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1 Summary

Solid Phase Epitaxial Regrowth (SPEG) of the amorphized layer in synthefi@artz in-

duced by Na and Rb-ion implantations was studied by thermal annealing in aif@nd
atmosphere.

The present detailed study of chemically guided epitaxy proves full epitaxy after prop-
erly chosen implantation and annealing conditions. Complete or partial SPEG was ob-
served to depend on many parameters in ion-irradiatgdartz (ion fluence, annealing
atmosphere, annealing temperature, oxygen pressure, and annealing time). After the irra-
diation a continuous amorphous layer grew, which during epitaxy decreased in thickness
by a planar movement of the a/c interface to the surface. The damage profiles and Rb
concentration were monitored by means of Rutherford Backscattering Channeling Spec-
trometry. The out-diffusion of the implanted Na and #§©® < 160 exchange between

the sample and the annealing gas were investigated using Time-of-Flight Elastic Recoil
Detection analysis. By depth profiling the implanted alkali-ions and the oxygen exchange
in the near-surface layers it was possible to monitor the transport of all-important partners
involved in this process and to relate them to the epitaxy of the matrix.

In the case of Rb implantation at a typical fluence of 2.3816ns/cn?, full epitaxy was
achieved at very similar temperatures in air (1170 K) @b gas (1130 K). The recrys-
tallization rate in air follows a two-step Arrhenius process with activation energig$, of
=0.6+ 0.2 eV ancEL, = 2.7+ 0.4 eV above and below an annealing temperature of 1070
K, respectively.

It was demonstrated that the recrystallization rate increases with increasing ion fluence
and temperature, but depends little on tf@, pressure. The annealing temperature had
the dominant role and epitaxial recrystallization occurred only above critical temperature
and alkali ion fluences.

The three processes, namely planar recrystallization of the amorphized $&$eD al-

kali ion out-diffusion, and®0 < 180 exchange, are highly correlated. This correla-
tion was discussed by considering the topological structures and network connectivity
of SiO, in analogy to previous results obtained after Li and Cs implantation. The epitaxy
is thought to be a consequence of the dissolution of alkali-oxides (network modifiers),
which increase the structural freedom of the network due to the formation of non-conneted
[SiO4])-tetrahedron corners, stabilized by a nearby alkali ion. The observed correlation
between the migration of alkali ions and oxygen was used to explain the rearrangement



1 Summary

process of the Signetwork.

For the first time the surface morphology of samples was measured before irradiation
and during the full process of chemically guided epitaxy. The AFM results confirmed the
swelling during implantation and compaction during epitaxy. AFM also showed the pres-
ence of a regular "open web" at the surface after recrystallization.

Finally, a cathodoluminescence (CL) study was performed to identify different defect cen-
ters in the SiQ matrix after Rb irradiation and its evolution during thermal annealing in
air as well as int®0,. The room temperature CL spectra showed six bands: red - 2.0 eV,
green - 2.4 eV, blue - 2.8 eV, violet 1 - 3.25 eV, violet 2 - 3.4 eV, and UV - 4.3 eV. The
violet bands are probably associated with Rb-related defects. All the other bands are con-
nected to different defect centers in the Si@atrix created either by ion-implantation or

by electron irradiation during the CL measurements.



2 Introduction

2.1 Structure and properties of quartz

Silicon dioxide or silica is one of the most common compounds in the Earth’s Crust.
SiO; has an extremely rich phase diagram (seéfigj.with a wide variety of crystal
structures (polymorphs-quartz,3-quartz, cristobalite, tridymite, coesite, and stishovite
[1, 2, 3, 4]. A common feature of crystalline and amorphous S&D ordinary pressure

are the [SiQ] tetrahedron building units, where a central silicon atom is surrounded by
four oxygen atoms. Each [SiDtetrahedron is bridged via Si-O-Si bonds to neighboring
tetrahedrons to form a three-dimensional fully connected network. Transitions between
the polymorphs can occur upon change of ambient temperature or pressure.

The most common and stable phase at atmospheric temperature and pressure of all known
crystalline forms of Si@is a-quartz (low-quartz)a-quartz has a hexagonal space-group
symmetry which is defined by the lattice constants: a = 4.913 Aand ¢ = 5.405 A. S The
unit cell contains three Sidmolecules $]. The Si-O-Si bond length is 1.61 Aand the Si-
O-Si bond angle varies between 108a8d 110.5. The angle between two corner-sharing
tetrahedral [SiQ@)] units is 143.8. The adjacent tetrahedra form a threefold spiral around
the z axis f]. Whena-quartz is heated to 578, it changes to another stable crystalline
structure known as high-quartz @rquartz.a-quartz has a density of 2.65 g/érand

is denser than the high-temperature forms tridymite (2.26 ¥/@nd crystobalite (2.32
g/cn), but less dense than the high pressure forms coesite (3.08)géom stishovite
(4.28 glcnd) [3, 7). It was found PB] that after ion-beam induced amorphization of $iO
the density decreased by about 19% as compared to the densitguartz. Due to the

high Si-O bond energy (4.57 e\9,[10]), quartz is resistant to chemical weathering (it

is only soluble in hydrofluoric acid and in hot alkalis) and corrosion. It is hard (Mohs’
hardness 7), brittle, and has a very high melting point (2Z1JQ0]). Due to its wide band

gap of about 9 eV11, 12], itis optically transparent and shows low electrical conductivity.
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Figure 2.1: Phase diagram of the crystalline polymorphs of Si00].

2.1.1 Point defects in SIO »

The presence of defects in the matrix can dramatically modify its structural, electrical, and
optical properties. Many parameters, such as manufacturing process, irradiation, mechan-
ical stress, change of temperature, and the presence of impurities may cause the formation
of defects and/or lead to the transformation of the existing defects into another type of de-
fect [13]. Generally, the lattice defects can be grouped according to their structure and
size as follows: point defects, dislocations (linear defects), and plane defdkts |

A variety of defect structures are known to exist in silica materials and were one of the
major subjects of extensive experimental and theoretical stutlied §, 17, 18, 19, 20,

21, 22], due to practical applications of silica. Many aspects regarding the nature of the
defects and their correlated properties are still controversial and not yet completely un-
derstood.

If the imperfection in the crystalline network is at the lattice site or in its immediate vicin-

ity, this imperfection is called a point defedq]. The following types of point defects can

be considered: intrinsic and extrinsic. Intrinsic point defects involve atoms of the host ma-
trix only, for example: vacancies (the host atoms are missing, Schottky defect or Frenkel
pair) and selfinterstitials (additional host atoms at an interstitial position). Extrinsic point
defects involve atoms chemically different from the host crystal, such as those used for
electrical doping.

The defects and impurities in silicon dioxide have been studied by several techniques:
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electron spinresonance (ESRP[15, 17, 23], electron paramagnetic resonance (ESP/EPR)
[13], photoluminescence (PL) and cathodolumescence (CR)J4, 25, 26], thermally
stimulated luminescenc@T], optical absorptiong8, 29], Auger spectroscopylp, 30],
electric force microscopy (EFMPH], and positron lifetime spectroscopyd].

The impurity and lattice defects created during recrystallization have generally been in-
terpreted as charge compensated (diamagnetic defect centers). Electron irradiation during
measurements and natural radioactivity result in the transformation of the diamagnetic
precursor centers into paramagnetic centers. The irradiation forms defects either by trap-
ing an electron or by forming a hole at the site of the precursor deféft |

Electron spin resonance (ESR) spectroscopy is a powerful and widely used technique
for the detection and identification of the paramagnetic centers, which have a net mag-
netic moment. About 20 different paramagnetic defect centers were found in 8ilica [

The following fundamental paramagnetic centers were identified in silicon dioxide: the
E’ center £Si-), the peroxy radicak£Si-O-0), and the non-bridging oxygen hole center
NBOHC (=Si-O). In each case, the symbalSi represents a silicon atom bonded to three
oxygen atoms in the Sinetwork, and the dot refers to an unpaired electron.

Several properties of silicon dioxide are dominated by a single point defect known as the
E’ center [L3]. =Si- is the oxygen vacancy which possesses the unpaired electron in a
dangling sp orbital of the silicon atom which is pyramidally bonded to the three oxygen
atoms in the Si@network. A variety of E’-like centers have been identified in silica and
these are conventionally differentiated by appending the subscripts, for example 1, 2, 4,
s,q, B, v, 0. Details of the proposed defect models can be found in R&f.1[7]. These

point defects have been observedihguartz, fused Sig) and in a-SiQ [5, 16].

The most important oxygen-associated hole centers (OHC’s) stable at room temperature
are the peroxy radical and the non-bridging oxygen hole ce@&rThe peroxy radical

is an oxygen associated hole centgt][consisting of a trapped hole on a singly coor-
dinated @2 molecule ion P2]. An alternative configuration called the "small peroxy
radical" has been predicted to exist by Edwards and Flo2&r However, no experi-
mental results confirm this speculation to ddt#&]] The non-bridging oxygen hole center
(NBOHC) is a trapped hole on a singly coordinatett Q22].

PL and CL spectroscopy provide information about non-paramagnetic precursors of the
paramagnetic centers. The non-paramagnetic oxygen vaca8iySiE) can appear in

the network as a member of a Frenkel defect pair or it can originate from irradi&@pn [
The=Si-Sie has been proposed as a possible precursor of the E’ center and has been ex-
plained by the asymmetric relaxation model proposed by Feigl, Flower, an®¥,i3%].

The peroxy linkages=£Si-O-0O-SiE) [22] are probably precursors of the peroxy radical
and/or the NBOHC. Another way of forming the peroxy radical has been proposed to
result from the reaction of the interstitional molecular oxygen with the E’ ceG&r [

=Si- + O, — =Si-0-0.

In natural and synthetic quartz, impurity ions can be incorporated either into intersta-
tial or substitutional positions in the lattice, depending on ion radius and charge. Be-
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cause of the small ionic radius of“Si(0.42 A) and its high valence, the probability

of the substitution of a silicon atom is rather low. The most common substitutes are:
A%t (0.51 A), Ga* (0.62 A), Fé* (0.64 A), GE+ (0.53 A), T+ (0.64 A), and P+

(0.35 A). The interstitional charge compensators are H™, Na*, K*, Cut, Ag*. The
paramagnetic impurity center X (typically &Geor Ti**) can result in the development

of the non-paramagnetic center %9, which can be the precursor of the paramag-
netic center [XQ]~ (this transformation takes place during ionization irradiation). The
[X04]° can catch diffusing cations M(H™, LiT, Nat) and create the paramagnetic cen-
tre [XO4/M*1° [31].

One of the most common impurities is water, which can be bonded in the network in the
form of H*, OH™ or H,O. For example, hydrogen can be incorporated as hydroxyl groups
which tend to cluster in pairs in SPO=Si-OH HO-Si [33, 36]. Atomic and molecular
hydrogen occurred in interstitial positions. Irradiation of the hydroxy group below 100 K
results in the formation of reactive atomic hydrogety khich thermally migrates and

is dimerized above 130 K. Hdiffusion becomes significant in the temperature range of
170 - 200 K [L3]. Above 230 K the NBOHC'’s and FHmolecules can combine to reform

a nonbridging hydroxyl groupSi-OH) [33].

2.2 Amorphization and solid phase epitaxy

2.2.1 Amorphization and epitaxy in quartz

The formation of radiation damage and amorphization of quartz by ion implantation
has been of considerable interest in the last decades, both experimentally and theoreti-
cally [8, 12, 37, 38, 39, 40, 41, 42, 43, 44].

The effects of heavy-ion damage in quartz produced by implantation with He to Bi ions
in the energy range of 15 - 200 keV was investigated by Macaulay-Newcetabd 39].
Fischeret al.[45, 46] studied the mechanism of damage production and the annealing be-
haviour up to 1370 K in quartz after 35 keV He, 70 keV B, and 150 keV Ar ions implan-
tation. Recently, Harbsmeier and Bol$} ¢arried out detailed analyses of the accumula-
tion of damage and determined the critical condition for full amorphizatiom-gtiartz.

The three-dimensional nucleation and growth model based on the Avrami-Johnson-Mehl
function was found to work best for low and medium mass ions (H, N, Ne, Na) in the 10
- 100 keV energy and 18- 10 ions/cn? fluence range. In the present work with rather
heavy Rb ions, quartz was fully amorphized even for fluences as low'asob@/cnt.
Although many attempts were made to obtain the epitaxial recovery of the radiation dam-
age ina-quartz, it was only successfully achieved quite recently and under rather peculiar
conditions. Devaudt al.[47] observed partial solid phase epitaxial growth (SPEG) of nat-
ural Brazilian quartz after "self-ion" implantation (180 keV Si with a fluence of 3%10

10
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ions/cnt and 75 keV O with a fluence of 1xibions/cn?) and post annealing in air at
1323 K. This study concluded that impurity OH-groups were responsible for recrystal-
lization. Already in 1980, Arnold and Peercyd on the basis of experimental results,
after quartz had been irradiated by Li-ions ang@:2SiO, by noble gas ions, found evi-
dence of the special role of alkali ions during epitaxy in silicates. Crystallig®-RSiO,

was achieved after annealing the irradiated sample at 773 K and recrystallization of Li-
doped SiQ was achieved at 973 - 1073 K. More recently, Harbsmeie. [49] carried

out similar experiments on pue-quartz after 50-keV carbon ion implantation and an-
nealing in vacuum up to 1673 K. In these experiments, SPEG was found to setin at 1473
K. However, no full recrystallization was achieved up to 1673 K, the highest annealing
temperature used in this experiment. Besides these chemically guided SPEG studies, in
which implanted or resident impurities play an important role, Dhar, Bolse and Lieb have
studied dynamic SPEG after N&(] or Ba [51] implantation in hot quartz samples and
achieved complete epitaxy.

Recently, Roccaforte and collaboratoE[53, 54, 55, 56, 57, 58, 59, 60] extensively

and successfully developed chemically guided SPEG by implanting Cs and Na ions into
a-quartz and subsequently annealing them in air or in8@y atmosphere. A similar
study after Li implantation was carried out by Gustafssbal. [58]. These studies pre-
sented full or partial SPEG of alkali-implantedSiO, occurring up to temperatures of
about 1150 K. These authors also found that the chemically guided technique using alkali
ions led to epitaxy when the amorphous layer was produced via Si or O ion irradiation or
SiO, evaporation$9]. The temperature at which the alkali atoms become mobile and the
recrystallization process starts was found to correlate with the fluence of the implanted
alkali ions, as does the quality of the regrown crystalline layer.

2.2.2 Solid phase epitaxy

In the year 1928 Royer6[l] defined the term epitaxy (or "ordered on" from the Greek
wordseTu - on andtaélo - in order) for the oriented growth process of a crystalline mate-
rial on a single crystal surface. Epitaxy depends on the nucleation and growth relationship
between two crystalline phases in such a way that an amorphous material (guest atoms)
can grow with the same crystal structure on the host crystal of the same material. Gen-
erally, chemical and/or structural inhomogeneities develop at the guest/host interface. In
the completed epitaxial reaction there exists a two-phase system, consisting of two adja-
cent heterochemical (different chemical species - heteroepitaxy) or isochemical (identical
chemical species - homoepitaxy) epitaxial partners: the host and guest sulésiirakbé

layer grown on the host matrix can be formed from amorphous solid deposits, a liquid
phase (i.e. a solution or a melt), a vapor or gas, or from atomic or molecular beams. The
following techniques are used for growing thin epitaxial structures: Solid Phase Epitaxy
(SPE), Liquid Phase Epitaxy (LPE), Vapor Phase Epitaxy (VPE), with a special modifica-

11
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crystal amorphous

Figure 2.2: Schematic variation of the energy levels for thermally activated transfer be-
tween the crystal (c) and amorphous (a) phase. For the transition from the
amorphous to the crystalline phase the energetic barrier of the activated com-
plex must be overcome.

tion called Metalorganic Chemical Vapor Phase Epitaxy (MO VPE) or Organo-Metallic
VPE (OM VPE), and Molecular Beam Epitaxy (MBEJ.

According to thermodynamic considerations, growth is energetically favoured when the
Gibbs free energy;, of the system is lowered by the transformation of an interface atom
from amorphous to crystalline phase. The free energy of the amorphous phase is higher by
an amount oAG,4¢ with respect to the crystal, and the crystallization process is assumed
to have an activation barri&G*. This situation is schematically represented inXig.

In the case of Si, the following values were foudd3,: = 0.14 eV/atom andG* = 2.7
eV/atom p4]. The higher stability of the crystalline phase is determined by the lower
Gibbs free energy compared to the amorphous plasethe driving force in rearrang-

ing the bond angles and distances in the amorphous material and in recovering the short
range order by means of the disordered - ordered phase transition. This process is called
recrystallization and is thermodynamically possildk&(< 0), but it is too slow to be ob-
served at room temperature. The amorphous-to-crystal (a-c) transformation is difficult to
be induced thermally, sindsG,; « AG*, but may be induced either under the influence of

a chemical partner or by ion beam bombardmégt. |

The heating treatment induces thermal vibration and leads to reordering of the atoms at
the a/c interface. This results in the propagation of the interface towards the surface and
to the most energetically favourable state (the crystalline phase). The frequency of the
amorphous-to-crystal transitiong;) can be expressed as:

Vac = v1el8C/keT) (2.1)

12



2.2 Amorphization and solid phase epitaxy

wherev; is the attempt frequency, the temperature, arig the Boltzmann constant. On
the other hand, the crystal-to-amorphous transition katg (s defined by:

Vea = Vge(_(AG*+AGaC)/kBT). (22)

The velocityuspg, at which the recrystallizing interface moves is given by the difference
between these two rates multiplied by the distance across the a/c int&@rfaeed(vac —

Vca). Assuming that the attempt frequencigsandvg are identical, the net SPE interface
velocity can be written as:

Uspe= UBG(AG*/kBT) [1 — e(_AGaC/kBT)] . (23)

AGac andAG* can be expressed &$1,c — TAS,c andAH* — TAS' respectively, where
AH andAS represent the enthalpy and entropy difference. According to this definition,
the upper equation can be given by the expression:

UgpE = LBEBS /keT)g(~AH /keT) 1 _ glASic/keT) g ~AHac/keT)] (2.4)

and rewritten as:

UspE = Uoel~Ea/keT) - o(DSc/keT) e(—AHac/kBT)]’ (2.5)
whereE, is the activation energy and has been substituteditrand the pre-exponential
factor, Uo, is defined byu, = V3e2S/keT) [65]. Generally, if Ex > kgT and AGa >
kgT, the velocity of the moving a/c interface (the regrowth rate) exhibits an Arrhenius
temperature dependence:

L = Vel ~Ea/keT) (2.6)

Two kinds of crystallization modes of the amorphous layer can be distinguished: Solid
Phase Epitaxial Growth (SPEG) and Random Nucleation Growth (RNG), which are schemat-
ically illustrated in fig2.3and will now be discussed.

The most common configuration of the SPE growth system is shown ihJi@). The

basic sample configuration is a continuous amorphous layer in direct contact with an un-
derlying single crystal substrate. The amorphous layer may be the result of ion-irradiation
of the crystalline matrix. The thickness of the amorphous film may be up to seweral
depending on the energy, mass and fluence of the implanted ions. Solid Phase Epitaxial
Growth occurs at the amorphous-crystal interface, where the amorphous phase is con-
sumed to produce the stable crystalline phase. The amorphous phase canlaggrow
by-layerwith the same crystalline structure as the host matrix. The regrowth rate is based
on the measurement of the thickness of the amorphous layer as a function of annealing
time at a fixed temperature. Lietoi& al. [66] found that the regrowth rate strongly de-
pends on the crystal orientation.

