbium which quenches the luminescence at higher temperatures. As the
temperature dependence of this de-excitation is rather strong, room temperature
luminescence is not observed in either of the samples.
The results from the diffusion experiment, have demonstrated that erbium ions
can diffuse into, and luminesce, in silicon. This may prove valuable in the production
of erbium based optoelectronic devices in silicon, as it allows for erbium to be
introduced to depths of > 2 |im which, if implanted, would require energies in excess
of lOMeV. These layers may still need to be doped with either oxygen or fluorine to
enhance the luminescence intensity (this was not attempted purely because the surface
of the m aterial was too uneven and had debris which could not be removed).
However, this can be achieved using implant energies of ~2MeV, which are readily
available. In addition, diffusion does not appear to introduce as many defects (which
can detract from the 1.5pm lum inescence by increasing the probability of
nonradiative transitions) in comparison to material prepared by implantation.
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Chapter 7 :
Conclusion
7.1 Objectives
Silicon has a number of attractive properties as a substrate for integrated
optics, being both low in cost and readily available. Unfortunately however, silicon
exhibits very inefficient light emission due to its indirect energy gap. Thus, since the
early 1980's, a considerable effort has been made to circumvent the fundamental
processes which limit light emission from siliconb 2 , 3 One of the major approaches
is to produce light from an impurity, such as erbium, within the silicon matrix.
Unfortunately, it is well documented that the concentration of active ions^ and an
inefficient excitation mechanism^ are limiting factors in the production of material
with sufficient gain to be used as a laser (although room temperature LED's have
recently been successfully fabricated^).
At the commencement of this project, there was a small body of promising
work^ which demonstrated an increase in the photoluminescence intensity from
erbium upon the introduction of certain co-dopants. The enhancing effect of co
dopants at this time, had neither been optimised, nor understood. Thus, the work
conducted within this project concentrated upon reaching a better understanding of,
and extending this body of research. The use of 'Mixed valence' which is a property
pertinent to the lanthanides, might lead to an increase in the degree o ff-d level mixing
upon the inclusion of an electronegative co-dopant, and was therefore tested as a
possible explanation for the resulting increase in the intensity of emission^’

Mixing

could be further applied to the problems of gain and electrical activation. An increase
in mixing, could lead to an increase in the optical emission cross-section and thus, the
gain. Furthermore, increased mixing might achieve electrical activation of the rare
earth ion by the silicon host. The latter aim was not within the scope of this project.
One of the objectives of this project was to experimentally investigate and
model the effects of co-dopants (namely fluorine) upon the optical properties of
erbium within silicon. The onus on the experiments was to examine both the effects
of fluorine and of the crystal quality upon the luminescence spectrum of erbium. This
was achieved by implanting fluorine at two fluences in silicon with varying electrical
characteristics, and subjecting the material to different re crystallising techniques.
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In terms of the modelling, the work has concentrated upon the effects of a
neighbouring co-dopant ion upon the light emitted from erbium, using a simple
Thomas-Fermi^® and Kronig-Penney^^ approach to model the interaction between
erbium and its neighbour.
Both objectives were successfully met.

7.2 Summary of research
Chapter 1 was an introduction to erbium doped silicon based opto-electronics.
Particular attention was given to the results gained to date from other groups working
within the field, from which it was concluded that erbium doped silicon is very
inefficient as a light emitting source. The main limiting factors are: 1) that the
optically active fraction of 3+ ions must be increased without causing increased lattice
damage; 2 ) that the mechanism for excitation, (although not clearly understood), is by
electrons and must be greatly improved (e.g. by improving the crystal quality). These
points established the basis for the investigation which followed. Chapter 2 then
presented the properties and the factors affecting luminescence of the rare earths
(especially erbium), with particular attention to the phenomenon of mixed valence,
which may be brought about by positioning an electronegative ion in close proximity
to the erbium ion. The possible effects upon the position of the 4 / energy levels for
erbium and the corresponding radiative cross-sections, were then m odelled in
Chapters 3 and 4.
In order to study the behaviour of the emission cross-section for erbium in
silicon, a model was developed of the Er^+ energy levels based upon the Thom asFermi approximation for the radial component of the 4 f wave function, and on
symmetry group theory for the angular part. This was a less rigorous treatment than,
for example, the Hartree-Fock approach; nevertheless, as we expected to find a large
change in the radiative cross-section, the accuracy was felt to be adequate. The
validity of the model was tested by theoretically calculating fluorescence spectra for
Er^+ in silicon and comparing with experimental measurements^^. As the ThomasFermi method is based upon a point charge approximation, an additional factor {A^ )
was entered into the calculation of the crystal potential to allow for the covalent
nature of the bonding in silicon. This proved to be justified, as for a certain value of
the factor

which corresponded to a predominantly covalent lattice, the calculated

emission cross-section was of the same order of magnitude as that measured for the
isolated ion i.e. IxlO'^^cm^. However, a direct comparison between the calculated
and m easured values for the spectrum is difficult, and may account for the
discrepancy between the actual and calculated energies of the levels, which was at
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most 10%.

The reasons for this are twofold: 1) the Thom as-Ferm i model is

approximate and mostly applicable to purely ionic crystals and; 2 ) the optical quality
of the crystal (i.e. defects such as point charges, extended defects etc.) cannot be
simply accounted for by the model.

The results, however, provided sufficient

confidence to proceed to the final part of the

m o d e llin g

^^^4

In Chapter 4 the concept and demonstration of 'mixed valence' was presented.
The model discussed above was expanded to study the effect of co-dopants on the
levels of erbium. This was achieved by constructing a two-dimensional quantum well
system with the parameters pertaining to the Er3+ ion and a co-dopant such as
fluorine. The eigenvalues calculated by this approach were then transferred to the
model used in Chapter 3 and the emission cross-sections recalculated. The results
demonstrated that the co-dopant had a negligible effect upon the position of the
energy levels but increased the/-c? mixing to such a degree that the levels crossed and
the emission cross-section doubled at an optimum bonding length. Again, although
this approach was an approximate one, it was efficient enough to demonstrate a
significant change in the cross-section depending upon the bond length and the
electronegativity of the ion. The main criticism of this approach however, is that it
does not readily relate the properties of a modelled quantum well level to the
properties of actual energy levels in an atom. Thus, it is not understood why certain
well parameters resulted in larger cross-sections.
Unfortunately, it is not clear whether the emission cross-section can be further
increased within a real physical material, because the critical parameter is the distance
between the erbium and co-dopant ions. The bonding length is determined both by
the chemistry of the bond and the concentrations of ions present and, in terms of
material fabrication, would require an extensive investigation at different implantation
concentrations.
The conclusion to be drawn from the work conducted in Chapters 3 and 4 is
that the presence of a co-dopant does have a beneficial effect upon the radiative crosssection if positioned at the correct distance. Indeed, at a bonding length of 5.3Â, the
electron was found to be slightly de-localised. This is interesting in that it suggests
that the property of mixed valence, which is pertinent to the lanthanides (and to the
transition metals), not only increases the possibility of an electron undergoing a
transition from the 4 f to the 5d shell but possibly also to the silicon conduction bands.
This would have a significant bearing on the electrical activation of erbium in silicon,
but this subject has been left for future study.
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The experimental investigation (Chapters 5 and 6 ) centred upon the use and
effect of co-dopants on the luminescence intensity of erbium in silicon. Different
types of silicon {n, p n+ and intrinsic), were examined in order to examine the effect
of the different levels of carriers upon the luminescence^^. In addition, methods of
introducing erbium into silicon in a less destructive mode than ion implantation, such
as thermal diffusion, were explored. The first photoluminescence spectrum of doped
material created in this manner has been published^^. Solid phase epitaxial re growth
of fluorine doped material was also carried out in an attempt to decrease emission lost
in nonradiative processes. A possible de-excitation/excitation mechanism was also
suggested.
The conclusion drawn from the body of experim ental data is that the
introduction of fluorine enhances the erbium lum inescence at 1535nm by
approximately one order of magnitude. The effect of fluorine also appears to vary
with the electrical characteristics of the silicon substrate.

CZ-silicon (p-type)

provided the most intense and well resolved spectra. The PL intensity was further
increased by SPE re growth of samples which had undergone implants of silicon both
at the surface and at

causing total amorphisation of the implanted layer. In

the absence of fluorine, the erbium luminescence in silicon exhibits a stronger
quenching behaviour as the temperature is increased. This may be due to a decrease
in the density of excitable erbium sites. Thus, fluorine co-doping may increase the
density of optically active erbium ions.

In this case, it is thought that the

luminescence is not limited by the density of sites but by nonradiative de-excitation of
excited erbium which quenches the luminescence at higher temperatures. As the
temperature dependence of this de-excitation is rather strong, room temperature
luminescence is not observed in either of the samples. The results from the diffusion
experiment demonstrated that erbium ions can diffuse into, and luminesce, in silicon.
In addition, diffusion does not appear to introduce as many defects (which can detract
from the 1.5pm lum inescence by increasing the probability of nonradiative
transitions) in comparison to material prepared by implantation.