Random Nucleation and Growth (see g (b)) occurs when the thermal fluctuations re-

sult in the occasional formation of crystalline nuclei of various sizes and thus short-range

13
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a) Solid Phase Epitaxial Growth (SPEG)
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a/c interface recrystallized film

b) Random Nucleation and Growth (RNG)

a/c interface

Va)

o
A L
-

Pk
o

% =t
B

o
T

=

ca
AT

o)
= b
S

PP T T P

S

[
&

formation and growth of polycrystalline layer
crystalline during SPEG interrupts SPEG

amorphous

crystalline
I:] state phase

Figure 2.3: (a) Solid Phase Epitaxial Growth of a thin amorphous layer on a crystalline
substrate. (b) Random Nucleation and Growth of crystallites in the amorphous
phase can interfere with SPE at high temperature.

order recovery takes place within the amorphous matrix. Through random fluctuation,
some of these crystallites, which exceed a certain radius, can expand and grow in size by
the addition of furter atoms from the disordered state at the a/c interface. This part of the
crystalline growth (on a microscopic scale) can be described as SPE on a small scale. The
regrowth expands without any preferential direction and, as a result, the amorphous layer
becomes a polycrystalline material.

From a technological point of view, the epitaxial recrystallization is more important than
Random Nucleation and Growth. SPEG offers the possibility of removing radiation dam-
age induced during the ion-doping process.

Two methods have been developed to achieve SPEGqfartz during or after ion im-
plantation:

» dynamic SPEGthe ions are implanted in vacuum into heateduartz samples in
such a fashion that the radiation-induced damage is removed during the implanta-
tion process itself)40]

14



2.3 Technological application

» chemically guided SPE@he implantation of alkali ions and their subsequent post-
annealing) $2, 53, 54, 55, 56, 57, 58, 59, 60].

This thesis will discuss the results of chemically guided SPEG due to Na and Rb ions.

2.3 Technological application

As electronic and optoelectronic devices become smaller and faster, ion implantation is a
key tool in their fabrication, for doping control, impurity introduction, or electrical insula-
tion. Due to its unique characteristics, silica in its crystalline and amorphous forms is the
most important insulator in integrated optics and microelectronic technotoguartz

has been used in the fabrication of optical wavegui@&s §8, 69, 70]. A fundamental
requirement from this type of device is the production of a region of high refractive in-
dex inside a lower index matrix. lon beam techniques offer the possibility of changing
the local refractive index due to ion-beam-induced damage or by implanting chemical
dopants and producing a narrow "optical barrier" in the crystal. Chaat#dr[68] found

a change in the refractive index afquartz of about 5% after the crystalline-amorphous
transition.

Due to its unique features, amorphous Si(8iO; glass) has applications as an optical
material for excimer laser photolithography systems, using KrF (5.0 eV, 248 nm), ArF
(6.4 eV, 193 nm), and F(7.9 eV, 157 nm) T1, 72, 73] lasers. Light sources with short
wavelengths are designed to be used in the fabrication of optical semiconductor devices.
Silica, besides its excellent transparency from infrared to vacuum-ultraviolet (VUV) re-
gions, is resistant to laser damage. The absorption edge of syntheticsSiizated at
about 9 eV, which is the largest band gap energy among known glassy oxides.

The piezoelectric properties ofquartz are widely employed to produce electronic de-
vices such as bulk acoustic wave (BAW) and surface acoustic wave (SAW) devices. It
exhibits vibration modes with zero linear temperature coefficients and excellent physical
and chemical stabilityq4]. For example, synthetic quartz crystals were mass produced
for use as autoclaves.

2.4 Scheme of this thesis

A multidisciplinary research program was applied to develop the understanding of the
processes and mechanisms controlling the chemically guided epitaxy afteardaRb"

ion implantation in synthetia-quartz.

This thesis is organized in the following way. The present introduction addressed the
structure and properties of quartz and gives a short review of ion-induced amorphization
and Solid Phase Epitaxy.

15



2 Introduction

The first part of Chapter 3 briefly summarizes the sample preparation, including ion im-
plantation and thermal annealing, and the second part discusses the basic features of the
experimental methods used in this study. The amorphizatiaraiartz due to ion irra-
diation and epitaxial recrystallization during thermal annealing was monitored by means
of Channeling (RBS-C). The migration of the implanted Rb was measured by Rutherford
Backscattering Spectrometry (RBS). The role of the oxygen exchange between the an-
nealing gas and the Si@natrix was highligthed by measuring th& and®0 profiles

by Time-of-Flight Elastic Recoil Detection Analysis (TOF-ERDA). The Atomic Force
Microscopy (AFM) was a useful tool for resolving the microscale surface topography.
The optical properties were studied by Cathodoluminescence (CL).

In Chapter 4, the experimental results concerning the recrystallization of the Rb-beam in-
duced damage ia-quartz after thermal annealing are presented. In the first three sections
the dependence of the epitaxy on the ion fluence and the parameters of the annealing gas
(type: air or'0,, temperature, time, pressure) will be described in detail. The migration

of the implanted Rb-ions during the recovery process is discussed in more detail in Sec-
tion 4.4. The next section of this chapter reports on the role of the oxygen in the SPEG
process. In the last section the study of surface topography will be presented.

In Chapter 5, the experiments presented after Rb irradiation will be compared with the
results obtained after Na-implantation.

The detailed study of chemically guided epitaxy after Na and Rb ion implantation show
that SPEG occurs only if the following two conditions are fulfilled: presence of alkali
ions in the amorphous layer and annealing in an oxygen atmosphere. These results will
be discussed in Chapter 6 according to the topology of the silica network and scenario for
epitaxy. The strong correlation between the three processes, namely planar recrystalliza-
tion of the amorphized layer, alkali out-diffusion, and 8@ < 80 exchange will be
explained with the help of the concept of the Si@twork topology.

Finally, in the outlook first results on the optical properties will be described briefly, which
appear to lead to important future experiments.
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3 EXxperiment

3.1 Sample preparation

3.1.1 lon implantation

In order to study the epitaxial recrystallization during thermal annealing, high quality syn-
thetic single-crystalline Sig(a-quartz), (0001) oriented, 10x10x1 mnm size, with one

side polished, was used. The quartz samples were procured from Crystal GmbH, Berlin.
The alkali ion implantations were performed by means of the ion implanter IONAJS [

at Gottingen. Stainless steel rods containing the alkali chloride salts were used for im-
planting alkali ions (NaCl, RbCl). The salt was dissolved in distilled water and dried
using a lamp before being filled into the stainless steel rod. This rod was introduced into
the Sidenius oven-source (So-55) of the ion implanter. The samples were irradiated with
different ion species and fluences. The ion energy was chosen to obtain approximately
the same projected ion rangg R 100 nm as in the previously studied cases of 20-keV
H* [50, 59|, 15-keV Li* [58, 59], and 250-keV Cs [52, 53, 59] implantations. The ion
energy profiles, along with the full collision cascade due to the alkali-ion irradiation, were
obtained by the SRIM 2000 cod@g] and are summarized in tablel

lon | Energy (keV)| Fluence (ions/cf) | Rp (hm)
Na* 50 1x10M - 1x10Y 110
Rb* 175 5x10M° - 6x10t° 100

Table 3.1: Parameters of alkali-ion irradiations @fquartz, with corresponding ion range
Rp, calculated by the computer code SRIM 2000 using an atomic density of
6.45x1G? at./cn? of amorphous Si®[8].

The samples were mounted on a copper target holder kept in thermal contact with a liquid
nitrogen reservoir. Implantation was performed at liquid nitrogen temperature (about 80
K) to prevent possible dynamic annealing effects, which may occur in quartz at higher
irradiation temperaturess)]. During each irradiation, one half of the surface area of

each sample was masked with an aluminum foil. This preserved a virgin part, required
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3 Experiment

for the orientation of the crystal during channeling analysis or as a reference level for
AFM/profilometer surface profiling. The ion beam current was kept belowA.B or-

der to minimize sample heating. Homogeneous implantation over an area of 10540 mm
was achieved via an electrostatic X-Y sweeping system.

In insulators (i.e.a-quartz), ion-beam analysis may be considerably influenced by the
charging effect through the accumulation of charge on the sample surface. For example,
in the case of the RBS measurement, the energy edges in the spectra are shifted towards
higher energy valuesrp]. To prevent this effect during RBS analyses (at a typacal
particle current of 15 nA), the edges of the samples were covered with conducting Ag
paste (procured from Plano GmbH). This ensured sufficient electrical contact between
the sample and the copper target holder.

3.1.2 Thermal annealing in air or 180,

T (°C) 4

I — opening the oven and putting

Ty - the sample inside
II — stabilizing the temperature
III — annealing the sample

T, - 100~ IV — cooling the oven to 550°C
V — removing the sample
T, — annealing temperature
I II 11 t, —annealing time
v
600
550 _ _y
~2 ~4 | ty,—> ~11 ~4 time (min)

Figure 3.1: A schematic diagram of the annealing treatments.

Isochronal thermal annealings of 1 or 2 h between 673 and 1173 K were performed to
study the amorphous network and its epitaxial regrowth. Annealing treatments of the im-
planted sample were carried out either in air or in an enriched oxygen atmosphere in a
conventional air furnace from Nabatherm. Some of the annealings were done in vacuum
by means of a Strohlein oven, which was evacuated to a pressure of abouf Fnter.

In all cases the temperature was controlled with a Pt-Rd thermocouple, with a precision of
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3.1 Sample preparation

about 3C [77]. Separate samples were used at each annealing temperature. In addition, a
set of samples implanted with various fluences were annealed in air at a fixed temperature
of 1123 K, first for 1 h and then for another 1 h.

A typical annealing treatment is schematically presented i.figThe sample was put

into the oven after the oven temperature was stabilizeg.aDpening the oven and plac-

ing the sample in position caused the oven temperature to decrease by approximately 100
degrees. After 4 min., the heating temperature was reached again and the annealing could
take place. Cooling the sample down had to be done very slowly. Quartz, as an insulator,
has a very poor thermal conductivity and is very susceptible to temperature variations.
If the sample is cooled down too fast, thermal stress can be provoke, which breaks the
sample or causes cracks on its surface. For that reason, the first 30 degrees are cooled
down very slowly, at a cooling rate of about°T@min. After this critical cooling time, the

next cooling step can be accelerated (25“@nin). At 573 C thea « [B-quartz phase
transition occurs. This temperature is the second condition where cracks are likely to oc-
cur. In this sensitive region the cooling down was again carried out very slowly. After this
procedure the sample was taken out of the oven.

For annealing int0,, each sample was enclosed inside a quartz ampoule. After evac-
uating the ampoule to about 5x10mbar, it was filled with enriched (9590, gas

and then sealed. This part of the sample preparation was performed in the radiochemistry
laboratory of the 1. Physikalisches Institut in collaboration with Dr. L. Ziegler. @

OB
N\ N\

%}\ () (_I——> to the pump
18
02 > narrowing
[H— sample
N

quartz ampule

Figure 3.2: Set up for the encapsulation of the sample used fot&®e annealing.

gas bottle was procured from Chemotrade Chemiehandelsgesellschaft mbH. The set up
used for the encapsulation of the samples for thermal annealing ifCaratmosphere
is sketched in fig.2 The sample was put into an approximately 40 cm long quartz am-

19
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poule, 1.2 cm in diameter. The glass-blower created the same narrowing 12 cm from the
ampoule’s top. Later this narrowing can be successively sealed by melting it. Such an
ampoule was mounted into the vacuum set up. First of all, the system was evacuated by
opening valves Y and V3. Then the ampoule was warmed up to remove the impurities
(i.e. Na, B0) contained in the quartz. This was performed to avoid the diffusion of im-
purities inside the sample during annealing. After reaching a vacuum of about5x10
mbar, Vb was closed and Vslowly opened so that tH€0, gas could enter the ampoule.

A manometer, M, monitored thH€0, pressure. After reaching the required pressure, the
valve V, was closed, the ampoule was isolated from the rest of the system and the sealed
ampoule was thermally annealed in the conventional Nabatherm air-furnace.

The 180, gas pressurepa, at a particular annealing temperatufg, was equivalent to

the partial gas pressure of oxygen in @i, at room temperaturdg, and is given by the

ratio: 0r Da

3.2 Analysis techniques

3.2.1 Rutherford Backscattering Spectrometry (RBS) and
Channeling

RBS is a well-established technique suitable for depth analysis of thin films and/or for
guantitative determination of the concentration of trace elements heavier than the major
constituents of the substratéd 80]. All RBS measurements were performed by means

of 0.9-MeV a-particles at the Goéttingen implanter IONA®]. A silicon surface barrier
detector havingx-particle energy resolution of 12.5 keV Full Width at Half Maximum
(FWHM) placed at a scattering angl,of 165 was used for these analyses. The 15 nA
a-particle beam was focused to a 2 rhapot.

The principle of RBS is sketched in fi§y3. Rutherford Backscattering is based on the
elastic collisions between an ion beam (typicailyparticles with 1 - 2 MeV energy)

and nuclei of the target material. This process leads to a change in direction and energy
of thesea-particles. The energyof the incident particle of mass Ms reduced after
collision with the target nucleus of mass Mt the sample surface to the value:

2
M1 cosB+ /M3 — MZsir?0
E =k(M2,8)E, = Eo (3.2)

M1+ M2

wherek is thekinematic factor for the elastic scattering process.
When the probing particles penetrate to a depifom the surface of the sample, the pro-
jectile energy dissipates due to interactions with electrelst{onic stopping) and nuclei
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3.2 Analysis techniques

Figure 3.3: Scattering geometry in RBS.

of the target atomsn(iclear stopping). This indicates that a particle which backscatters
from an element at some deptln a sample will have measurably less energy than a par-
ticle which backscatters from the same element on the sample surface. The final detected
energy,Ep, of the impinging projectiles after scattering at deptls given by:

x dE w® dE
ED_k(Eo— [ aolx)—/o S dx (3.3)

where the quantitﬁ is the energy loss by the projectile per unit distance travelled in
the target given in [eV/A] and normally called th@pping power. It depends on the ion
and the target material as well as on the ion energy. For practical analysis of RBS data,
extensivestopping power tables were collected by Ziegler al. [81]. The stopping cross
section [eV/(atoms/cm)] assumes the energy loss per atom per atomic dehsif/the
target: JE1

SE)=—xN (3.4)
Bragg's rule B2] was used to calculate theopping power in the compound RBy. This
approximation in the case of SpOreads as follows:

S(E) = 0.33S5i(E) + 0.6 7S (E). (3.5)
The stopping power can be derived from equaticdh3:
dE
(d—) = NAXBy(X151+X252> (3.6)
X/ ag,
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whereNy g, is the atomic density of the compound material.

Equation3.3 implies that the difference in energy depends on the scattering depth
and the atomic density. The depth resolutfbnis proportional to the energy resolution,
Ax~ AE(dE/dx)~1[83]. The total energy resolution is determined by the beam’s energy
uncertaintiesAEy, the detection system'’s resolutiakEy, (12 -15 keV), and the energy
loss straggling in the materiAEs:

AEZ, = AEZ + AE3 + AE2. (3.7)

The beam energy spreddy, depends on the energy and the charge of the accelerated
particle AE, (500 keV) = 105 eV for a proton beam at IONAB]) and can be neglected,
because it is much smaller than the energy resolution of the silicon detector. The energy
straggling AEs, is a statistical process which accounts for the large number of interactions
of the projectile with atoms along its trajectory. This limits the energy resolution that can
be achieved for projectiles backscattered from larger sample depths.&bformulated
the beam straggling:

AE3 ., = ATZZZoNéx. (3.8)

Bohr’s equation offers a good approximation of the straggling and predicts that Bohr
straggling does not depend on the ion energy.
The vyields of detecting a backscattereéparticle at a depthx with energyEp can be

expressed as:
Y = YOENQ (3.9
dQ
whereY, is the number of primary ions in the beam time integrated over the current of
charged particles incident on the targstis the atomic density, an@ is the solid angle
of the detector.
The quantity% is described adifferential Rutherford scattering cross-section and in a

lab system given as follows:

, (3.10)

w_ () 0%+ /1 (Ms/ Mz sir? o]
dQ 4E, sin*e \/1—(M1/M2)25in29

Z1 andZy being the atomic numbers of the incident particle and target material, respec-
tively. Typically, M1 < M2 and the previous equation can be simplified:

do  (Z1Z,e¥\° 1
E‘( 4E, ) sin*(8/2) (3.11)

Two important consequences can be seen from this formula. Figgtl'ys proportional to
Z%, meaning that the heavy elements have a higher RBS efficiency than the lighter ones.
Secondly, theE; 2 dependence of theross section leads to increasing scattering yield at
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Figure 3.4: Atypical RBS spectrum of 175 keV Rb-ion irradiateetjuartz at a fluence of
2.5x10° Rb/cn? measured by 0.9-Me¥¢-particles. The arrows indicate the
energy positions of the Si and the O surfaces. The Rb distribution resembles a
Gaussian profile.

low energies.

In figure 3.4 a typical RBS spectrum of Rb-irradiatedquartz is presented, measured
with 0.9-MeV a-particles. On the high energy side there is a gaussian-shaped peak due
the implanted Rb-ions. The other two edges at lower energies originate from scattering of
Si and O atoms at the Syurface. No change in Si and O concentrations at the site of
the Rb was observed at a fluence of 2.5%1Rb/cn?. These two edges correspond to the
values ofksiE, andkoEy, ksj andko being the kinematic factors for silicon and oxygen,
andE, the beam energy. In an RBS analysis the atomic density of the substrate must be
known in order to convert the energy scale of the RBS spectra into a depth scale. If the
density is not known, the number of atoms in the examined layer is taken as abscissa and
the depth scale in 0 at./cn? is used. This scale can be converted simply into a depth
scale by dividing it by the atomic density, N, of the material. In the case of this study, an
amorphized layer of 1x10 at./cn? corresponds to about 0.15 nm using N = 6.45%10
at./cr? of amorphous Si@[8]. Figure 3.5 shows a typical concentration profile of Rb-
ions implanted into Si@at a fluence of 2.5x18 Rb/cn?, as determined from the RBS
data shown in fig.4.

The software package RUMBY| was used to analyze the RBS data and to extract the
Rb concentration profiles .
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Rb concentration (at. %)

0 200 400 600 800 1000 1200 1400 1600
15 2
Depth (10 ™ at./cm?)

Figure 3.5: Rb concentration profile as a function of the depthde®iO, implanted at
80 K with 175 keV Rb-ions at fluence of 2.5xXfRb/cn?.