7.3 Applications
While reserving judgem ent on the use of erbium doped silicon lasers (Sec.
7.5), it is possible to speculate on the possible uses of such a device. In the U.S. there
is strong media attention being given to the 'information super-highway': an extension
of the present telecommunication and cable television network. All future homes
will, it is thought, have the use of visual and audio telephones, electronic mail, fax
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and interactive television, via a single fibre.

Given the desire for m ultim edia

applications, requiring large bandwidths to encompass all the necessary information,
one of the major problems in the system development is the availability of highly
reliable, very cheap components for use in the construction of the optical fibre
network. Such components include detectors and light sources functioning in the
infrared region at approximately 1500nm. Wavelength Division Multiplexors utilise
signals (or channels) which differ by a fraction of a nanometer and thus the source for
multiplexing must produce spectrally pure light. The sources utilised currently are,
for example, either InGaAsP or DFB lasers. Such devices however, are neither as
cheap, nor as reliable as would be desirable.

Hence, the current interest in the

realisation of erbium-doped light emitting silicon devices. Devices of this nature,
which would be far cheaper and have the added incentive of integration, would make
it possible to construct a much wider range of cheap and compact optical systems for
communications, and also sensors and medical instruments. This is the main, if not
the only reason for the interest shown by telecommunication companies such as
AT&T in erbium doped silicon.
The feasibility of erbium doped silicon devices depends upon two things: the
efficiency of the electron transfer between the lanthanide and the semiconductor and
the gain achievable from the material. The gain and the efficiency of electrical
activation in turn, depend upon the interaction of the erbium ion's wave functions
with both the silicon host and also with any co-dopants present.
Another avenue for development is the addition of erbium to III-V compounds
such as GaAs. The potential benefit would be the production of gain over a narrow
range of wavelengths (effectively atomic) in Fabry-Perot devices. However, results
fron modelling indicate that the additional gain provided by the erbium ions over and
above that from the intra-band gain, is insignificant 16. This would suggest that a
considerable increase in the gain, and thus the erbium cross-section, would be
required for any effect to be realised. These are the same requirements as those for
silicon as studied here.

7.4 Future work
The work conducted for this thesis has been by both m odelling and
experiment. The models in Chapter 3 and 4 predict that in creased /-J mixing and,
therefore, an increase in the emission cross-section do occur upon the introduction of
a suitable co-dopant such as fluorine. The experimental data presented agrees within
the limitation of the experimental findings because co-doping does increase the
optical output over and above any improvement in crystal quality. In the absence of
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experim entally attained em ission cross-sections and lifetim es, how ever, it is
impossible to state whether the increase in light intensity upon the introduction of
fluorine arises as a direct result of mixing or another phenomenon such as complex
formation or localisation of beneficial defects near the erbium ion. Thus, one of the
most pressing areas for future investigation is the measurement of the de-excitation
lifetime for erbium in unco/co-doped silicon (silicon cannot be doped with more
oxygen to make it brighter as this would affect the lifetime as a result of increased/-^f
mixing in much the same way as fluorine). Ideally a change in the emission crosssection would be observed in the case of the fluorine co-doped material.
The effect of other co-dopants, such as oxygen which has been widely studied
be other groups (Chapters 1 and 6 ), also presents an interesting avenue for research.
This was outside the bounds of this project due to the limitations of funds and
implantation time. Indeed, this would be a separate project in itself requiring the
implantation at different concentrations of various co-dopant ions (i.e. varying
electronegativities (anions) or electron affinities (cations)).
In addition, although an increase in the degree of f- d mixing will have some
bearing upon the possibility of electrically activating erbium within the silicon host, a
direct investigation is one area in which there could be future work. The modelling
would be similar to that conducted in Chapters 3 and 4, with the exception that the
perturbing Hamiltonian (within the calculation of the electrical cross-section in this
case), would be due to an incoming electron rather than a photon. Another avenue of
research lies in the identification of the position of the erbium levels within the silicon
band gap and possible methods of shifting the levels closer to the conduction band if
required .