RBS-Channeling (RBS-C)

In addition to elemental compositional information, RBS under channeling conditions can
also be used to study the crystallinity of the sam@lg.[In this thesis, RBS-Channeling
analysis was used to monitor the recovery of the damaged layer in alkali-ion amorphized
a-quartz before and after each annealing. The channeling spectra were taken along the
<0001> axis by means of a two-axis goniometer. A detailed description of an RBS cham-
ber equipped with a two-axis goniometer is presented by Co®@dfhanneling can be
defined as a phenomenon in which the rows or planes of atoms in the lattice are aligned
parallel to the projectile direction. In this regime, the incident beam penetrates the crys-
tal governed by motion due to correlated small-angle screened Coulomb collisions with
the atoms bordering the channels. In the casplafar channeling the scattering yield
decreases (5 - 30% of the random yield) as the crystal is tilted so that the beam direc-
tion is parallel to the plane. When the beam is aligned to the axis of the crysial (
channeling), the backscattering yield decreases (typically by 2 - 5% for good crystals

in low-index channels). Figurd.6 presents three typical examples of the effects of the
impinging beam on a crystalline substrate: (a) along a crystallographic axis, (b) in ran-
dom direction, (c) corresponds to the situation, where the top layer of the crystalline
substrate was amorphised. By measuring the reduction in the backscattering yield in var-
ious channeling directions, the crystal structure can be deduced and defect locations as
well as defect concentrations can be measured. The histogram of this reduced vyield is
called channeling spectrum. However, if the defects consist of self atoms, this kind of
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Figure 3.6: Schematic illustration of the crystalline sample oriented in various directions
with respect to the beam: (&jrgin aligned - the beam enters a single crystal
along a row of atoms in channeling conditions, ffx)dom - the beam hits the
crystal in random condition, (aginplanted aligned the channeling applica-
tion in surface science (amorphized layer on the top of crystalline substrate).

measurement is impossible. In order to avoid channeling effects in single crystal layers
when compositional analysis is being performed (the channeling can result in erroneously
low concentrations for elements in these layers), the sample rotated or tilted 7 degrees off
of the channeling axis is required (fig6 (b)). Spectra achieved in this manner are called
random spectra.

RBS-Channeling data for quartz irradiated with 50 keV Na ions at liquid nitrogen temper-
ature are presented in fiy7 and compared with the spectra measured in random and in-
channel direction in a non-irradiated crystalline quartz sample. This figure corresponds to
the three situations schematically presented above. In the RBS-C random spectrum, two
edges can be seen, which correspond to the energies of dhpagicles backscattered

from Si and O surface atoms. The low minimum yield of about 5% for the virgin chan-
neling spectrum proves the good quality of the quartz sample. After irradiation, the yield
of the RBS-C spectra does not decrease from the random level above 410em@afqy,
indicating the formation of an amorphous layer. From the value of this energy, the thick-
ness of the amorphous/crystalline (a/c) interface can be calculated. Below this energy,
the observed channeling yield decreases and thus reveals the presence of the crystalline
substrate underneath the amorphous layer, but the backscattering yield is by almost one
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Figure 3.7: RBS-C spectra of virgin and 50 keV Na-ion irradiated quartz at a fluence
1x10® Na/cnf.

order of magnitude higher than the virgin aligned spectrum. This effect appears through
dechanneling. Some of thex-particles passing through the damaged layer are deflected
out of the channel and scattered at angles greater than the critical angle for channeling due
to collisions with the defects in the structure. The dechanneled ions can then interact with
the lattice atoms, resulting in an increase in the backscattering yield. Evidently, decreas-
ing the thickness of the amorphous layer would lead to a decrease in the dechanneling.
Generally, the value of damage,at the depthx (corresponding to the channel number

can be determined by comparing the yield of the implanted aligned spedfdii with

the random on&’r(i):

. YIA(i) _YDech(i)

1) = - - 3.12
whereYpecr(i) is thedechanneling contribution. Fig3.8 shows the Si damage profilg,
deduced from the RBS-C spectra presented i3 figusing the computer code DAMAGE
[86], which accounts for the dechanneling yield by employing a procedure proposed by

Walker and Thompsor8[/]:

k
vDech<i>=vv<i>+c<§d<i>+ 3 d<1>) (3.13)

j=1+1

whereY (i) is the backscattering yield of the virgin aligned spectr@ris a constant
which can be estimated by means of an iterative laigp,is the number of dechanneled
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Figure 3.8: Depth distribution of the Si radiation damage extracted from the RBS-C spec-
tra (see fig3.7).

particles at channeland the sum gives the dechanneling due to the amorphized layer. The
channeling and random spectra have the same yield up to 410 keV (88 figeaning

thatx = 1 and a damaged layer has been formed. The crystalline substrate was amorphized
up to a mean depth of 1260x¥0at./cn? (wherex = 0.5). By combining this value with

an atomic density of amorphous $iQhe calculated amorphous layer corresponded to
195 nm, about twice the mean Rb range.

From the evolution of the amorphous layer thickness as a function of the annealing tem-
perature and time, one may extract the regrowth velocity of the a/c interface.

3.2.2 Elastic Recoil Detection Analysis (ERDA)

As shown in the previous section, Rutherford Backscattering Spectrometry is not useful
for detecting light elements. One of the most suitable ion-beam techniques for the depth
profiling of light elements in thin-films is Elastic Recoil Detection Analysis (ERDZ), [

88]. The concepts of RBS and ERDA are very similar. The main difference is that in
the case of RBS the backscattered incident particles (usogtigirticle) are detected,
whereas in the case of ERDA the recoiled target atoms are detected after being hit by a
heavier projectile.

Figure 3.9 shows the principle of ERDA in glancing geometry. An energetic ion with
energyE,, massMj, and atomic numbeZ; is incident on a target at an ande to the

target normal. After an elastic scattering collision between the ion and the target atom
with massM» and element number,zat an angle ofp= 11— (81 — 62), the energyEg of

27



3 Experiment
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detector

Figure 3.9: Schematic principle of the Elastic Recoil Detection Analysis (ERDA).

the recoiled atom is given by():

4M1M2E,
(Mg +M2)2

By traversing the sample, the projectile has an enéfggbefore being scattered out of
the sample atom). If the collision takes place at a certain depihside the target, the
recoil atoms lose further energy and emerge with enékgy), which can be expressed

as: AS S
Ea(x) = NEo— (cosel cosez) X
whereS and Sy are the average stopping powers of the incident projectile and the re-
coiled atom, respectively. Polymer or metallic films can be placed in the front of the
detector to absorb the backscattered projectiles and to separate the different recoil ele-
ments (different atoms have a different stopping power and kinematic factor). The yield
of detected recoiled particles at an eneigy, in the detector solid anglelQ, is given by
the equation:

Er=AE, = cos @. (3.14)

(3.15)

d
Yr(Eq) = YodQ dxé (3.16)
whereY, is the total number of incident iondx the ion path length in the sample and

do/dQ the differential recoil cross section. In the laboratory coordinates the differen-
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Time-of-flight

Ehergy

Figure 3.10: TOF-ERDA spectrum taken for an-quartz sample irradiated with 175 keV
Rb-ions at the fluence 2x3®Rb/cn?. Thebanana curves present the signals
coming from the substratédSi and'®0) and theé®>Rb signal.

tial cross-section for recoil atoms can be calculated assuming Rutherford scattering as
follows:

(3.17)

E_ 2122e2 2(M1—|—M2)2
dQ  \ 2M.E; cos @

In this work, Time of Flight (TOF) ERDA measurements were performed. In the TOF-
ERDA technique the measured spectrum contains information about the energy and the
velocity of the recoiled atoms. The Time-of-Flight is measured over a known flight dis-
tance [ up to 1 m) between two timing gatdg and T, (typically, thin carbon foils -
sameyg/cn?). Recoiled atoms passing through the foil cause the emission of secondary
electrons, which are accelerated and guided by means of an electrostatic mirror onto mi-
crochannel plates, where passage time signals are created. The correlation between the
detected recoiled atom energss, its massM», and the time of flightt, can be presented

as:

Mav3  MplL?
T2 2
wherev; is the velocity of the recoiled atom. This technique solves the general problem
of the mass-energy ambiguity incurred by Elastic Recoil Detection, and allows the mass
and energy of the recoils atoms to be measured simultaneously, by the measurement of
the energy and the time of flight.

Es (3.18)
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Time-of-flight isotope separation of arquartz sample implanted with 175 keV Rb-ions
was obtained using a 53-Mel\?/11%+ beam and is shown in fi§.10 Such typical TOF-
ERDA spectra are calldganana curvesThe x-axis shows the recoil energy as function of

the time of flight on the y-axis. On eattanana the different recoil energies correspond

to a recoiled atom along the projectile path. The Rb was detected only near the surface, in
the first 280 nm of the sample. The mass of the detected recoil atoms increases along the
horizontal energy scale. The concentration profiles are converted by the deconvolution of
thebanana curves

Time-of-Flight ERD analyses for depth profiling of th0, 180, 28Si, and®®Rb contents

were performed by Dr. T. Sajavaara at the 5-MV EPG-10-1l tandem accelerator of the
University of Helsinki Bg]. The 53-MeV 127110+ beam was directed at 7@elative to

the sample surface and the ejectives at réfative to the sample surface, thus forming a
scattering angle of 400 the incoming beam. The flight palthbetween the time-marking
detectors was 68.4 cm and an ion-implanted silicon detector was located behind the sec-
ond timing gate at a distance of 124.3 cm from the target surface. The beam current
was kept at about 0.5 pnA and the spot size was 1xZ.nffure quartz was measured

for background reduction. Ziegler-Biersack-Littmack (ZBL) stopping powégsdnd an
amorphous density of 2.15 g/ér(6.45x132 at./cn?) were used for determining the depth
distributions. Details of the TOF-ERDA equipment and numerical procedure to derive the
depth distributions are given in Re8§].

3.2.3 Atomic Force Microscopy (AFM)

The Atomic Force Microscope (AFM) was invented in 1986 by Binnig, Quate, and Ger-
ber [93]. The objective of AFM studies was to observe surface topographies with the
sub-atomic resolution. The surface roughness and topography investigated with AFM is
based on the forces between a "sharp” tip, which is mounted to a cantilever spring and the
sample surface.

Diagram3.11lillustrates a schematic AFM setup. The laser beam is focused on the reverse
side of the cantilever holding the tip and is reflected to a photodiode sensor. A feedback
loop controls the movement of the tip (and therefore of the cantilever) and the bounced
laser beam is ajusted to the same position with z-piezo movements. Generally, from these
movements, the images of the surface topography can be achieved.

AFM can be operated by measuring attractive or repulsive forces between the tip and
the sample93]. Figure 3.12 presents the variation with separationpf the interatomic
potential energy of two atoms. The interaction is repulsive at separations lesg,than
The force is attractive at separations greater than, corresponds to the transition be-
tween the contact and non-contact mode. In repulsive (contact) mode, the tip and the
sample remain in close contact. As the tip is moved across the sample, the contact force
causes the cantilever to bend according to changes in topography. In non-contact mode,
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Figure 3.11: A schematic diagram of the AFM measurement setup.
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Figure 3.12: A schematic potential energy diagram for the interaction of two atoms.

the AFM derives topographic images from the measurements of attractive force. Inter-
mittent ¢apping mode is very similar to non-contact mode. The oscillated cantilever tip
is drawn closer to the sample surface and the tip only taps the surface for a very small

fraction of its vibration period. It also eliminates lateral forces between the tip and the
sample.
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For this thesis, ThermoMicroscopes AutoProbe CP Reseach was used in the non-contact
AFM mode to examine the surface morphology and the border area between the implanted
and non-implanted parts of the samples.

3.2.4 Cathodoluminescence (CL)

The termluminescencéfrom Latin "weak glow" B9]) was introduced by Wiedemann
(1888). It describes the emission of light from both organic and inorganic solids (i.e. mi-
croorganisms, minerals), which are excited by some form of energy.

The interaction of an impinging electron beam with the sample produces plenty of dif-
ferent effects (see fi§.13, such asin electron current, x-rayluminescenceathodolumi-
nescenc¢CL), andthermoluminescence

e- beam
heat cathodoluminescence
backscattered e X-rays
Y
secondary e Auger ¢

éw inelastically
scattered e
sample current

elastically
v scattered e

unscattered e-

Figure 3.13: A schematic illustration of the processes resulting from electron bombard-
ment.

There are two types of luminescenéerinsic CL, which is characteristic of the host lat-

tice andextrinsic CL, which arises from impuritiedntrinsic luminescence is increased

by non-stoichiometry (vacancies), structural imperfections (radiation and shock damage),
and impurities (non-activatorshctivatorsare those impurities leading tatrinsic lumi-
nescence.

The general CL process can be divided into three stages: (1) absorption of the exciting
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Figure 3.14: Charge transfer and luminescence emission in crystals proposed by Kr-
betschek et al.92): (a, b) band-to-impurity, (c) donor-acceptor pair tran-
sition, and (d) excitonic interaction.

energy; (2) transfer of the excitation energy, and (3) emission of light and the return to a
non-excited state9]. The first two steps mostly depend on the character of the excita-
tion, whereas the last step depends on the type of luminescence center.

In insulators (in our case quartz), a broad energy gaj2 (eV [91]) separates the va-
lence and the conduction band (8dL4). For cathodoluminescence the presence of lu-
minescence centers (i.e. impurity ions, excited states of isolated atoms and ions, lattice
defects 89)) is required, which create discrete energy levels in the gap. These activators
can be divided into electron traps in the donor level (near the conduction band) and recom-
bination sites in the acceptor level (near the valence band). Electron irradiation causes the
electron to jump from the ground states to excited states. The de-excitation is a return to
a state of lower energy, which is located inside the forbidden zone later. Excitation causes
either electron trapping or their recombination with a luminescent or a non-luminescent
center (fig3.14(a)). A photon is emitted in the case of a luminescent transition. For the
impurities in a crystal lattice, the non-luminescent transitions occur as a result of absorp-
tion or emission of lattice vibrations (phonons). A trapped electron can be excited again,
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Figure 3.15: A schematic of the CL/PL setup.

jump within the conduction band, and recombine with an activator element level under
photon emission (fi¢.14(b)). If the energy difference between the electron trap and the
luminescence level is small, a direct luminescent transition of the electron to the recom-
bination center can occur (figj14(c)). The excitation of several energy levels following

the relaxation and the luminescence emission of a single luminescent energy level is pre-
sented in fig3.14(d).

In this work, the CL studies were performed using a Specs Auger electron gun EQ-22 (see
fig.3.15. The samples were cooled down to about 10 K by means of a closed-cycle he-
lium cryostat. The CL light was collected by a photo-multiplier tube (Hamamatsu R928)
after focussing into a Czerny-Turner spectrograph (Jobin Yvon 1000 M). The 5 keV elec-
tron beam current was kept a2 (1 W/cn?). Each CL spectrum was collected for an
integration time of > 700 s in steps of 1 nm/s in the wavelength range of 200 - 900 nm.

3.2.5 Mechanical surface profilometry

The step height between the non-implanted and the implanted part of the sample was mon-
itored with a mechanical surface profiler DeR&T (vertical resolution about 3 nrid ]).

The measurement was performed by scanning the surface with a diamond needle and
recording the changes of its vertical position with respect to a reference level. In this way,
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Figure 3.16:Typical surface profile of Rb-ion irradiatedquartz showing the step height,
Ah, between the non-irradiated and the irradiated part of sample.

by scanning the needle position across the surface, a map of the sample topography can
be obtained.

In this work, the mechanical surface profilometry was used to check the information ob-
tained from the RBS-C measurements, as there is a significant change in density between
the amorphous and crystalline part of the sample. Figuréillustrates the typical sur-

face profile of the Rb-ion irradiateal-quartz. During each irradiation, about one half of

the surface area of the sample was covered with an Al foil. This preserved the crystalline
part required for the reference level during the surface profiling. The implanted part of the
sample is higher, due to a decrease in the density after ion irradiation.
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4 SPEG after Rb implantation

In this chapter the results on the solid-phase epitaxial regrowth of the amorphized layer
in a-SiO, induced by Rb irradiation during thermal annealing in ait&D, will be pre-
sented. The study was performed as a function of the temperatutd {0 K), the im-
planted Rb fluence (0.1 - 6)xiions/cn?, annealing time (1 - 2 h), and oxygen pressure

(5 - 800 mbar). Rutherford Backscattering Channeling Spectrometry was used to charac-
terize the damage profiles and Rb depth distributions. The role of the oxygen exchange
between the annealing gas and the Si@trix was highlighted by measuring tH© and

180 profiles by means of Time-of-Flight Elastic Recoil Detector Analysis. The surface
topography was investigated using an Atomic Force Microscope.

4.1 Influence of annealing temperature

4.1.1 Epitaxy in air

The objective of the present study of chemically guided epitaxy after 175 keV Rb-ion
implantation was to investigate the role of the temperature and the annealing atmosphere
in the SPEG process. Thequartz samples were irradiated at 80 K with a fixed fluence

of 2.5x10% ions/cn? and then isochronally annealed for 1 hour in air at temperatures
between 843 and 1173 K. RBS-Channeling data taken before and after implantation and
each air-annealing step at the various temperatures are reportedtif digd compared

with spectra measured in random (taken in rotating condition) and in-channel direction
in a non-irradiated crystalline sample. The RBS-C random spectrum illustrated4iri fig.
shows two edges, which correspond to the energies of thgsarticles backscattered

from Si and O surface atoms, respectively. After irradiation, the height of the RBS-
C and random signal agree up to about 380 le¥nergy, corresponding to a depth

of 1780x16° at./cn? and indicating that an amorphous layer has been formed. Below
this energy the observed channeling yield decreases and thus reveals the presence of the
orginally crystalline substrate underneath the top amorphous layer. From the value of this
energy the position of the amorphous/crystalline (a/c) interface was determined. At an-
nealing temperatures up to 1073 K, the samples remained amorphous and the position
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Figure 4.1: RBS-C spectra of virgin and Rb-ion irradiated quartz samples at a fluence
of 2.5x10% Rb/cn? and after annealing in air for 1 h at the different tem-
peratures. For increasing temperature one notes the gradual motion of the a/c
interface and outdiffusion of Rb. At 1173 K, tleequartz matrix was fully
recovered and all Rb has left the sample.

of the amorphous/crystalline interface hardly changed. Above this temperature, a planar
movement of the a/c interface towards the surface was observed and partial epitaxy took
place. Already at 1123 K about half of the amorphous layer thickness was epitaxially re-
covered. At 1133 K, the coherent amorphous layer disappeared and only isolated damage
zones and extended defects remained in the sample. By increasing the annealing tem-
perature up to 1173 K, complete SPEG was achieved and the RBS-C spectrum of the
recrystallized substrate was identical to that of the virgin aligned one. The low minimum
yield of about 5% for the virgin and the regrowth layer channeling spectra proves the good
crystalline quality of the quartz samples before and after the recovery process.

The analysis of the RBS-C spectra also allowed us to monitor the Rb distribution during
the recovery process. The Rb depth profiles extracted from the RBS data by means of the
RUMP software packag@$] will be discussed in more detail in section 4.4. At this point,

it is interesting to note that the Rb distribution starts to diffuse throughout the amorphous
layer (see figt.13), leading to a&ox-likeRb profile at 1023 K. At 1073 K, when the re-
crystallization process started, the back edge of the Rb profile was pushed out towards
the surface. Similar behaviour was observed during SPEG after Cs ion implantation in
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Figure 4.2: Progression of the amorphous/crystalline interface as a function of the an-
nealing temperature. The data refer to the Si profiles of fig.

SiO, [52] and during SPEG in Si after Au-ion implantatid®]. At 1123 K, about half of

the amorphous layer had epitaxially recovered and half of the implanted Rb content had
diffused out of the sample. Complete out-diffusion of all the implanted Rb accompanies
complete regrowth of the amorphous layer at 1173 K.

Figure4.2presents the Si damage profiles deduced from the RBS-C spectra. After implan-
tation the crystalline substrate was amorphized up to a depth of about 178@x16n?.

For an atomic density of 6.45x39at./cn? of amorphous Si@[8], the thickness corre-
sponds to approximately 280 nm. From the evolution of the amorphous layer thickness
as a function of the annealing temperature during the timé h, the regrowth velocity

u(T) of the a/c interface was extractad,T) = Ady(T)/t (see tablet.1). The recrystal-
lization rateu(T) increased with temperature by one order of magnitude from 0.1£x10

+ 0.07 cm/s (843 K) to 7.67xI6 + 0.50 cm/s (1173 K). The temperature dependence
of the recrystallization velocity, as shown in fig3, indicates the superposition of two
Arrhenius-type exponentials(T) = voex(—Eax/ksT ), whereE,y is the activation en-

ergy for the recrystallization. A linear fit yields the activation energigs= 0.6+ 0.2 eV
andEf!l = 2.7+ 0.4 eV in the low (L) and high (H) temperature regimes (below and above
1070 K), respectively. The pre-exponential factors were deduceg;as25.1 cm/s and

v = 7.8x16 cm/s, in the low and high temperature regimes, respectively. These values of
the activation energies suggest two different mechanisms in the two temperature regimes
and are strictly attributed to the Rb out-diffusion (see section 4.4).
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4 SPEG after Rb implantation

Temperature (K) da (T) | v (T) (10~° cm/s)
as-impl. 1780 -
843 1756 0.11+ 0.07
923 1723 0.25+0.14
973 1729 0.22+0.14
1023 1700 0.35+ 0.15
1073 1607 0.75+0.18
1088 1490 1.25+0.19
1098 1138 2.77+0.23
1113 987 3.42+0.24
1123 774 4.33+0.31
1133 115 7.17+ 0.46
1143 18 7.59+ 0.49
1173 0 7.674+ 0.50

Table 4.1: The regrowth velocity of the a/c interfaag(T), at different annealing temper-
atures for Rb-irradiated-quartz. The thickness of the amorphous laygfTHl
is also reported.
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Figure 4.3: Speedy(T) of the recrystallization front deduced from the Si signal displayed
in fig.4.2. The two straight lines correspond to activation energies;pEmM.6
+ 0.2 eV (below 1070 K) and'lt = 2.7+ 0.4 eV (above 1070 K).
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Figure 4.4: RBS-C spectra of 175 keV Rb implanted samples with an ion fluence of
2.5x10' Rb/cn?, annealed in an air atmosphere at 1023 K in the time range
of1-2h.

In the case of Cs implantatio®%], the recrystallization velocity was parameterized by

a single activation energy of 2:8 0.2 eV and a pre-exponential factor of 1.5%Xn/s.

ESS is very close to the high-temperature value obtained after Rb implantation. Olson
and Roth §5] demonstrated that epitaxial recrystallization in Si occurs at lower temper-
atures (773 - 1023 K) than in quartz, but the activation ene@y:EZJOi 0.02 eVis
identical to our high-temperature valu§.EThe main difference occurs in the value of

the pre-exponential factot, = 4.6x1® cm/s in Si, which is definitively much higher
than ina-quartz. This difference may result from a much higher recrystallization tem-
perature in quartz than in Si. Frateka al. [96] performed an investigation of the de-
pendence of the growth rate of quartz crystal into fused silica and found an activation
energy of 2.77 eV (268 kJ/mol). This value is very close b & Rb (261 kJ/mol) and

ESS of Cs (272 kJ/mol) $5], but significantly lower than the Si-O bonding energy, 4.57

eV (440 kJ/mol) §]. Fratelloet al. proposed a mechanism of quartz growth into amor-
phous silica involving breaking the Si-O bond and its association with an hydroxyl group
(OH). A similarly activated process responsible for epitaxy can be also observed after
Rb-ion implantation. During annealing in oxygen, Rb ions interact with the bridging oxy-
gen and weaken the strong covalent Si-O bond of the inter-tetrahedral connections. The
non-connected tetrahedral corners indicate the higher structural freedom of the network.
This decreases the viscosity of the matrix and increases the probability of recrystalliza-
tion [44, 97]. At this point we mention, that the value of the Rb-O bond energy (2.65
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4 SPEG after Rb implantation

eV [10]) is much closer to the activation energy of recrystallization than to the Si-O bond
energy.

To find the influence of the annealing time on the recrystallization process and to test if it
is possible to obtain SPEG at lower temperatures, a second series of measurements were
performed at the fixed annealing temperature of 1023 K. The same sample was used in
each annealing treatment step. Figdréillustrates the RBS-C spectra before and after
annealings in air at various times at a fluence of 2.5&idhs/cn?. Evidently, in this time

range, the experiments performed are not successful with respect to epitaxy. No recovery
at the amorphous-crystalline front was observed. After a 1-h annealing, Rb atoms were
distributed throughout the full amorphous layer, leading to a box-like profile. However,
no change in the Rb shape was observed with increasing annealing time, even after 2 h.
That indicates that the chosen temperature is clearly too low to initiate the regrowth of the
a/c interface towards the surface. Obviously, no change in the a/c interface position could
strongly hinder the out-diffusion of Rb, which occurred parallel to the movement of the
damaged zone.

4.1.2 Epitaxy in 180,-gas

In order to study the behaviour of oxygen during the recrystallization process, the SPEG
study was also performed by thermal annealing in a 98% enri@datmosphere. After
implantation of 2.5x18 Rb/cn?, 1 h isochronal annealings were performed between 673
Kand 1173 K.

Figure4.5 shows representative RBS-C spectra, together with those of a non-irradiated
sample. Similar to the air annealing described in the last section, this study again in-
dicated alayer-by-layerrecovery of the amorphous zone with increasing temperature.
However, three distinct features are clearly observed as compared to air annealing exper-
iments: (1) a large amount of external oxygéfQ peak at 360 ke\d-particle energy)

was in-diffused inside tha-quartz without changing its stoichiometry, (2) complete epi-
taxy was achieved at a lower temperature, and (3) much faster out-diffusion of Rb was
observed. The progression of the epitaxial recovery is shown i éig.

Up to 883 K, the samples remained completely amorphous after annealing and the posi-
tion of the amorphous/crystalline interface did not change. Then, a small shift of the a/c
interface towards the surface was observed at 923 - 1013 K. By increasing the tempera-
ture to 1023 K, about 40% of the damaged layer recrystallized. At 1098 K, the coherent
amorphous layer disappeared and only isolated damage zones and extended defects were
left in the matrix. By increasing the temperaure to 1133 K, the RBS-Channeling spectra
of the implanted and the virgin sample annealetP®, were indistinguishable, thus con-
firming the achievement of complete SPEG.

The migration of Rb appears to be somewhat different than that in air, as can be seen
in fig.4.5. At 673 K (not shown) almost no change in the shape of the Rb-profile was
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Figure 4.5:RBS-C spectra of 175-keV Rb-ion implanted samples at a fluence of 2%x10
Rb/cn?, annealed in at®O, atmosphere for 1 h between 843 and 1173 K.
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Figure 4.6: Depth distribution of the radiation damage as a function of the annealing
temperature. The data refer to the Si profiles of/fig.
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4 SPEG after Rb implantation

Temperature (K) da (T) | v (T) (10~° cm/s)
as-impl. 1780 -
843 1740 0.17+0.08
883 1760 0.09+ 0.08
923 1603 0.76+ 0.15
973 1614 0.72+ 0.15
1013 1567 0.92+ 0.20
1023 1210 2.454+ 0.25
1073 510 5.47+0.35
1098 109 7.20+ 0.40
1123 41 7.49+ 0.47
1133 0 7.674+ 0.50

Table 4.2: The regrowth velocity of the a/c interfacgT) at different annealing temper-
atures for Rb-irradiated-quartz after annealing in a0, atmosphere. The
thickness of the amorphous layey(d) is also reported.
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Figure 4.7: Arrhenius plot of the regrowth velocity(T), after annealing in ak0, at-
mosphere. The straight line corresponds to an activation energyef E3
+0.2eV.

observed. Between 773 and 973 K, Rb spreads through the amorphous zone. Evidently,
during the annealing itO,, Rb redistributes more quickly than in air. Above 973 K, Rb
totally disappeared from the damaged layer (for air annealing at 1173 K), before SPEG
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4.1 Influence of annealing temperature

Alkali Energy Fluence Ann. d Ty Eax Comments

ions  (keV) (16%cm?) gas (K) (K) (eV)

Li 15 2.5 80, 870 970 - [59]

Na 50 2.5 air 870 1070 - [106

Na 50 2.5 B0, 870 970 - this thesis
Rb 175 2.5 air 1070 1170 0.6(2),2.7(4) this thesis
Rb 175 2.5 0, 970 1130 1.3(2) this thesis
Cs 250 2.5 ar 1070 1150 2.8(2) 59

Table 4.3: Processing parameters of chemically guided SPEG in quartz after alkali-ion
implantation, where §denotes the temperature, at which SPEG startgthel
recrystallization temperature, angihe activation energy of the recrystalliza-
tion. * No complete epitaxy.

started. This confirms that the annealing atmosphere is a fundamental parameter in the
SPEG process.

The regrowth velocityy(T), is plotted as a function of the annealing temperature i fig.
(corresponding values are also reported in tdble The recrystallization speed increases
(similar as in the case of air annealing) from 0.17x38 0.08 cm/s (843 K) to 7.67x1C

+ 0.50 cm/s (1133 K). However, the regrowth velocity at a given temperature is much
faster in'80, than in air, for example: at 1073 Ky(T) = 0.75x10° + 0.18 cm/s (air)

versus 5.47x10° + 0.35 cm/s 20y).

The fit to the data suggests a single exponential behaviour with an activation energy of
Eax = 1.3+ 0.2 eV. This value is less than 50% of the high temperature value in air an-
nealing (see tal.3). The pre-exponential factar, = 1.6x1¢ cm/s is much lower than

that observed for air annealing. Fratedtoal.[96] found that oxidizing the samples causes
higher rates of crystallization by changing annihilation sites (three-coordinated silicons)
into active defects (non-bridging oxygens). These active defects enhance rearrangement
rates due to higher structural freedom of the network, i.e. the tetrahedrons can move and
reorient much more easily than the fully connected network.

For testing the influence of the annealing duration on SPEG, a set of samples was irradi-
ated with 2.5x18° Rb-ion/cn? and annealed itPO, gas at 1023 K for different annealing
times. As compared to the previous case of air annealing, some important differences were
detected: (1) the coherent radiation-damaged zone disappeared and almost full epitaxy oc-
curred for increasing annealing time and (2) Rb out-diffusion was much faster.

RBS-C spectra measured before and after implantation and after each annealing step are
shown in fig4.8. After the first annealing hour, 40% of the amorphous layer thickness
was epitaxially recovered and planar recovery of the a/c interface took place. The Rb had
already totally out-diffused. By increasing the annealing time to 1.5 h, the coherent amor-
phous layer disappeared, but no complete recovery was observed. A certain amount of
damage and extended defects remained in the samples even after the 2-h annealing. Iso-
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Figure 4.8: RBS-C spectra of 175 keV Rb implanted samples, all implanted with an ion
fluence of 2.5x18 Rb/cn? and annealed in a0, atmosphere at 1023 K in
the time range of 1 - 2 h.

lated damage zones remained, probably due to fast out-diffusion of Rb. The implanted Rb
had out-diffused during the first hour and, probably due to its absence, no complete re-
covery occurred, not even during a 2-h annealing. On the other hand, when the annealing
temperature was increased to 1133 K, complete SPEG took place even after 1-h annealing
in 1802.

4.2 Influence of Rb ion-fluence

4.2.1 Epitaxy in air

A series of 175-keV Rb irradiations at 80 K and 1-h or 2-h annealings at a fixed temper-
ature of 1123 K in air were performed in order to study the influence of the Rb content
and annealing time upon the SPEG process. ddugiartz samples were implanted with
nominal fluences of 4.7x18, 1x10'%, 2x10'6, 2.5x13°, 3.4x103°, and 5x18° Rb/cn?.
Figures4.9 (a)-(f) summarize the RBS-C results before and after each annealing. For
comparison, the virgin aligned RBS-C spectrum is also shown; it has a minimum yield of
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Figure 4.9: RBS-C spectra of virgin and Rb-ion irradiataequartz samples before and
after 1-h and 2-h annealings at the fixed temperature of 1123 K, measured
for Rb-fluences of (a) 4.7x1B, (b) 1.0x1385, (c) 2.0x189, (d) 2.5x185, (e)
3.4x10%, and (f) 4.7x18° Rb/cn?.

about 5% of the random spectrum. In the channeling measurements, the initial thickness
of the amorphous layer varied between 1600 and 1808xa/cn? for the lowest and
highest fluences, respectively. This corresponds to thicknesses of 250 and 280 nm. After
a 1-h annealing of the samples implanted witlix10'® Rb/cn?, the channeling spectra
(figs4.9 (a)-(b)) showed nearly full amorphization of the front layer, with a slight reduc-
tion of the RBS-C yield with respect to the random level. While Rb had almost totally
out-diffused from the samples after the 2-h annealing, the amorphized layer remained
essentially unchanged. Above this fluence, recrystallization was clearly visible (see figs.
4.9 (c)-(f)) and increased with the Rb fluence and the annealing time. This clearly sug-
gests that there exists a critical fluence of about 1XRb-ions/cn? in order to initiate

the recovery process. After implanting 2X8®b-ions/cm, the a/c front moved towards

the surface during the 2-h annealing, leaving half the originally amorphous layer recrys-
tallized. The Rb concentration profiles indicate a nearly uniform distribution inside the
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Figure 4.10: The regrowth velocity(T) for 1-h and 2-h annealings at 1123 K as a func-
tion of the implanted Rb fluence.

amorphous layer. At 2.5x10 Rb/cn?, approximately 60% of the amorphous layer had
already recrystallized after the first hour and the Rb profile started to move to the sur-
face. After the second annealing hour almost complete recrystallization was found. Only
a small amount of the defects embedded in the crystalline matrix remained in the formerly
amorphous region, as proven by the slightly increased backscattering yield relative to the
virgin one; also, some Rb remained inside the matrix.®er3.4 and 4.7x18 Rb/cn?,

the channeling spectra after 1-h annealing were quite close to the virgin spectrum, indi-
cating nearly full recrystallization. An annealing of only 2 hours at a fluence of 314x10
Rb/cnt? led to full epitaxy and the RBS-C spectra of the implanted and virgin sample were
indistinguishable. SPEG was accompanied by the complete out-diffusion of the implanted
Rb ions. However, two hour annealings at a fluence of 4. %®&0/cn? initiated almost a

full recrystallization, but some isolated damage zones and extended defects still remained
in the sample due to the presence of Rb ions.

Evidently, the constant temperature series at 1123 K showed that complete SPEG strongly
depends on the Rb content and the annealing time. A 1-h annealing of the sample im-
planted at even the highest fluence of 5¥lRb/cn? was not sufficient to recover single-
crystallinea-quartz.

The regrowth velocity for both annealing times is plotted irdfiOversus the integrated

Rb content. This velocity depends strongly on the integrated Rb content, reaching satura-
tion values at about 3.5x1®Rb/cn?. The recrystallization velocities up to a fluence of
2.5x10'® Rb/cn? after the first and second annealing hour are very close to each other.
Above this fluence, the deduced regrowth velocitidsr 1 und 2-h annealings differ by

a factor of two, for example, froma = 3.2x10°° cm/s (1 h) tov = 6.0x10°° cm/s (2 h) at
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4.2 Influence of Rb ion-fluence

@ = 3.4x10° Rb/cn?.

The enhancement of the recrystallization velocity with increasing alkali ion content was
also observed in the case of Cs-implanteduartz b5, 59]. It must be pointed out that

this annealing was carried out at a temperature that was 50 K lower than in the case of Rb
implantation, and the SPEG process was evidently much slower compared to the present
case. For example, for the fluence of 2.5%10s/cnf a comparable quality of the recrys-
tallized layer, according to RBS-C, was achieved after a 4-h annealing.

4.2.2 Epitaxy in 80,-gas

A 1-h annealing in art®0, atmosphere at a fixed temperature of 1123 K H@b-gas
pressure of 300 mbar was carried out. The samples were implanted at fluences in the range
of 1x10'° to 6x10t° Rb-ions/cr.

Figure4.11illustrates the RBS-C spectra of this series. In all the cases an amorphous
layer was formed, whose thickness varied from 1508%#0./cn? (¢ = 1x10"° Rb/cnt)

to 1900x10° at./cn? (® = 6x10° Rb/cn?), corresponding to depths between 230 and
295 nm. The RBS-C spectra of the samples implanted up to'$RlYcn? showed only

a minor change in the position of the a/c interface during annealing, but for increasing
fluence the amorphization front was moving towards the surface, and partial epitaxy took
place. The 1-h annealings of the samples irradiated up to 1.¥&®tBions/crd already
resulted in a visible recrystallized zone, with about half the amorphous layer recovered.
For 2.5x10°% Rb/cn?, the coherent amorphous layer disappeared and only isolated dam-
age zones and extended defects remained in the matrix. In contrast to air annealing, SPEG
is more efficient during pure oxygen annealing. This is most evident for the sample irra-
diated with 3.5x1&° Rb/cn? and annealed in air, which did not fully recrystallize within

1 h, but only within 2 h. Moreover, these spectra still exhibited a slightly higher backscat-
tering yield as compared to the “virgin aligned” sample. This difference disappeared only
for > 5x10'® Rb-ions/cr.

After annealing intt0,, the implanted Rb ions quickly and completely out-diffused from

all samples, even though no complete SPEG was achieved beloW®3Rbn?. This
phenomenon partially contradicts the results obtained after air annealing, where Rb was
out-diffused from the sample more slowly and not completely, except for the full epi-
taxy. As already observed after annealing in air, under identical annealing conditions -
for example in the case of the sample irradiated with 2.5%Rb/cn? - only half of the
amorphous layer recovered and about 50% of the implanted Rb ions were retained inside
the remaining amorphized zone. Therefore, if the Rb out-diffusion is slower, complete
epitaxy is possible at lower fluences.
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Figure 4.11:RBS-C spectra of 175-keV Rb-ion implanted samples at ion fluences in the
range of: (a) 0.1 - 1.0x2§ and (b) 1.75 - 6.0x1¥ Rb/cn?, before and after
1-h annealing in a0, atmosphere at a fixed temperature of 1123 K.

4.3 Influence of 80, pressure

At this stage of the investigation, it was not clear whether the controlled supply of ex-
ternal oxygen had any influence on the SPEG process. In order to clarify this, a set of
samples were implanted at a fixed fluence of 22Rb-ions/cn{ and annealed for 1 h at
1023 K in an*®0, atmosphere at a pressure varied between 5 and 800 mbar. The RBS-C
spectra are shown in fi§).12 For comparison, one sample was enclosed in an ampoule
under a pressure of 5xIB mbar and thermally annealed under the same conditions as
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Figure 4.12: RBS-C spectra for Rb-implanted samples at a fluence of 216:@6/cn?
after 1-h annealing in at?O, atmosphere and a fixed temperature of 1023
K under'®0, pressure varied between 5 and 800 mbar.

the 180, samples. Surprisingly, in all the cases the RBS-C analyses hardly showed any
notable recovery of the amorphous layer. When the Rb fluence was increased td2.5x10
Rb-ions/cm, partial SPEG occurred at 1023 K and 300 mbB¥D, pressure. When the
temperature was further increased to 1123 K, almost the whole amorphous layer was re-
covered (figd.5). These experiments indicate that the oxygen gas pressure above a critical
value has little influence on the epitaxial growth. The different SPEG rate in ai®&nd

may be attributed to the slower oxygen exchange at the surface due to the presence of
other gaseous species in air.