7.5 Final conclusion
From an even

cursory exam ination of the literature on erbium -doped

semiconductors, it is quite apparent that no group has seriously addressed the related
device issues. In particular, it has not been pointed out to the author's knowledge that
for a device with a reasonable gain to be realised, either a much higher erbium
concentration (-IxlO ^^cm ’^) or a much larger emission cross-section for erbium
(-IxlO 'l^cm ^) within the host, must be achieved. This begs the question: should
research continue in this area, particularly in view of the fact that institutions such as
AT&T and MIT have been working in this area for the past ten years with no
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appreciable results?

(In fact AT&T have recently withdrawn from this area of

research)
It is generally accepted that a higher concentration than lx lO % m ^ of erbium
in silicon is not achievable ( in fact erbium has been shown to be optically inactive at
these concentrations). Thus, as the maximum possible concentration is limited, the
only other variable which can be altered is the emission cross-section which would
have to increase by at least two orders of magnitude above its normal value. All
studies of erbium in different hosts conclude that the erbium spectrum and crosssection are virtually independent of the host material. Therefore, the only possibility
of significantly changing the emission cross-section - without altering the spectrum is by increasing the degree of mixing between the / levels and states of different
parity. Since the host material has been seen to have virtually no influence upon the
energy levels of the rare earth, the only other possibility of increased mixing is by the
inclusion of co-dopants.

The m odelling conducted during this project has

successfully demonstrated that a co-dopant such as fluorine, will enhance the crosssection by a factor of two without any significant change in the spectrum. However,
the fact that the model employed was very approximate leaves open the possibility
that much larger emission cross-sections may be feasible with other co-dopants.
Furthermore, it would appear that the phenomenon of mixed valence may eventually
be em ployed to achieve direct electrical activation of the erbium within its
semiconductor host.
Fluorine has also been shown experimentally, to have a beneficial effect upon
the photoluminescence spectrum of the erbium ion. The reasons for this are not
entirely clear and could be due to either an increase in mixing, or the formation of
complexes, or the compensation (or localisation) of defects. However, it is apparent
that future investigations must concentrate upon the optimisation of the material so
that intense room temperature light emission becomes a possibility. The large body
of work which has been accumulated on the doping of the silicon structure with
oxygen, becomes a promising avenue if combined with fluorine doping. Oxygen
appears to have a less beneficial effect upon the intensity of light emission but does
diminish the number of nonradiative paths to such an extent that room temperature
photoluminescence is observed.

154

Chapter 7: Conclusion

References
1.

H.A. Atwater et al.. Mat. Res. Soc. Symp. Proc., Vol. 316, (1994).

2.

H. Ennen et a l, A p p l Phys. Lett. 43, 943, (1983).

3.

H. Ennen et a l, A p p l Phys. Lett. 46, 381, (1985).

4.

F. Priolo, S. Coffa, G. Franzo, C. Spinella, A. Camera and V. Bellani,
J.ApplPhys. 74 ( 8 ), 4936, (1993).

5.

D.J. Eaglesham, J. Michel, E. A. Fitzgerald, D C. Jacobson, J.M. Poate, J.L.
Benton, A. Polman, Y.H. Xie and L.C. Kimerling, A p p l Phys. Lett. 48, 2797,
(1991).

6.

B Zheng et a l and D C. Jacobson and J.M. Poate, A p p l Phys. Lett. 64 (21),
2842,(1994)

7.

J. Michel, J.L. Benton, R.F. Ferrante, D C. Jacobson, D.J. Eaglesham, E.A.
Fitzgerald, Y.H. Xie, J.M. Poate, and L.C. Kimerling J. A p p l Phys. 70 (5),
2672,(1991).

8.

W. Miniscalco, Erbium-doped glasses for fibre amplifiers at 1500nm, IEEE J.
Lightwave Technol, 9, 2, 234, (1991).

9.

C M. Varma, Rev. Mod. Phys. Vol. 48 No.2, Part 1 219, (1976).

10.

L. D. Landau and E. M. LifshitzQuantum Mechanics, Non-Relativistic Theory,
3^^ Edition, Pergamon Press, 297, (1958).

11.

P. Landshoff & A. Metherell, Simple quantum mechanics, Cambridge
University Press, (1979).

12.

Y.S. Tang, K.C. Heasman, Gillin W P and B.J. Sealy, A p p l Phys. Lett. 55,
432, (1989).

13.

J.J. Pradissitto, M. Federighi, C.W. Pitt,, Journal o f Physics, Condensed
Matter (1995): to be published.

14.

J.J. Pradissitto, M. Federighi, C.W. Pitt, W.P. Gillin, A.G. James, R.J.
Wilson, Materials Research Society Symposium Proceedings, Vol. 392 pg.
217-222 (1995).