The implanted Rb species had completely out-diffused in all the cases. For comparison,
the diffusivity of implanted As in crystalline Si, at a fixed temperature, was found to
increase with pressure, with a maximum increase by one order of magn@bdd e
phenomenon that the diffusion coefficient increased with pressure suggests an interstitial
character of the As migration in Si. An increase in pressure would increase the concen-
tration of interstitials, because their incorporation reduces the volume of the matrix. The
opposite would be true for vacancies whose amount should decrease.

The effects of very high external pressure on the solid phase epitaxial regrowth rate were
investigated in silicond9] and silica 47, 96]. The pressure was increased up to 20 kbar in

Si and 40 kbar in silica. A strong exponential dependence of the growth rate on pressure
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4 SPEG after Rb implantation

was found. The results presented by Fesal. [10( explained how the static pressure
influences the recrystallization in aJ0-2Si0, glass. The relatively high pressure ap-
pears to affect the crystal growth raig,and to move the nucleation rate of the glass

to lower temperatures. For example, by applying an external pressure of > 10 kbar the
crystal growth occurs at 673 K, some 150 K lower than the onset temperature for this
glass at atmospheric pressure. A smaller viscosity is suggested as a reason for the shift of
V andl to lower temperatures.

The pressure-induced phase transition from tetrahedrally coordinated silicon ions at low
pressure to octahedrally coordinated silicon ions at high pressure was found to occur in
silica above 100 kbar at room temperatut@1]]. The coordination changes were related

to the increase in the interatomic distances and resulted in an increase in the reduced den-
sity.

We probably have not observed any such effects due to the much lower pressure used in
the present study.

4.4 Rb out-diffusion

The Rb concentration profiles for the samples annealed in air at 843 - 1173 K, as deduced
from the RBS spectra are shown in figl2 The Rb ion fluence was 2.5x10Rb/cn¥.

The Rb distribution in the as-implanted sample resembles a Gaussian profile exhibiting
its maximum at a depth of 675x10at./cnf with an FWHM of 603x18° at./cn?. This

is in good agreement with the projected ion range=R645x106° at./cnt obtained from

the SRIM 2000 prograni7B], when assuming an atomic density of 6.45%.8t./cn? of

the amorphous substrat® [ The extracted thickness of the amorphous layer, 1788%10
at./cn?, is more than twice that of the projected range.

During thermal annealing, the implanted Rb atoms tend to distribute uniformly over the
amorphous layer and the concentration profiles become broader. After annealing at 1023
K, the Rb profiles haveox-likeshapes, which can be interpreted in terms of a preferen-
tial diffusion of Rb atoms from a region of higher local concentration to a region of lower
local concentration. This is associated with a change in the alkali diffusion coefficient
in the damaged region, like that alkali in silicate glassé¥]. The diffusion coefficient

of alkali ions increases with increasing concentration. Such a distribution of implanted
species can also be affected by an increasing number of defects, such as Si-O broken
bonds, oxygen vacancies, etc., which provide sites for trapping the diffusing alkali atoms
or oxygen over the damaged lay&0f. Like in alkali-glass silicate during thermal treat-
ment, the loosely-bound alkali would rapidly move towards the surface and out-diffuse.
At 1023 K, the Rb diffusion front reached the a/c interface. However, Rb did not diffuse
inside the underlying crystalline matrix, due to the lower solubility of alkali in crystalline
SiO; [104. At about 1073 K, a planar movement of the a/c interface towards the surface
was observed, which indicates epitaxial recrystallization of the amorphouys|&jér.
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Figure 4.13: Rb concentration profiles as a function of the depth at different annealing
temperatures in air.

The back edge of the Rb profile located near to the a/c interface was pushed out of the
recrystallized zone, hence the out-diffusion of Rb was controlled by the motion of the a/c
interface. At 1173 K, all the implanted Rb content had completely left the sample and full
recrystallization was achieved.

The diffusion and loss of the implanted Rb-ions from Si€an be described (similar to

Cs diffusion p9]) by at least three steps:

1. Dissolution in thea-SiO, network: this process took place in the low temperature
regime (up to about 1073 K) and was accompanied by slow movement of the a/c
interface withEL, = 0.6+ 0.2 eV.

2. “Reflection” at the a/c interface due to its very low solubility in crystalline quartz
[104] and diffusion towards the surface, which begins above 1073 K. In this regime,
the regrowth velocity of the damaged layer was much faster (parametrized by an
activation energy of 2.# 0.4 eV). Rb diffuses out of the sample.

3. Finally, oxide formation and dissociation or evaporation at the sample surface.

From the RBS analysis it was also possible to estimate the activation energy for the Rb
out-diffusion during the annealing treatment. The retained Rb fraction plotted (a) versus
the annealing temperature in figl4 decreased very slowly down to about 1100 K, but
then rapidly decreased with increasing temperaturé',l'?gt: 1130+ 60 K, correspond-
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Figure 4.14:(a) Retained Rb fraction, integrated up to a depth of about 280 nm as a func-
tion of the annealing temperature. (b) Rb loss per hour plotted as a function
of 1/T.

ing to 57% of the melting point of quartZ{ = 1983 K), half the Rb content had left the
sample. This temperature is similar to the value found by Roccafa@jédr Cs diffusion

in SiO, (Tf/g = 1065+ 48 K).

In fig.4.14(b), the Rb-loss in the high temperature range was parametrized by an Arrhe-
nius dependence, involving an activation energE@lg: 1.5+ 0.3 eV. The low temper-
ature regime was not fitted by an Arrhenius function, due to a high scatter of the data
points.ER, is almost half the value of the activation energy of the recrystallization.

The diffusion of alkali ions in vitreous silica was investigated by Rothregal. [107].

These authors observed that the diffusion coefficient strongly decreased with increasing
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Figure 4.15: Rb concentration profiles as a function of the depth at different annealing
temperatures in alfO, atmosphere.

ionic radius (about two and a half orders of magnitude per row of the periodic table) and
the activation energy increased with increasing ionic size. Three vitreoysn@a@rials

were investigated (different impurity content). The activation energy for Rb diffusion var-
ied in the range from 1.46 0.05 eV to 2.06+ 0.09 eV. Our experimental value is very
close to the activation energy of 1.550.13 eV found for Rb diffusion near the surface
(the same value was obtained for all the v-S&amined) and agrees very well with the
theoretical value of 1.57 eV calculated from the Anderson-Stuart ma@§|.[In the case

of Cs-implantedx-quartz b9, the activation energy was fitted over the whole experimen-
tal range (773 - 1148 KEcs=0.984 0.01 eV. However, this value is approximately half

of that found by Rothmast al. (Ecs= 2.2+ 0.1 eV) [LO7].

In the literature there are also some examples where the diffusion was a superposition of
single diffusion processes with different diffusion coefficierit®9, 110, 111, 117, due

for example, to volume and grain boundary diffusion in polycrystalline materd&lg.[
Frischat [L09 110 111, 117 also observed an anomalous diffusion behaviour of sodium
in SiO, glass. The tracer diffusion 2Na in a commercial Si@glass had been inves-
tigated in the temperature range from 443 K to 1273 K. In the high temperature region
(873 - 1273 K) the diffusion process was evaluated with a unique diffusion coefficient.
Below about 873 K, the diffusion 3¥Na was a superposition of two processes with coef-
ficientsD; (secondary process)3 (the principal process). The discontinuities at about
846 K and 523 K in the Arrhenius plot of the diffusion coefficient were interpreted in
terms of "quartz-like" and "cristobalite-like" elements in the structure of the glass. Also,
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Type Energy Fluence Ann. oI Ty Ty2 Eax Ea
(keV) (10'%cm?) gas (K) (K) (K) (eV) (eV)

Rb 175 2.5 air 1070 1170 1130(60) 0.6(2),2.7(4) 1.5(3)

Rb 175 2.5 80, 970 1130 870(45) 1.3(2) 0.7(1)

Table 4.4: Processing parameters of chemically guided SPEG in quartz after alkali-ion
implantation, where J'is the temperature, at which SPEG startegihie re-
crystallization temperature;;J, the temperature at which half of the implanted
species out-diffused; & the activation energy of the recrystallization, angd E
the activation energy of Rb out-diffusion.

in homogeneous, binary N@-SiO, glasses the existence of at least two diffusion paths
was found [111]. The higher diffusivity was suggested to be attributed to theON&ch,
whereas the lower diffusivity was attributed to the i@h phase.

The evolution of the Rb concentration profiles obtained after annealif®0n gas for
samples implanted witth = 2.5x13° Rb/cn? is presented in fig.. 15 The annealing tem-
perature was varied in the range 673 to 1173 K. The migration of the implanted species
shows similar features as in the air annealing experiments. At 673 K (not shown), no
change in the shape and concentration of the Rb-profile was detected. Then, by increas-
ing the temperature to 773 - 973 K the Rb profiles become slightly broader and spread
throughout the amorphous layer. However, bax-like profiles were observed and the
shape of the broadened profiles was almost preserved. A similar profile broadening oc-
curred after Li implantation106] during annealing if20..

Figure4.16 (a) summarizes the retained Rb fraction up to 1013 K. The heat treatments
produced a dramatic out-diffusion upon annealing at 673 - 973 K. Above 973 K, Rb had
totally out-diffused from the samples (see 4ig).

Evidently, in the present study, Rb out-diffusion was much faster and occurred at a tem-
perature that was 160 K lower than that in air annealing experiments. At8HK, half

the implanted Rb fluence was out-diffused. This value corresponds to 44% of the melting
point of quartz T, = 1983 K) and is much lower than the temperature discussed above.
Actually, this number agrees very well with the critical temperatures ofgb(: 881+

59 K[10€)) and Na (I'l'\/‘gl =840+ 50 K, see chapter 5) calculated for samples annealed in

180, (see taly.1). Similarities between the concentration profiles suggest a similar diffu-
sion mechanism in all cases.

From the Arrhenius plot of the Rb loss per hour shown in4fit6 (b), the activation en-

ergy for Rb out-diffusionERP = 0.7 + 0.1 eV, was extracted. This number is about 50%
lower than the high-temperature value of the activation energy of the Rb migration pro-
cess in air. The recrystallization speed (parametrizeB Ry 1.3+ 0.2 eV) is two times
faster than Rb out-diffusion (tabte4).

The correlation discussed here suggests that out-diffusion of the implanted alkali ions is
less dependent on the ion mass than on the oxygen annealing atmosphere.
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Figure 4.16:(a) Retained Rb fraction integrated over the full profile as a function of the
annealing temperature. (b) Arrhenius dependence of the Rb loss per hour,
corresponding to an activation energ§bE: 0.7+ 0.1eV.

For completeness, the results of the fluence dependence are also briefly presented. The
Rb loss was monitored for samples implanted with 4.#X10t.7x10:® Rb/cn? and an-

nealed in air at a constant temperature of 1123 K. The changes in the shape of the profiles
(see fig4.9) follows the mechanism previously discussed. The calculated value of the Rb
concentration after 1 and 2-h annealings versus the Rb fluence is reported.in/figt

® = 4.7x10° /enm?, Rb had totally left the amorphized layer, even after of only 1 h an-
nealing. For the remaining samples, after the first hour of annealing, approximately 50%
of the initial Rb concentration was retained in the samples. Only for the highest fluence
we observed a lower loss-(40%) of Rb. Above 2x1t /cn?, the Rb profiles showed

a tendency to move towards the surface. After 2 hours of annealing, the Rb totally left
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Figure 4.17: Rb concentration integrated over the full profile as a function of the Rb
fluence.

the samples implanted with fluences of 1X¥48nd 3.4x18° /cn?. A small amount of the
implanted species was still found inside the remainning radiation-damaged zones.

In all other cases the implanted Rb had quickly and completely out-diffused from the
matrix, therefore the results are not presented here.

4.5 Oxygen migration during thermal annealing

Understanding the role and diffusion of oxygen during SPEG-guartz is an important
issue. The use off0, tracer gas and TOF-ERDA was essential, as this technique pro-
vided the individual fractions of®0 and80 as a function of depth. Annealing 6O
atmosphere indeed led to the in-diffusiont®® and out-diffusion of®0, i.e. theisotope
exchangé®0 < 160 between the surface layer and the annealing gas as noted previously
in the case of Nag9, 1059 and Cs p2, 53, 59 irradiation.

As a first result we verified that th®0 and%0 concentrations added up to the stoi-
chiometry of SiQ, independent of depth and treatment. In4i3 the typical shape of

the depth profiles 0t%0, 20, and Si measured by means of the TOF-ERDA technique
for Rb irradiatedx-quartz with a fluence of 0.5x30Rb/cn? and annealed at 1123 K are
presented.
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Figure 4.18: The depth profiles of°0, 180, and Si measured by TOF-ERDA for Rb im-
planteda-quartz with an implanted fluence of 0.5Xf®b/cn? and annealed
at 1123 K.

TOF-ERDA spectra were taken for samples irradiated at an Rb fluence of 2°&/@n?

and annealed if0, gas for 1 h up to 1133 K.

The 180 depth distributions in the radiation-damaged zone after annealing at different
temperatures are summarized in4id9 (a). The concentrations of tH€O isotope in

the purea-quartz sample and in the as-implanted one (at 80 K) were almost identical.
The %0 <« 180 exchange between the matrix and the annealing gas evidently became
stronger with increasing annealing temperature. At 673 K only a very small amount of
180 was detected near the surface. Up to 973 K, a much stronger exchange was observed
in the region close to the surface (in the first 50 nm of the damaged part) than in the
deeper-lying part of the amorphous region (from 50 to 280 nm). The effect of the oxygen
in-diffusion becomes stronger after Rb has completely out-diffused from the samples. By
increasing the temperaturfO reached the position of the a/c interface, while beyond
the implanted region of about 280 nm tH© concentration was in accordance with the
natural isotope abundance. This is due to the extremely low diffusivity of oxygen in crys-
talline SiQ, [59]. A sudden enhancement 80 was observed at 1023 K, where SPEG
started. Thé80 concentration had a maximum of about 42% at the surface and slowly de-
creased inside the damaged layer. At 1123 K, where almost complete SPEG was achieved,
once again a highéfO yield was measured. Due to Rb-beam amorphizatian-8fO»,

the density of the matrix decreased by about 19%. The diffusion channels become larger
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Figure 4.19: (a) 180 concentration profiles measured by TOF-ERDA for Rb-implanted
samples, annealed at 673 - 1133 K for 1 h.1#) content intergated up to
the a/c interface, as a function of the annealing temperature.

(about 3 A) in size and are comparable to the diameter of the molecular oxy@8n [
The energy barriers for oxygen migration in amorphized,Sa€ expected to be smaller
than in crystalline Si@ and, consequently, the oxygen diffusion coefficient in quartz is
much lower than in amorphous Si@nd is parametrized by activation energies in the
range 2.02 to 2.38 e\9].

Figure4.19(b) shows the integrated content of in-diffus€® up to the a/c interface as a
function of the annealing temperature. T content is given by:

[ c(*f0)dx
(80 dx+ [ c(360)dx

f180 = (4.1)
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Figure 4.20:180 content integrated up to the a/c interface, as a function of the annealing
time for Rb-implanted samples at an ion fluence of 2.3%Rb/cn? and
annealed at 1023 K.

where [ ¢'80 and [ c'®0 denote the integraté®0 and'®0O contents stored in the amor-
phized layer.

The total'®0O content increased with the annealing temperature by 15 - 20% up to about
1000 K. Note a possible decrease in @ content between 1000 K and 1200 K.

In order to find the influence of the Rb fluence on the oxygen in-diffusion, a set of samples
was implanted at a fluence of 2.5¥f@Rb/cn? and annealed itf0O, at 1023 K for differ-

ent annealing times. Figure20illustrates the evolution of the correspond#¥@ content
versus the annealing time. During the 1-h annealing, a large amotf®diffused into

the sample up to the a/c interface (about 20%). However, this amount was almost indepen-
dent of the annealing time (compare the results of the 1.5-h and 2-h annealing), probably
because the Rb had already out-diffused during the first hour. Furthermore, because of
the absence of Rb, no complete crystalline recovery occurred, not even during the 2-h
annealing.

TOF-ERDA measurements were also applied to monitor the migratié?Ooéluring the

1-h heating process at 1123 K for samples irradiated with varying Rb-ion fluences of up
to 6x10t° Rb/cn?. As shown in figure4.21 (a), the®O < 180 exchange was clearly
enhanced with increasing Rb fluence. Up to about 1.75k®&6/cn?, the80 profiles re-
mained almost unchanged and the in-diffusif@ was located mainly in the first 75 nm of

the amorphous layer. RBS-C confirmed the correlation between the concentration profiles
of the tracer gas and the recovery of the amorphous layer. At 1.¥&®I0cn? move-

ment of the a/c interface was observed (seé fid). At 2.5x10'6 Rb/cn?, 180 started to

61



4 SPEG after Rb implantation

~ 60 : : :
o\ol ] T T T T T T T
© 504 —— 0.1x10"° Rb/em®
c 1 —— 2.5x10"° Rb/em?
8 40 + 3.5x10"* Rb/cm®
© . ——  5x10" Rb/cm’
"qc_; 30 ] 6x10" Rb/cm?
(&)
e 20 -
8 ]
10 | -
O
P |
0 T o =

T — 1 v T ' Tr r 1 't T © T 7T
-300 0 300 600 900 1200 1500 1800 2100
Depth (10" at./cm?)

50 — T T T T 1 | L
S 40 4 4
c i i
5 30
= ]
8 20 4
O _ _
(o]
< 10 4 §
0 T T T T T T

0 10 20 30 40 50 60 70
Fluence (10" Rb/cm?)

Figure 4.21: (a) 180 concentration profiles measured by TOF-ERDA for Rb-implanted
samples at ion fluences in the range 0.1 - 68b/cn?, annealed for 1 h
in an 180, atmosphere at 1123 K. (B3O content integrated up to the a/c
interface for different fluences.

be “dissolved” into the Si@network: the height of thé?O profiles increased, but the in-
tegratedO content remained constant (see4ig1 (b)) up to 3.5x18° Rb/cn?. For the

two highest fluences of 5x3®and 6x18¢ Rb/cn? (full SPEG), both the height and the
width of the®0 profiles increased strongly, indicating appreciable in-diffusiotf©b.

It can be concluded that the implanted alkali ion fluence at a fixed annealing temperature
affects to some extent both the amount of the in-diffused oxygen and the quality of the
epitaxial regrowth. This correlation can be explained by the high chemical reactivity of
alkali with oxygen and network modification caused by the presence of alkali ions.

The RBS-C results obtained for samplds= 2.0x13° Rb/cn?, Ta = 1023 K) examined
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Figure 4.22: (a) 180 concentration profiles measured by TOF-ERDA for Rb-implanted
samples at an ion fluence of 2.048®b/cn? after 1 h annealing in alfO»
atmosphere at 1023 K und&0, pressure varied between 5 and 800 mbar.

(b) 180 content integrated up to the a/c interface as a function otdbe
pressure.

under different0, pressures showed no recovery of the damaged layer (séelfig.
However, as reported in fig.22 (a), the TOF ERD analyses revealed that for increasing
oxygen pressure, the exchange between nat®eand externat?O became stronger. Up

to 100 mbar, the distribution of the tracO atoms further broadened near the surface,
but was still located within the first 50 nm of the amorphous layer. At 800 mbar, the ex-
change of the oxygen isotopes peaked at a maximum value of about 33%Carehched

the a/c interface, but did not diffuse across this interface intoitgeartz. Figuret.22(b)
indicates that the total amount B0 penetrated into the damaged layer linearly increased
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4 SPEG after Rb implantation

with increasing'0, pressure and saturated at about 300 mbar. This result confirms the
trend found by Schaeffef [L4 that the diffusion of oxygen depends linearly on the oxy-
gen partial pressure. Such a dependence suggestsiimth@ diffusing species and not
monoatomic oxygen vacancies or ions, which show non-linear dependence on the oxygen
pressure9]. Moreover, it is difficult to find the correlation between the Rb out-diffusion
and the'®0, pressure, because in all cases Rb completely left the samples. When the Rb
fluence was increased to 2.5¥8®b/cnt, partial SPEG occurred at 1023 K in 300 mbar
180, pressure. When the temperature was further increased to 1123 K, almost the whole
amorphous layer had recovered @id.1(b)).

We may summarize the findings in the following conclusions:

* minimum amounts of Rb and oxygen are required for complete SPEG;
* no appreciable oxygen in-diffusion occurs in the absence of Rb;

« the stoichiometry of the amorphous Si@yer does not change due to t© <
160 exchange between exterd&D and native0;

* the oxygen gas pressure probably influences the epitaxial growth above a critical
value;

* the critical temperature for achieving complete SPEG decreases for increasing Rb
fluence.

Itis clear from the above results that the topological freedom of the S&@work, which

is necessary for achieving complete SPEG, appears to be jointly controlled by the an-
nealing temperature, the density of implanted alkali ions, and the presence of external
oxygen. The presence of alkali ions and oxygen is necessary, but not sufficient to achieve
complete epitaxy. The oxygen exchange process facilitates the diffusion of Rb in such a
way that it provides the topological freedom for the pitwork. However, complete
recrystallization is realized only above a critical temperature, Rb fluence, and pressure.

4.6 Surface topography

The Atomic Force Microscope (AFM) cannot identify the crystalline structure or the
chemical composition of the surface layer, but it is a very useful tool to resolve nanoscale
surface characteristics. In the context of ion implantation and oxygen-induced reactions in
quartz, the AFM may also be helpful to verify swelling or compaction phenomena, which
are due to amorphization and recrystallization. As the implantation conditions provided a
rather sharp boundary between irradiated and non-irradiated regions, AFM was employed
to evaluate the step heiglfth, at this boundary. The AFM study was applied to analyse
the selected samples annealed in air or if%Dp atmosphere. Typical AFM data at the
border area between the implanted and the non-implanted part showing the step height,
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Figure 4.23: Typical AFM raw data obtained for the height differenle at the border
between the implanted and non-implanted part of the sample.

Ah, are illustrated in figt.23

The step heighf\h was measured for various implantation and annealing conditions. As
an example, figt.24 (a) shows this quantity as a function of the annealing temperature
for samples annealed in PO, gas. The step height after implantation of 2.5¥1Bb-
ions/cnt was 24+ 2 nm. When SPEG started (973 K), the step height started to decrease,
until at 1133 K it reached zero when full epitaxy was achieved. Evidently, the AFM mea-
surements showed a recovery of the volume density and confirmed very well the results
obtained via RBS-C. At this temperature, the roughness of the regrown surface was larger
than that of the non-irradiated part of the sample. After the 1173 K annealing, the step
height turned out to be slightly negative, suggesting some change in density or loss of
material, possibly by evaporation.

For the same set of samples, the difference in the step height between the non-irradiated
and irradiated part of the sample was also measured by means of a profilometer (see
fig.4.24 (b)). Mechanical surface profiling confirmed the AFM observations very well.
The step height started to decrease at 973 K and subsequently decreased with increasing
temperature. The surface profile at 1173 K showed again, similarly to the AFM results,
that the irradiated area was below the non-irradiated part of the sample.

A similar change in the step height was also observed after annealing in air. The AFM
study showed that the implanted and non-implanted part of the sample was almost on the
same height level after achieving complete SPEG (not shown).

The step heightdh, was also measured via AFM for various oxygen pressures (see 4.3),
but no differences relative to the results just shown were found (no shifh iwas de-
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Figure 4.24: The height differencéh at the border area between the irradiated=<
2.5x10'6 Rb/cn?) and non-irradiated part of the samples as a function of the
annealing temperature (843 - 1173 K) measured by AFM (a) and a mechan-
ical surface profiler (b).

tected).

The surface of the implanted sample was almost completely smooth. AFM topographies
measured after a 1-h annealingfiD, at different temperatures and fluences are reported

in fig.4.25 The lowest annealing temperature did not produce any detectable structural
changes (these samples were amorphous). Obvious changes in the surface topography ap-
peared when the recovery set in. The AFM image taken after achieving complete SPEG
at 1173 K showed fine grainy structures on the surface (see4ig(a)). For higher im-

planted fluences, these small structures combined to produce bigger and bigger structures
with increasing fluence as shown in fig25 (b) and (c) for the cases of 3.5 and 540
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4.6 Surtace topography

20 40 60 pm

Figure 4.25: Plan-view AFM topography images a@f-quartz samples implanted with
Rb'-ions and annealed O, at: (a) 1173 K ¢ = 2.5x13° Rb/cn?), (b)
1123 K (@ = 3.5x13 Rb/cn¥f), and (c) 1123 K¢ = 5x10'6 Rb/cn?).

Rb/cn? implantations, respectively. Such regrowth mechanisms suggest Ostwald ripen-
ing [125 126, where the larger structure grew at the expense of the smaller structure
because the surface energy for larger structures is lower than for smaller structures.

The images obtained for air-annealed samples (fixed fluere®.5x13° Rb-ions/cm,
temperature dependence) showed completely different features compared®O.tiog-
periments. Again, after annealing at a low temperature no surface structures were visible.
At 1133 K, the continuous amorphous layer had disappeared. Then, annealing at 1143 K
(almost full recrystallization, but some Rb still left in the sample) led to the crystalliza-
tion of ring-like structures with an average diameter of about 15 nm. The most evident
behaviour displayed by the AFM images is the increase in the size of these features (as
already observed in the case'80, annealing). By increasing the annealing temperature

to 1173 K (total SPEG), the diameter of this structure and the height of the centered "is-
land" approximately doubled (see #g26).

The AFM study did not show any topological changes for samples examined under dif-
ferent'80, pressures and annealed at 1023 K. However, after annealing*ffOarat-
mosphere under a pressure of 50 mbar (complete SPEG) at 1173 K a hexagonal-shaped
nanostructure was produced by SPEG. Probably, the observed crystallized structure is
tridymite [91], which has a hexagonal symmetry and occurs at high temperatures and low
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4 SPEQG after Rb implantation

100 nm

Figure 4.26:AFM image taken for an-quartz sample implanted at a fluence of 2.5%10
Rb/cn? and annealed in air at 1173 K.

40 nm

0.0 10.0 20.0 pm

Figure 4.27:(a) Plan-view AFM topography image of anquartz sample implanted with
Rb*-ions at a fluence of 2x#0 Rb/cnt and annealed in a¥0, atmosphere
under a pressure of 50 mbar at 1173 K. (b), (d) The zoom of the crystal center
and the edge, respectively. (c) The side edge of the structure.
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4.6 Surface topography

pressures]]. In order to achieve a complete understanding of the formation of surface
structures, further investigation need to be performed.

As already mentioned, the AFM imaging gave a direct view of the recrystallized struc-
ture and had proven to be an appropriate instrument for investigating the topology of the
recovereda-quartz surfaces. From the above observations, it can be concluded that the
AFM results are consistent with the RBS-C measurements (on average) and illustrate the
fundamental influence of fluence, temperature, and oxygen supply on the morphology
of the recrystallized surface. It is, however, evident that lateral structures appear at the
surface whose properties and symmetries require further investigation.
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5 SPEG after Na-implantation

5.1 Transport processes

The behaviour of implanted Na during thermal annealing was previously studied by Bolse
and Harbsmeierd, 42, 119 via Extended X-Ray Absorption Spectroscopy (EXAFS) and
Rutherford Backscattering-Channeling Spectroscopy (RBS-C). However, attempts made
to achieve recystallization of the damaged zones have generally not been successful. Roc-
caforteet al. [59] reported almost full SPEG after Na irradiation in crystallmeuartz
and annealing in air. The present investigation extends the preliminary findings to anneal-
ing in an'80, atmosphere, monitoring the Na migration af® < %0 exchange, and
also gives a detailed study of fluence dependence.
a-quartz was irradiated at liquid nitrogen temperature with 50-keV Na ions at a fluence of
2.5x10 Na/cn? and then annealed for 1 houri#0, gas up to a temperature of 1123 K.
Figure5.1 presents RBS-C spectra taken for virgin, Na-implanted, and annealed samples.
After the Na implantation, the quartz was amorphized up to about 200 nm, as measured
by RBS in channeling geometry. Upon thermal annealing up to 873 K , the crystallization
front started to move towards the surface and then by further increasing the annealing
temperature crystallization suddenly reached the virgin level. Almost full SPEG occurred
between 873 and 973 K, with some damage left in the sample. After annealing at 1123 K,
the sample was in a state which cannot be distinguished from the virgin state any more. At
the lowest annealing temperature, the recrystallization speed was 0%eh@s and in-
creased by one order of magnitude, reaching 5.4%bin/s at 973 K. On the other hand,
when annealing was carried out in air, almost complete recovery of the amorphous layer
was achieved at a temperature that was 100 K higb@r However, some isolated dam-
age zones remained in the recrystallized part and the quality of the recrystallized layer
was not as good as in the case'®®,. A comparable quality of the recovered zone af-
ter Rb implantation was achieved at 1133 K. Evidently, by combining Na irradiation and
180, annealing, SPEG can be obtained at a lower temperature than with Rb implantation.
In order to investigate the role of the Na fluence, a set of the samples was irradiated at
the fixed fluence of 5x1§ Na/cn? and annealed for 1 h at 773 - 1123 K (seeig).
The a-quartz was amorphized up to a depth of about 1348katcn? (about 210 nm).
Clearly, annealing up to 873 K did not cause any shift of the a/c interface. By increasing
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5 SPEG after Na-implantation
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Figure 5.1: RBS-C spectra of 50-keV Na-ion implanted samples at an ion fluence of
2.5x10'® Na/cn? before and after 1-h annealing in &f0, atmosphere at
temperatures varied in the range 873 - 1123 K.

the temperature to 923 K the coherent amorphous part disappeared, but still the RBS-C
spectrum showed a slightly higher backscattering yield than for the virgin aligned one.
Annealing at 1073 K initiated the full recovery of the crystalline matrix. As compared

to the results at 2.5x10 Na/cn?, the increased Na fluence seems to slightly hinder the
recrystallization velocity in the low temperature region. For example, at 84%K), =
0.35x10°° cm/s which is half the value found for 2.5xNa/cn?. Also, higher temper-
atures were required to obtain a comparable quality of the recovered zone. The trend of air
annealing experiments was also verified this time. Complete regrowth was not achieved,
not even at 1023 K, though the same amount of Na was inside the s&fipl€He results

of this part of experiments are summarized in tableand compared with the Rb results.

To optimize SPEG after Na implantation the fluence dependence was studied at two fixed
annealing temperatures: 923 and 1123 K for 1 h. The Na concentration was varied in the
broad range between 1x¥0to 1x10" Na/cn?. In all the cases, quartz was amorphized
and the thickness of the damaged zone varied between 730 and 148akidh? (113

to 230 nm, for the lowest and highest fluence, respectively).

The effect of heat treatment at 923 K is shown ingig. At 1x10'® Na/cn? no change

in the damaged structure was observed, but a dramatic recovery of the amorphous zone
started above this fluence. At 2.5X8Wa/cn?, only a slightly higher dechanneling yield
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Figure 5.2: RBS-C spectra of 50-keV Na-ion implanted samples at ion fluence 5:6x10
Na/cn? before and after 1-h annealing in #0, atmosphere at temperatures
varied in the range 773 - 1123 K.

as compared to the virgin aligned spectrum was observed, probably due to the stable de-
fects still left in the sample, which completely disappeared at 5xl@/cn?. On the other

hand, no significant movement of the a/c interface was detected at a fluence of!2.5x10
Rb/cn?.

The second series of measurements was performed at the fixed annealing temperature of
1123 K (see figh.4). The recrystallization front advanced very slowly for the two lowest
fluences (1x18 and 1x18° Na/cn?). A further increase in the Na fluence up to 1X40
Na/cn? caused planar recovery of about 20% of the amorphous layer. By increasing the
fluence up to 2.5x1¥§ Na/cn?, the RBS-C spectrum of the recrystallized part matched
the virgin aligned one perfectly. In the case of Rb, the amorphized region had completely
crystallized at a fluence of 3.5x1Na/cn?.

As already observed in the case of Rb, after Na implantation the SPEG process also ap-
peared above a critical fluence and temperature. An increase in the regrowth thickness
with increasing Na concentration was observed. This finding may be comparable with
those obtained after Rb implantation. With respect to the results obtained after Rb im-
plantation, the Na-doping seems to be more efficient than Rb to achieve SPEG at lower
temperatures. Concerning the role of the alkali and oxygen in the mechanism of epitaxy,
fig.5.5 (a) and fig5.5 (b) combine the Na antfO profiles obtained after 2.5x3®and
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5 SPEG after Na-implantation

Alkali Energy Fluence Ann. d Ty Eax Comments
ions  (keV) (16%cnm?) gas (K) (K) (eV)
Na 50 2.5 8o, 870 970 - this thesis
Na 50 5 80, 870 1020 - this thesis
Rb 175 2.5 air 1070 1170 0.6(2),2.7(4) this thesis
Rb 175 2.5 80, 970 1130 1.3(2) this thesis
Cs 250 2.5 air 1070 1150 2.8(2) 59

Table 5.1: Processing parameters of chemically guided SPEG in quartz after alkali-ion
implantation, where J'is the temperature, at which SPEG startedihie re-
crystallization temperature, ang,Bhe activation energy of the recrystalliza-

tion.
3000 - T - T - T T - T
- virgin 1.0x10" Na/cmz, as-impl.
random virgin 2.5x10" Na/cm?, as-impl. |
——5.0x10" Na/cm?, + as-impl.
1.0x10"" Na/cm?, as-impl.
0 2000 .
p—
c
-]
@)
@)
1000 - 4
O . : . I ) . I ; | SN R ,I,k >
250 300 350 400 450 500 550
Energy (keV)

Figure 5.3: RBS-C spectra of 50-keV Na-ion implanted samples at a ion fluences in the
range of 1.0 - 10.0x1§ Na/cn? after 1-h annealing in atfO, atmosphere
at a fixed temperature of 923 K. The crosses indicate the position of the a/c
interface for as-implanted samples.

5.0x10® Na/cn? implantations followed by thermal annealing.

The behaviour of the implanted Na and the in-diffus€®, was monitored by TOF-
ERDA measurements. The diffusion of Na started at 773 K (the first investigated tem-
perature at a fluence of 5.0x#Na/cn?). Heating the samples led to rapid motion of the
implanted Na. Already at 973 K no more Na was observed in the amorphous zone for both
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Figure 5.4: RBS-C spectra of 50-keV Na-ion implanted samples at ion fluences in the
range of 0.01 - 10.0x16 Na/cn? after 1-h annealing in a?O, atmosphere
at a fixed temperature of 1123 K. The crosses indicate the position of the a/c
interface for as-implanted samples.

fluences; Na out-diffusion was much faster than that of Rb. Matiat.[12( investigated
self-diffusion of sodiumD*Ng) and rubidium D*rp) in NapO-RIp-SiO; glass melts. The
diffusion of Na ions was independent of the Jbcontent, whereas the Rb migration
strongly depended on the pa concentrationD* 5 was 3 - 4 orders of magnitude higher
thanD*grp. Those findings are also in agreement with the corellation found in Na - Rb
borate glasses, where Na diffusion was always much faster than Rb diffa&gn [

In the present study, it was not possible to calculate the activation energy of the Na loss,
due to the rapid out-diffusion from the matrix (there were only a small number of data
points).

The trend oft®0 in-diffusion, already observed after Rb implantation, is also verified in
the case of Na implantation. By increasing the annealing temperature, the exchange be-
tween nativet®0 and external®O became stronger. Up to 873 K (at both fluences), the
distributed®0 tracer was limited to the top 50 nm. Further increasing the temperature
hardly changed the height of tA8O profile for 2.5x18° Na/cn?, but a completely dif-
ferent situation was observed for the fluence of 5.8%Na/cn?. When increasing the
annealing temperature, the penetration of the migrii@dncreased and reached a max-
imum of about 50 at.% at the surface (1123 K). The correlation between out diffusion
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Figure 5.5: Na and'®0 concentration profiles obtained in the TOF-ERDA analyses of
a-quartz samples irradiated with 2.5X8Na/cn? (a) and 5.0x1& Na/cn?

(b).

of Na and oxygen migration can be see in3ig. It shows the fraction of Na retained

in the samples relative to the implanted Na fluence and the avéf@geconcentration

in the amorphous layer. Evidently, there is no significant difference between the results
obtained for these two fluences (except for 1@ content after the 1123 K annealing,

but the reason for this effect is not known). At ¥ 830+ 50 K half the implanted Na
out-diffused from the matrix. This temperature is quite close to the one found in the case
of H out-diffusion, Ta = 820+ 50 K [59].

Finally, the migration of20 in the samples implanted at different fluences and annealed
at 923 or 1123 K, as obtained in the TOF-ERDA measurements (illustrated $n7fig.

will be discussed. For both temperatures, the implanted Na completely left the radiation-
damaged zone. Two different types of behaviout®a motion were monitored. At 923 K

(no epitaxy was detected by RBS-C), f#§© depth distribution was located in the first 50
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Figure 5.6: Average fractions of Na retained in the samples (relative to the total implanted
Na content) and offO having entered the samples.

nm of the amorphous layer and peaked at about 30 at.% (se&'{ig)). By increasing the
fluence (the epitaxy set in), the height of §© peak did not change, btfO started to
distribute uniformly up to the a/c interface. On the other hand, at 1123 K (séerffh)),

the shape of the isotope profile was well preserved in all the samples. The ion irradiation
enhanced the oxygen exchange, but the peak position remained in the near surface region.
The height of the concentration profiles increased with increasing fluence and reached a
maximum at about 45 at.%. The integrafé® amount in the amorphous layer for both
temperatures is shown in fi§7 (c). Evidently, the!®O content increases for increasing

Na fluence (at both temperatures) and then seems to become constant. Note the rather
high scattering of the data-points, above 1050 K.