15.

J.J. Pradissitto, M. Federighi, C.W. Pitt, A.G. James, W.P. Gillin, Journal o f
Applied Physics, (1994): to be published.

16.

Private communication from Dott. M. Federighi at UCL.

17.

Private communication from Dr. C. Lin at AT&T.

155

Appendix 1

Appendix 1:
Derivation of the Thomas-Fermi
equation
1 Solution for an atom
The volume of phase space corresponding to electrons possessing momenta
less than p and confined to a volume of space dV is

^7^'^dV

( 1. 1)

The number of possible states, corresponding to this volume, is
4

3

^
^dV
3(2;r)^

( 1 .2 )

Because of the exclusion principle there can be no more than two electrons in any one
state; hence the total number of electrons is given by

In the ground state, the electrons in each volume element dV, must occupy the
states corresponding to momenta from zero up to a value po. Then the kinetic energy
of the electrons will have its smallest possible value at every point. Let the number of
electrons in d V be ndV, then the maximum value po of the momenta of the electrons
at every point is related to n by
=„

(1.4)

Hence, at a point where the electron density is n , the maximum kinetic energy that an
electron will possess is
2

—p Q = —(37p'n)^

(1.5)
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Now, let (l)(r) be the electrostatic potential which will be zero at infinity.
Hence the total energy of the electron will be the difference between its kinetic energy
and the electrostatic potential (The total energy of each electron must be negative for
it to be bound). Now let the total energy of the electron at each point to be ~(j)o. In
equlibrium, this value must remain constant over the volume under consideration.

( 1.6)

=

Substituting for n in Eq.(5) and equating with Eq.( 6 ), we obtain a relation
between the electron density and the potential at every point in the atom.

„ =

(1,7)
'in

When (j) = <l>o the density term n , vanishes. This is also the case when 0 <

.

Therefore 0 = 0o gives an expression for the boundary of the atom. Since there will
be no field outside a centrally symmetric system of charges where total charge is zero,
0 = 0 at the boundary of a neutral atom. Hence the constant 0p must be put equal to
zero for a neutral atom. However, for an ion, 0 is not zero. By putting 0p=O and
using Poisson's equation, A(j) = 47tn , we can substitute for n in (1.7), thus attaining
the fundamental equation of the Thomas-Fermi method
r
# =

N ^ j0 ^

(1.8)

To obtain a numerical solution to this field distribution, we need the relevant
boundary conditions. As r (distance from the nucleus) approaches zero, the field is
only due to the Coulomb potential and the
(pr

screening becomes a minimum i.e

Z . Consequently, as r tends to infinity then, 0 r —> 0. Introducing a variable x

of the form
1

x =-Z
b

3

(1.9)

where

^=

\(i

= 0.885

(1.10)
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is the Bohr radius and, instead of 0 a new function

1^

r

rZ3

( 1. 11)

b
V

y

we obtain

( 1. 12)

X

dx'
or

(1.13)

The boundary values for % vary between 0 and 1: the former when x is at
infinity and the screening is at a maximum; and the latter 1 when x is at 0 , (or next to
the nucleus) where the screening is at a minimum.

2 Solution For An Ion
As discussed in above a non-zero value of

corresponds to an ionised atom.

Hence the function
C2 1)

is the same as for the atom except that we now seek solutions not at infinity, as for
the neutral atom, but at finite values of x. At the point x o where % =0, the charge
density vanishes and physically we have therefore reached the boundary of the ion.
However, the potential remains finite because the ion possesses an overall charge.
Consider that the total charge inside a sphere of radius r is related to the
electric field by Gauss's law

or

X{x)-xx{x)j

Thus when x =xq , using Eq.(2.2), the total charge on the ion z , becomes
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z = -Zxox{xo)
since x ( x o ) = 0 .
The value of x'(0) may be adjusted until this equation gives z = +3. Once the
value for % ' has been determined, it is substituted into the equations in Sec.l to
generate new values for the function Eq.(1.13) above.