In conclusion, a strong increase in the oxygen isotope exchange was observed along with
a total out-diffusion of alkali ions and recrystallization of the damaged region. The trend

in oxygen migration with both alkali ions (Rb and Na) is very similar and the exchange
appears to be independent of the alkali-ion. However, the critical temperature for achiev-
ing complete epitaxy decreases for decreasing ion size (faster out-diffusion of Na than
RDb). Also the recrystallization rate was increasing with increasing alkali content.

77



5 SPEG after Na-implantation

g
s 30 T T T T T T T T T T
S 1) 923 K 1x10"° Nafem® |
5 20 2.5x10"® Na/cm®
5 T 5x10" Na/cm® |
LA ——7.5x10"® Na/om® ]
5 10- 1x10" Na/em®
2
3
0 —— e
D 300 0 300 600 900 1200 1500
15 2
- Depth (10 at./cm?)
o
3 50 — T T T
o ] 1x10" Na/cm
- 404 (b .
5 ] (b) 1123 K 1x10' Na/em? ]
= 30 1x10"® Na/ecm® -
5 50 2.5x10"° Na/em? ]
D 1 ——7.5x10" Na/cm® |
2 10 4 17 2
5 i 1x10 " Na/cm
2 04 -—
D 300 0 300 600 900 1200 1500
15 2
Depth (10 at./cm?)
40 -—
2 1 (c |
- 304 (c) % i
2 20 g ¢ 8 : =
b) 1 @ e
3 40 ° O ® 923K |
p) ] o 1123 K
=]
0 T T T T T T T T T T T
0

20 40 N 60 A80 100

Figure 5.7: 180 concentration profiles measured by means of TOF-ERDA for Na-
implanted samples in the range 0.01 - 10.0%10a/cn¥ after 1-h annealing in
an180, atmosphere at a fixed temperature of 923 K (a) or 1123 K (b}2@)
content integrated up to the a/c interface for different fluences (solid symbols
923 K, open symbols 1123 K).

5.2 Surface topography

In an attempt to achieve a more complete understanding of SPEG after Na implantation
of a-quartz, AFM mapping was performed for selected samples implanted with 25x10

or 5.0x13° Na/cn? and annealed at various temperatures for 1 holff@a.

As an example, fi¢. 8 displays an AFM image of the border between the implanted and
non-implanted Si@taken from the sample implanted with 50 keV Na ions at a fluence of
5.0x10'® Na/cnf. The measurements of the height differenite, at the border area were

not performed for this set of samples.

Figures5.9and5. 10illustrate surface topographies obtained after implantation of 28x10
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5.2 Surface topography

Figure 5.8: AFM topography image of the interface between the irradiated and non-
irradiated region for an as-implanted sample at a fluence of 5'0x4#cn?.

or 5.0x13° Na/cn? and annealed ifO,.

The topography image in fi§.9 (a) demonstrates the surface morphology of the sample
before annealing at a 2.5x40Na/cn?. In this AFM image, one can probably recognize

the channels or pathways according to the random network ma@g]. [This kind of
structural arrangement was also observed ipON&IO, glass [L68. However, compared

to silica glass the channel diameters are much smaller, probably resulting from the much
higher Na concentration.

The AFM topographies taken from the samples which were annealed at 1023 K, 1073 K,
and 1123 K are shown in fi§.9 (b) - (d). There is no evidence of any structure forma-
tion below 1023 K (no full recovery). The first features on the surface occurred at 1023
K (complete SPEG). Then, by increasing the annealing temperature, a drastic growth of
surface structures was observed, but only up to 1073 K. This kind of structure propagation
may suggest Oswald ripenin@49, as already found in the case of Rb implantation for
fluence dependence experiments. Unexpectedly, above this temperature, a reduction of
the surface structures was observed, but the size of the structures was comparable to that
formed at 1073 K. This suggests that annealing at 1123 K increases the recrystallization
rate. Consequently, the recovery occurs much faster than at lower temperatures, leaving
less time to develop the large structures.

The changes in the topography after implantation 5.8%Na/cn? and annealing if0,

gas for 1 h at different temperatures are presented i fi§.For the amorphized samples,

no patterning was visible on the surface. At 973 K (seé&fid)(a)), the AFM micrograph

79



5 SPEQG after Na-implantation
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Figure 5.9: Plan-view AFM topography images afquartz samples implanted with 50
keV Na'-ions at a fluence of 2.5x}®Na/cn? (a) and annealed itfO, gas
at 1023 (b); 1073 K (c), and 1123 K (d).
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Figure 5.10: Plan-view AFM topography images afquartz samples implanted with 50
keV Na'-ions at a fluence of 5x0 Na/cn? and annealed IR0, gas at
973K (a); 1023 K (b); 1073 K (c), and 1123 K (d).
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shows well developed structures, whose size is comparable to those on the samples an-
nealed at 1073 K and a fluence of 2.5%0la/cn? (fig.5.9 (c)). Again, the growth in

the pattern dimensions was observed with increasing annealing temperature {s&e fig.
(b)). However, this kind of surface reconstruction took place only up to 1023 K. Then
annealing at 1073 K (see fig10(c)) leads to the formation of much smaller features as
compared to higher temperatures. A similar surface arrangement was already found in the
case of the fluence 2.5x10Na/cn? at 1123 K. The surface morphologies in these two
cases are almost identical (2.5%80a/cn? at 1123 K and 5.0x1§ Na/cn? at 1073 K).

The highest annealing temperature (1123 K5fig0 (d)) evidently resulted in a strong
decrease in the size of the recrystallized structures. These findings are in agreement with
results of recrystallization of amorphized polycrystalline silicon films onp$i®7. The

size of the structures is determined by the nucleation rate and the growth velocity and was
found to decrease with increasing annealing temperature.

The AFM results presented here also confirmed those obtained by RBS-C measurements.
Evidently, the size of the structures is highly correlated with the concentration of the
implanted ions and annealing temperature. There exists a critical temperature for the re-
growth of the surface structures. Annealing below the critical temperature favors the for-
mation of larger surface structures and annealing above the critical temperature favours
the formation of smaller ones. The critical temperature decreases with increasing ion flu-
ence (2.5x18 Na/cn? at 1073 K and 5.0x1¥§ Na/cnt at 1023 K). On the other hand,

the RBS-C results indicate that the quality of the recrystallized layer is better in the case
of the formation of smaller surface structures.
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6 Discussion

6.1 Topology of silica network

Glass formation, structural transformations, amorphization, and reconstruction of the net-
work are governed, among other things, by the topological propeftis [

In 1932, ZachariaserlPg was the first to postulate the topological aspects (Zachari-
asen’s Rules) necessary to describe the structure of inorganic glasses. He proposed that
the atoms in a glass are linked together by almost the same forces as those in the crys-
talline material. Also, the internal energy of the amorphous state should be only slightly
higher than the crystalline state and consequently the structural arrangement of these two
phases should show similarities. In order to obtain glass formation, the following four
topological conditions have to be fulfilled:

1. an oxygen atom should not be linked to more than two network forming cations,

2. the co-ordination number of oxygen around the network-forming cations must be
small (i.e. 3 or 4),

3. the polyhedra should share corners, the sharing of faces or edges is forbidden,

4. atleast three corners of each polyhedron must be shared to form a three dimensional
network.

The term "random network" was introduced by Warren to describe Zachariansen’s con-
cepts of the structurelR9. The author proposed rules how the alkali and earth alkaline
ions (M) are incorporated in the networkdd:

1. the cations are located in the relatively large voids in the structure,

2. for each additional oxygen anion introduced, one M-O-M brigde is broken so that
two non-brindging oxygens are created.

Gupta and CoopedB]] (1982) improved Zachariasen’s criteria by additing some param-
eters, such as the structural freedom and the connectivity of the network.

Si-based covalent materials like SICBIC, and SiNg in their various crystalline poly-
morphs and amorphous phases can be regarded as networks of atomic tetrahegla ([SiX
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Si4+

e
/

Figure 6.1: The basic unit of the Si©Pnetwork - SiQ tetrahedron.

where X = C, N, O or Si), callegolytopesIn two dimensions polytopes are callpdly-

gons in three dimensionpolyhedra X-ray absorption fine-structure spectroscopy (EX-
AFS [132) measurements of ion implantedquartz cleary confirmed that ion irradition
leads to the formation of a fully connected disordered network and the chemical short
range order in the [Sig)-tetrahedra (see fi§.1) is preserved42].

Figure6.2(a) and (b) illustrate the typical two-dimensional representation of a network in
the crystalline (the ordered phase) and in the amorphous (the disordered phase, in which
there is no long-range translational or orientational correlation between the structuring
units [L33)) state, respectively; (c) presents a two-dimensional sketch of the structure of a
sodium silicate glass (the non-bridging oxygens are created by the presence of the sodium
ions, thus reducing the network connectivity, see below); the black dots mark the silicon
atoms in the centre of the tetrahedra, the white circles the bridging and the blue dots the
non-bridging oxygen atoms; green represents the alkali ions.

The connectivity of a polyhedral network can be expressed by a set of two nufihels
whereV is the number of vertices of the elemental polytope @nithe relative propor-

tion of corners, edges, and faces of the polytopes shared with one another. In the case of
guartz, each [Sig} tetrahedron has four vertices and each of them is linked to a neigh-
boring tetrahedron{V,C} = {4,2}. According to Gupta and Coopet31], the structural
freedom, fof each vertex refers to the difference between the number of degrees of free-
dom,d, and the number of constraintg,which orginate from the surrounding structure:

f=d—h=d— (C/NV)[V —3(5+1)/2] (6.1)

whered is called the dimensionality of the structuring polytope (for exampfer poly-
hedrons = 39 for polygons = 2). For Sig d =3;06=3;V =4, thanf =3 - 1.8C = 0.
From a topological point of view, this means that $i0rms afully-connectechetwork.
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Figure 6.2: Two-dimensional representation of the periodic crystalline ;Si@twork
(a) and the Zachariaseiqg aperiodic amorphous network (b); (c) War-
ren’s two-dimensional representation of a sodium silicate glass (after A. Szy-
manski [91]).

Both the crystalline and amorphous $Si@etwork is formed by silicon-oxygen tetrahe-
dra [SiQy]. Each [SiQ] tetrahedron is linked to the maximum number of neighbouring
tetrahedra and there is no presencaaif-connectetetrahedral units in the structure. By
reducing the connectivity; <2 orf> 0, a change in topology occurs, which results in the
creation ofnon-connectetketrahedral corners. However, in these terms, the topologically
aperiodic Si@-network shows high resistance to recrystallization.

Generally, iff <0, the number of constraints exceeds the degrees of freduom)( and

the structure is constrained to its crystalline state. However, Wheh (h < d), the struc-
ture is under-constrained, leading to the easy formation of aperiodic atomic arrangements.
According to the argumentation of Hobbks al. [135, the formation of disordered net-
works by ion irradiation strongly depends on the structural freetid@eologically, the
irradiation-induced loss of crystallinity is expressed as "metamict” transformateh [
and in irradiation communities as "amorphizatioh3f]. The transformation between the
periodic and aperiodic network occurred above a critical fluedgke [

Materials withf < 0 would be unlikely to form topologically disordered structures under
ion bombardment. On the other hand, crystals with 0, have a high susceptibility to
amorphization and subsequently, due to the larger valuk should also be recrystal-
lized easily, with minimal thermal activation even at lower temperatures. In the cése of
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~ 0, the matrix is most likely to form an aperiodic network. Indeed,.S6d Si become
amorphized by ion irradiation at rather low values of the deposited energy per atom of 7
eV/atom [L13g and 11 eV/atom139, as compared to SiC (26 eV/atom4( or SisN4
(> 700 eV/atom) 141].
In the light of the topological approach, the average connectivity also affects the recrys-
tallizability. The disordered network of [SyDtetrahedra is strongly resistant to return-
ing to the crystalline state. To start with, the epitaxial recrystallization of the amorphous
SiOx-network requires a crystalline interfacel]. At the a/c interface, the breaking and
rebonding of the original bonds takes place. However, this process takes the structure
further away from the ordered state than towards it and the recrystallization would not be
expected to occul] 143. The rebonding would usually produce a "wrong" pair of bonds
in the matrix B] and thus would be one step further from the ordered state.
The recovery of the disordered Si@etwork can be understood also in terms of the glass
physics. After cooling a liquid-melt of oxide glass or silicate, two processes can be ob-
served, namely, recrystallization or glass formati®r][The glass can be formed if firstly,
the final temperature is so low that the atoms rearrange too slowly into the stable crys-
talline state; secondly, the cooling rate is so high, that crystallization does not take place.
On the other hand, the crystallization starts almost instantaneously below the melting tem-
perature. Consequently, the energy barrier of nucleation for epitaxial recrystallization is
essentially zerod7].
Macroscopically, the recrystallization rate is highly affected by the viscosity, which is
connected to the atomic rearrangement required for crystallization from the melt. The re-
lationship between the crystallization rae and the viscosity), can be be expressed by
the following equation97]:

AH¢ (Tm—T)

 3mM2nN Ty

whereAHs is the heat of fusion at the melting point;, the melting point, and the
atomic jump distance. The variation of the heat of fusion for different materials is not

as high as that of the viscosity for exampdh—,l?zo = 1.44 kcal/mol andstSiOZ =34

kcal/mol; butnH20 = 0.18 poise and|S'® = 1x1@ poise at their melting points (apis
temperature dependent; Ts used as the reference point). The small viscosity increases
the probability of crystallizationd7]. As SiO, has the highest viscosity (due to strong Si-

O bonds) 44, the susceptibility of the structure to form into the ordered state is rather
unlikely.

The compositional species in glass structures can be divided into two main gnetps:
work formersandnetwork modifiersNetwork formersan form a glass without any ad-
ditional components (i.e. SKYB,03, GeQ). On the other handyetwork modifiersuch

as alkali elements (Li, Na, K, Rb, Cs), cannot produce a glass independently. As already
noticed previously, fused silica, without any modifiers, forms a continuous random net-
work of [SiO4]-tetrahedra linked together at the corners by "bridging” oxygen. Adding
alkali modifiers to Si@ glass breaks the continuity of the network through the creation of

(6.2)
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6.2 Alkali diffusion in silica

non-bridging sites. The alkaliions are located around the negatively charged non-bridging
oxygens and provide the local charge neutralit#q. The oxygen atom is linked to the
alkali ions by a mainly ionic bond, which is much weaker than the strongly covalent Si-O
bond [37].

In the sodium silicate glasses, an increased alkali concentration creates more non-bringing
oxygens, resulting in an increase in the thermal expansion coefficieahd a decrease

in viscosity. In the NaO-SiO, system, an almost linear dependence of the thermal ex-
pansion has been found (with increasing mol%®jp from 5x10 ’°C~1 (silica glass) to
200x10 °C~1 (45 mol% NaO) [146. Therefore, increasing the alkali content always
decreases the glass transition temperatuge For example, for the same composition
range,  changes from 120@ to 350C. As to the viscosity, the smaller the radius of
the monovalent alkali cation, the further the valuenadecreasedif44]. This can be ex-
plained by the bond strength alkali-oxygen (O-Li: 3.45 eV; O-Na and O-Rb: 2.65 eV;
O-Cs: 3.06 eV 10)).

According to the topological approach, by increasing the alkali concentration, more non-
bridging oxygen sites are created, which reduce the connectivity of the tetrahedral net-
work (i.e.C < 2 or f > 0), similar to alkali glass silicates.

6.2 Alkali diffusion in silica

Diffusion of alkali-ions in quartz, a-Sig) and various silicate glasses and the role of
defect structures related to impurities or the chemical environment have been investigated
in much detail over several decades and have been reviewed, among othEdd, O],

112, 147, 148 149 150, 151, 152, 153 154, 155. Although little is known about Rb
diffusion in these materials, as most studies refer to Na diffusld, [147, 148 150,

151, 152 153 154, 155, here some results will be presented.

For Na-diffusion in quartz (673 -1273 K),N2 = 1.06 eV [124 was found. In SiG-

NaO glass 23, two different activation energies were obtained, 0.74 eV and 1.20 eV,
below and above the glass transition temperature, respectively. Heineshahi124)

found that the sodium self-diffusion m-NaxSi»Os single crystals was very anisotropic:
D*na along thec-axis (open channels) was about 2 orders of magnitude highebthan

along thea-axis (perpendicular to the channels). The diffusion in the direction obthe

axis was not detectable (too slow). In glassy8iaOs which has a lower density than
crystalline, Na diffusion was about one order of magnitude higher than in the crystal.
However, it must be noted that almost the same activation energies were calculated for
diffusion along the a or ¢ axis and in glass (of the same composition). Systematic Na out-
diffusion studies under vacuum after implantations in several meité#, [silicon [163,

and silicon dioxide 165 provided evidence that half the implanted fluence escaped the
matrix at 58 - 70% of the melting temperature, depending on the lattice structure in the
crystalline matrices.
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6 Discussion

The molecular dynamics (MD) simulations of Naliffusion in silicate glasses, N®-

nSiQ;, with n = 2, 3, 4, is a field of great interestq1, 152 158 159 160, 161] as the
nature of alkali ion diffusion inside the glassy network is still a matter of debate. The non-
Debye behaviour observed in the electric response of silica and its diffusion data has led to
the motion of local ions based on a “forward-backward hopping mechanism” or a hopping
processes over random potential barriehS1 157]. Cooperative effectslb6 157 as

well as “preferential pathways’lj7, 148 governing the dynamics on a large scale were
proposed.
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» Na diffusion was much faster than Si or O diffusion, its diffusion constant being

larger by around two orders of magnitude for<r2500 K. The SiQ@ matrix can

thus be considered as frozen with respect to the movement of sodium. The atoms
of the network do not show any significant structural relaxation on the time scale of
many ns 159.

At temperatures below 3000 K, Na diffusion proceeds along “preferential path
ways” or “channels with pockets” as suggested by Ingraav]. This means that

even after diffusion times of several ns, large fractions of the $@trix have not

been “visited” by migrating alkali-ions and the diffusion trajectories do not fill the
space uniformly. These regions form a percolating structure around a channel net-
work. The characteristic distance between these channels is of the order of 0.66
nm [159, 160, 161].

The MD calculations by Horbach, Kob, and Bind&ébp, 160, 161] indicate uncor-
related Na diffusion within the channels and do not support the cooperative motion
proposed by Greaved$6 157]. There are preferred sites for the sodium ions in-
side the channels associated with dangling bonds. The fast Na diffusion within the
channels and the rearrangement of the channel network within-Sitthough pro-
ceeding on very different time scales - are intimately related to each other.

The activation energy for Na diffusion strongly increased by decreasing the alkali
concentration, from about 1.2 eV (low alkali content) to about 0.6 eV (15 mol%
of alkali oxide). Above this concentration, only a small changegnas observed
[164). The Na diffusion was always found to be assisted by non-bridging oxygen
atoms (NBO). In the low alkali content regime, Na migration is associated with
the breaking of Si-O bonds giving rise to non-bridging oxygen atoms, therefore
requiring a larger activation energy. By increasing the@aoncentration (up to
about 10%) enhancement of the NBO was observed. Above this alkali content,
microchannels were formed and the Na migrated through them. As the non-bridging
oxygen atoms always existed in these regions, the energetical barrier was much
lower and therefore diffusion much easier.



6.3 The SPEG mechanism

6.3 The SPEG mechanism

Solid phase epitaxy of quartz after alkali ion implantation and annealing in air/oxygen
has been studied previously in the case of Cs-, Na-, and Li-implantatdnsT, 59].