L. D. Landau and E. M. LifshitzQuantum Mechanics, Non-Relativistic Theory, 3^^ Edition,
Pergamon Press, 297, (1958).
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Appendix 2:
Simplification of the radial wave function
The Schrodinger equation for the motion of a particle in a centrally
symmetric field, such as an electron under the influence of the nucleus, is given by

—

!//■+ y(r) i/A= £i/^

(2 1)

Expanding the Laplacian operator in spherical polar coordinates, the equation
becomes
1
2m

d {
dr

1

d\ff

sin 0 do \

do

d^Xf/
sin^ 0 d(j)‘

+ V{r)y/= Ey/

( 2 .2)

This equation can be split into two parts, one of which does not depend on r
but only on (j) and 0. Since we arelooking for eigenfunctions, the two components of
A

the equation are separable and may be solved independently. Assigning a quantity I

(the squared angular momentum operator) to the eigenvalue of the equation in 0 and
0., and substituting back, we arrive at
a2
2m

j _ 2
p' dr

2 ^
dr

/
+ — ¥

-¥V{r)\i/ = E yf

r

(2 3 )

Since angular momentum is conserved during motion in a centrally symmetric
field, only stationary states in which I and m have definite values will be considered.
Hence, solutions of the form
(2.4)
were sought.

As /

the expression for the radial part o f the

wavefunction/?(r) is

2m

[4-(
_r d r\<

+ V{r)\if-Ey/

dr )
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(2 5 )

or, rearranged and in atomic units,
/(/ + !)
LA.
R + 2[E-V{r)]R = 0
dr
dr

L. D. Landau and E. M. LifshitzQuantum Mechanics, Non-Relativistic Theory, 3*"^ Edition,
Pergamon Press, 297, (1958).
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Addenda
1.

Chapter 3 (Sec 3.5) presents results which have been produced employing

'M athematica' software without stating the limitations due to the software. The
numerical solution of the radial wave function can be obtained via many methods^
and one of these is the shooting method in which trial E values are posited and the
wave function is integrated until it either blows up or violates the requisite number of
zero-crossings. This is the method that was employed in Chapter 3 and information
about the violation was used to update the value of E until E converged to a good
approximation of the energy (this could be judged from the form o f the wave
function). From Ref. 2 it was found that the error expected in the value of E is five
parts per million. More detail concerning the limitations of the software (which acts
as a black box) could not found by the author.

2.

In Chapter 5 (Sec. 5.5.2) attempted lifetime measurements are mentioned but

it is not clearly explained why these measurements proved to be unsuccessful. In
addition Figure 1.8.2 illustrates the optimum annealing temperature (900°) for erbium
doped silicon. It is felt that these two phenomena are related by the onset of erbium
clustering which would both decrease the intensity of photoluminescence and shorten
the lifetime for erbium in silicon.
Measurements for the lifetime at a chopper frequency of 330Hz should have
proved successful as long as the expected lifetime was 3ms or less. In silica and
sapphire however, the lifetime was found to be -10m s. Upon initial inspection
therefore, it would appear that the measurements were simply conducted at a chopper
frequency which was too slow and this is the reason that no lifetime measurements
were obtained. Data from Refs. 3 and 4 however, show that there are two sub
millisecond lifetimes present for erbium in silicon and that these should have been
measurable. The brief nature of these lifetimes which is at least ten times smaller
than in silica or sapphire suggests that in silicon, there are no free erbium ions and
that erbium ions only exist in pairs. Pair clustering will be especially prevalent in
samples with concentrations of erbium in excess of ~ 3x101? cm'^t^l, which is the
case for the samples examined during this project. Thus, both the lifetimes will be
shorter and the luminescence intensity poorer at these higher concentrations. This is
one of the main criticisms of the material used within this project.

One method of reducing the likelihood of pair formation is to use pulse laser
annealing techniques in addition to, or in instead of, conventional furnace annealing
for extended periods^. This method of annealing has been shown to increase the PL
intensity be a factor of almost 1 0 0 in europium doped sapphire and silica, as a result
of the dissociation of the clusters (pairs), and of the rapid quenching that allows
erbium ions to remain atomically dispersed. Thus, the challenge of removing the
radiation damage and eliminating the possibility of cluster formation (which occurs
during high temperature furnace anneals) can be met.

References
1.

S. Koonin and D. Meredith, Computational Physics: FORTRAN Version,
Addison-Wesley Publishing, Inc.. 1990.

2.

R. E. Crandall, Mathematica fo r the Sciences, Addison-Wesley Publishing,
Inc..

3.

W ritten communication from Prof. P. Townsend, Sussex University.

4.

A. Polman et al., J. Appl. Phys. 11 (3), 1256, 1995.

5.

G. Van Der Hoven, Thesis publication 'Erbium-doped photonic materials
based on silicon', 71, 1996.

6.

N. Can et al., J. Appl. Phys. 78(11), 1, 6737, 1995.