The main stages of this process are recrystallization of the amorphous matrix (via a pla-
nar movement of the a/c interface towards the surface), out-diffusion of the alkali ions and
oxygen exchange between the amorphous layer and the annealing gas.

It is clear from the above results that the epitaxy of Rb-amorphizgdartz follows this
scenario and is controlled by the annealing temperature and the Rb-fluence in the presence
of external oxygen. The oxygen exchange process facilitates the diffusion of Rb, which in
turn provides the topological freedom for the Si@twork and leads to complete recrys-
tallization at a critical temperature. Chemically guided epitaxy after Rb-irradiation thus
appears to follow the mechanism discussed e.g. by Hobbs and collabodzt@rd 34,

135, Gupta and Cooper31], and Roccafortet al.[52, 53, 54, 55, 56, 57, 58, 59, 60].
Theisotope exchangbetween the networkf0) and the gas phasé®Q) in crystalline
non-irradiatedx-quartz was studied by Roccafoeeal.[57] using nuclear reaction anal-
ysis. Below 1073 K hardly am{fO in-diffusion was detected. At 1173 K only a very small
amount of oxygen was observed to migrate to the crystalline substrate and was limited to
the first 35 nm of the material. This higher oxygen exchange at the surface was explained
by an enhanced amount of Si-O broken borfiJsPefects could be introduced during the
manufacturing of the samples due to grinding and polishing the sui&tellhe molec-

ular dynamics simulation by Garofaliet al. [113 showed that the diffusion constants

for Si and O ions at the surface of vitreous silica are about one order of magnitude higher
than those in the bulk. The higher mobilities of the species in the surface region may be
due to the lower density in this zone or to the loss of the neighbors on one side of the
surface atoms.

Also, oxygen tracer diffusion was extensively investigated in crystalingl[6, 117, 118

and amorphous9| 116 silica, both theoretically 116, 117, 118 and experimentally

[9, 114, 118. Oxygen is generally believed to diffuse in a molecular Sate, and gas
transport experiments give a large scatter of activation energies in the range 110WgV [

to 1.35eV [L16. These values are very close to the activation energies, 0.88 - 1.2§,eV [
calculated for the process determined by the isotope exchange between the network O and
the gas phase O There are the following possibilities for the oxygen transport mecha-
nisms in crystalline and amorphous sili@, [schematically shown in fi§.3:

1. Diffusion of oxygen in the molecular state through internal channels;
2. Exchange between network oxygen and network vacancy;

3. Interstitial diffusion, which occurs by internal exchange between dissolved molec-
ular oxygen (“interstitial defect™) and network oxygen. This mechanism can take
place in the internal channels or at an external surface.
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Figure 6.3: A schematic illustration of the transport mechanisms of oxygen in silica. (1)
Molecular migration of oxygen through the structural channel. (2) Exchange
between network oxygen and network vacancy. (3) Interstitial diffusion, ex-
change between dissolved molecular oxygen and network oxygen.

For the isotope exchange, the third mechanism can be applied and is given by the follow-
ing equation 117:

(Si—1%0 - Si)quartz+ 2 02 — (Si—80 — Si)quanz+1200. (6.3)

After alkali ion implantation (which act asetwork modifier§127, 131, 134, 135) into

the SiQ matrix, a topologically disordered network is formed. The Rb-ions are usually
considered not to be integrated into the network structure itself, but to occupy inter-
stices [L31], as is the case in alkali-glass silicates (schematically shown i6.4)g.In

these silicatesl[31, 134, oxygen ions of the alkaline oxide introduce non-bridging bonds
into the coordination shell of Si, which form complicated chain-like and sheet-like struc-
tures of tetrahedral units with bridging oxygen (BO) and non-bridging oxygen (NBO).
One oxygen atom is required for the charge balance and is obtained from the annealing
atmosphere via oxygen exchange.

According to the scenario for SPEGdnquartz p4, 59 proposed by Roccaforte and col-
laborators, during the annealing process in the presence of external oxygen, Rb ions in-
teract with the bridging oxygen (BO) and form non-connected tetrahedral corners, which
weaken the Si-O bond of the inter-tetrahedral connectib6§ [ Evidently, the combina-

tion of alkali ions and oxygen opens up the network at the position of the bridging oxygen
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Figure 6.4: (a) Two-dimensional scheme of the Si@etwork after Rb-implantation, like
in the case of an alkali-glass silicate, where the alkali ions occupied the in-
terstices. (b) The formation of the non-connected oxygen tetrahedral corners
(non-bridging oxygengduring the annealing treatment.

and, in comparison to the fully connected network, the tetrahedrons can move and reori-
ent much more easily. It is important to note that the non-bridging oxygen atoms have
weaker bond strengths with alkali ions (O-Rb and O-Na: 2.65 eV; O-Cs: 3.06 eV; O-Li:
3.45 eV [LQ]) than with a Si atom at the center of the tetrahedron (O-Si, 4.5B8VThe

more weakly bonded oxygen ions therefore become free more easily under appropriate
thermal activation and the oxygen exchange is favoured. This should increase the recrys-
tallizability of the material according to the argumentation of Hobibal. [134].

The incorporation of Rb into the network and its diffusion can be described by the fol-
lowing equation:

(O3) = Si— O— Si= (O3) + 2Rb+ O* = (O3) = Si— O— RbRb- O* — Si= (O3) (6.4)

where O represents the external oxygefi@).

Subsequently, during annealing the oxygen diffuses into the Rb-implantgertz and

the implanted Rb atoms are oxidized and dissolved into the disordereen8i@ork in

the form of R@O*Z, I.e. by forming an alkali glass, in which the bridging oxygen (BO) of

the fully connected network are replaced by non-bridging oxygen (NBO). Increasing the
Rb fluence increases the number of weak, non-connected tetrahedral corners, thus reduc-
ing the average connectivity of the network and enhancing its topological freeiiin |
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Figure 6.5: Schematically presented correlation between the migration of Rb and oxygen.
The regrowth process took place when the tetrahedra opened up at the a/c
interface and they were able to epitaxially align along the energetically more
favorable crystalline structure.

As a result, the viscosity of the matrix decreases and the probability of recrystallization
increases44, 97).

In all the alkali-ion irradiated samples subject to annealind®, oxygen in-diffusion

and exchange between the matrix and annealing gas indeed confirmed. A strong correla-
tion between the overall out-diffusion of Rb ak#D migration through the amorphous
matrix was found. The enhancement of the oxygen migration manifests itself by the exper-
imentally observed®0 < 180 exchange along “preferred diffusion pathwayk47, 148

of the SIGQ matrix, which occurs at the broken inter-tetrahedral linkages. The experimen-
tal values of the activation energy for epitaxial regrowth is in all cases much lower than
the Si-O bond energy, 4.57 e¥][ again showing that the presence of alkali ions and oxy-
gen has a strong influence on the recrystallization. The correlation between the diffusion
of Rb and the'®0 suggests that each oxygen isotope exchange was accompanied by a
"jJump" of Rb from one linkage to another. The formation of an alkali-glass silicate (see
eg. 5.1) was correlated with the migration process and can be given by:

(O3) = Si— O—RbRb- O — Si= (03) = (03) = Si— 0" — Si= (03) + (RB; O*2) jump

(6.5)
During this diffusion process from one non-bridging site to a new bridging site, the recov-
ery of defects takes place. If the topological freedom of the individual tetrahedra at the a/c
interface has enough flexibility to reorient, then SPEG starts to take place along the ener-
getically more favorable crystalline structure and accelerates with increasing temperature.
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6.3 The SPEG mechanism

In fact, this starts at around 1070 K in the case of air annealing and at around 970 K during
180, annealing. During the layer-by-layer recrystallization process, Rb was pushed into
the amorphous layer and the a/c front moved towards the surface. The complete regrowth
took place at 1170 K (air annealing) or at 1130 ¥@, annealing). Similar behaviour

was observed in the samples irradiated at different fluences. Indeed, the regrowth rate in-
creased with increasing implanted fluences. This process is illustrated schematically in
fig.6.5.

On the basis of this schematic scenario, the amount of oxygen migration in the Rb im-
planted amorphous layer during thermal annealing can be estimated from a simple model
suggested by Roccafores al.[57]. In the case of®0, annealing, the migration of Rb-

ions and in-diffusion of20 in the SiQ layer start at about 773 K. At about 973 K, both

Rb and®0 have migrated to the a/c interface. In this model, it is assumed that each in-
diffusing oxygen atom, i.e. each isotope exchange, is accompanied by a “jump” of Rb
from one inter-tetrahedral linkage to another. If we consider the average jump distance,

of the Rb atom as equal to the lattice parameter obSilONg the c axis, i.e. 0.54 nm, the
average number of diffusion stepssid), can be estimated from the relation:

Nstep=A/V (6.6)

whereA is the diffusion length of the Rb-ion.

At 973 K, the Rb diffusion front at half maximum has migrated 140 nm towards the
c/a interface and 40 nm towards the surface, with respect to the initial Gaussian shaped
profile. Hence one can calculate an average Rb migration path 80 nm. Therefore, the
number of diffusion steps is then given byl,= A /v = 166. Since the isotope exchange

of one oxygen atom is accompanied by the movement of two Rb ions, the total number of
oxygen atoms blis then given by:

No = O.SNste d\IRb (6 . 7)

where Ngyp is the total number of Rb atoms in the network.

Using the experimental value of the Rb content in the sample annealed at 973 K obtained
from RBS and ERDA analysis, § = 1x10'® Rb/cn¥, the total amount of the exchanged
oxygen is 82x1 atoms/cm. This value is quite close to the experimentally integrated
180 content of 84x1# atoms/cr obtained from the ERDA analysis.

The interpretation of the results presented here can be summarized as follows:

» Complete epitaxial recrystallization of the Rb amorphized layers was observed after
a 1-h annealing in air (at 1170 K) or in &40, atmosphere (at 1130 K).

» The recrystallization rate in air follows a two-step Arrhenius process with activa-
tion energies of 2.4 0.4 eV and 0.6+ 0.2 eV above and below an annealing
temperature of 1070 K, respectively.
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» Three processes, namely planar recrystallization of the amorpbiZ@, layer,
alkali ion out-diffusion, and®0 < 180 exchange are highly correlated. This cor-
relation was discussed with the help of the concept of the S&work topology.

* Like in the previously studied cases of Li, Na, and 69][the epitaxy in quartz is
a consequence of the dissolution of the alkali network modifiers which increase the
structural freedom by the formation of non-connected tetrahedron corners.

* The recrystallization rate increased with increasing ion fluence, due to the higher
number of non-bridging oxygens (reduced network connectivity).
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Due to the importance of Sgxas an optoelectronic or photonic material, numerous stud-
ies have been undertaken to construct light-emitting devices by dopingv8itd semi-
conductor and metal elements using various processing technii@slf3 174, 175

176 177). The optically active centers inside the insulating crystalline matrb&(0O,)

offer interesting and promising technological applications in the design of optical de-
vices. Both amorphous and crystalline Si€how only weak intrinsic luminescence in
the visible range. The implantation and annealing conditions indeed strongly influence
the intensity and spectral shape of the luminescent light output.

7.1 Epitaxy after alkali ion implantation

In the present investigation of Na- and Rb-ion induced damage and recrystallization of
a-quartz, the dependence of the epitaxy on the ion fluence and the parameters of the
annealing gas (type: air 8fO,, temperature, time) was studied in detail. Full or partial
epitaxy of the matrix was achieved under properly chosen implantation and annealing
conditions. With respect to the results of previous studies after Li, Na or Cs implantation
[58, 59, 106 some of the similarities and differences can be summarized as follows:

1) Afterirradiation, a continuous amorphous layer grew, which decreased in thickness
by a planar movement of the a/c interfacedo the surface during epitaxy. The AFM
measurements gave evidence of a swelling of the &@trix during implantation
and recompaction during epitaxy.

2) Epitaxial recrystallization occurs abovecsdtical temperature, ion fluence, and
probably oxygen pressure. The critical temperature for achieving full SPEG de-
creases for increasing alkali fluence and with decreasing alkali mass. The recrystal-
lization rate increased with increasing alkali concentration and temperature; how-
ever it depends also weakly on tH©, pressure.

3) Two main conditions must be fulfilled in order to achieve full epitatkge presence
of alkali ions and oxygen A minimum amount of alkali and oxygen concentra-
tion is required to achieve complete recovery of the amorphous layer. The epitaxy
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Type Energy Fluence Anneal. b Tx Eax Ea Ref.
(keV) (10'%%cn?)  Gas (K) (K) (eV) (eV)

H 20 5 air 820(50) L — 0.86(13) PB9

Li 15 2.5 80, 880(60) 9768 — 0.45(09) B9

Na 50 2.5 air — 1070 — — [106]

Na 50 5 air — 1020 — — [59]

Na 50 2.5 80, 830(50) 970 — —

Na 50 5 0, 830(50) 1020 — —

Rb 175 2.5 air  1130(60) 1170 0.6(2),2.7(4) 1.5(3)

Rb 175 2.5 80, 870(45) 1130 1.3(2) 0.7(2)

Cs 250 2.5 air  1065(50) 1150 2.8(2) 0.98(01)59|

Table 7.1: Processing parameters of chemically guided SPEG in quartz after alkali-ion

4)

5)

6)
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implantation, where ), is the critical temperature, at which one half of the
initial alkali content diffused out of the sampley iE the temperature at which
complete SPEG was achieved;yElenotes activation energy of the recrys-
tallization, and g the activation energy of the out-diffusion of the implanted
species.

INo epitaxy,’No complete epitaxy.

is thought to be a consequence of the dissolution of alkali-oxide (network modi-
fiers), which increases the structural freedom of the network due to the formation
of non-connected [Sig}-tetrahedron corners, stabilized by nearby alkali ions. The
observed correlation between the migration of alkali ions and oxygen is used to
explain the rearrangement process of the Si€twork.

Concerning the quality of the epitaxially grown layer, Na and Rb implantation
turned out to be as profitable as Cs implantation, and definitely much better than
Li or hydrogen implantation, for which partial or no epitaxy at all were fousfd).|

For the typical fluence of 2.5x30/cn?, full epitaxy was achieved at similar tem-
peratures in air: 1070 K (Na, but no complete SPEG), 1170 K (Rb), and 1150 K
(Cs). The corresponding temperatures aff€, annealing were 970 K (Na) and
1130 K (Rb). For details see tablel. Evidently, after'®0, annealing the induced
damage recovers at a lower temperature than in air annealing experiments.

After Rb-implantation, we observexdtwo-step epitaxy(Arrhenius-type) in air and

a single-step epitaxy in a%0, atmosphere. For air-annealed samples, below 1070
K the deduced activation energy was, = 0.6+ 0.2 eV. Above 1070 K, it wak},

= 2.7+ 0.4 eV. The regrowth rate itfO, could be fitted with a single exponent,
having an activation energy &l = 1.3+ 0.2 eV. In the case of Cs implantation, the
recrystallization speed was parametrized by a single activation energy 4f@3
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eV [59], which was very close to the high-temperature value after Rb implantation
in air.

7) Another similarity occurs for theut-diffusion of the alkali ions from the matrix
to its surface. As shown in tablé 1, the typical temperature at which half of the
implanted alkali ion content has left the quartz samples extends from 820 K for
hydrogen @ = 5x10'% H-ions/cnf) [59] to 1130 K for Rb, and 1065 K for CSp],
(air annealing). In the case 8#0, annealing, the corresponding temperatures are
Li - 880 K [59], Na - 830 K, and Rb - 870 K. It thus appears that out-diffusion is
less dependent on the ion mass than on the annealing atmosphere.

8) For the first time, thesurface topography of the samples before irradiation and
during the complete process of chemically guided epitaxy was examined. These
results nicely complement the results obtained via RBS-C analysis. However, the
interpretation of surface structures requires further study.

9) The results of the present investigation are an important step towards achieving
epitaxial regrowth of quartz after ion implantation, as shown in our recent lumines-
cence studies on quartz irradiated with Ba and Ge i6&s178].

7.2 Cathodoluminescence after Rb ion irradiation

The cathodoluminescence (CL) measurements allow a better explanation of the changes
in the quantity and quality of the lattice defects and impurity elements after amorphiza-
tion and during the recrystallization process. Based on our recent results concerning the
generation of luminescence after Ba and Ge-implantatidn 179, the CL study was

also applied to investigate the optical properties of the Rb damaged and recrystallized
quartz.

The typical room-temperature CL spectra of Rb implanted samples (25Rtcn?)

taken as a function of the annealing temperature along with the spectra taken from a pure
single-crystal (virgin) quartz and from an as-implanted sample recorded in the wavelength
range (200 - 700 nm) are presented infid. Figure7.1(a) illustrates CL results obtained

after air annealing; in fig. 1 (b) the results aftef?0, annealing are displayed.

Evidently, the CL spectra exhibited dramatic changes in the optical spectra that depend
on the annealing atmosphere. The spectra/(flywere de-convoluted with Gaussian-
shaped subpeaks corresponding to different emission bands. The integrated intensities of
the prominent bands are plotted as a function of the annealing temperatureir2figs.

and (b), after air an&O, treatment respectively. The virgin sample shows a broad peak at
620 nm and 510 nm, corresponding to the red (2.0 eV, R - red) and the green band (2.4 eV,
G - green), respectively. It is commonly believed that the red peak is associated with ei-
ther non-bridging oxygen-hole centers (NBOHESI-O.), three-coordinated silicon with
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Figure 7.1: Room temperature cathodoluminescence spectra taken before and after Rb
implantation at a fluence of 2.5x1ORb/cn? and annealed at different tem-
peratures for 1 h in air (a) df0, (b) atmosphere.

a trapped electronSi-) or with other associated precursois3[18, 169, 17(. Figure

7.2 (a) also clearly shows that the intensity of this peak is insensitive to the presence of
Rb ions and to the annealing temperature. The green peak at 2.4 eV may be connected
to oxygen vacancy-interstitial pairs V(02C)i) [18, 26], or may be due to irradiation-
induced self-trapped excitons (STE) within @eSiO, outgrowth at the top of the quartz
crystal containing a large amount of peroxy linkage$(-O-O-SE) [13]. After Rb im-
plantation and annealing in air or in &PO, atmosphere at various temperatures up to
1173 K, besides those two peaks (red and green) the CL spectra exhibit more prominent
peaks at 290 nm (4.3 eV, UV); 360 nm (3.4 eV, violety) 380 nm (3.25 eV, violet - Y,

only after'80, annealing), and 445 nm (2.8 eV, blue - B). As shown irfig(a) all these
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Figure 7.2: Temperature dependence of the integrated intensities of the extracted sub-
peaks for air (a) an&’O, (b) experiments. CL temperature = 300 K.

peaks, except the Mone, were also observed in the as-implanted sample. The blue and
UV peaks are associated with oxygen deficiency centers (GEBI-SE) or with their
precursors produced during ion-irradiatidl8] 18, 169, 17(. The violet peak (V) at

380 nm (3.25 eV) can be connected to the alkali-(or hydrogen) compensafedNIAT]

(where M™ = HT or alkali ion) center 1] or associated with impurities incorporated
during growth [L71]. Furthermore, a violet peak Y observed at 360 nm (3.4 eV) can
probably be attributed to Rb-related defect luminescence. The results are summarized in
tab7.2

The cathodoluminescence spectra are highly correlated with the structural transformations
of the matrix during chemically induced epitaxy. This correlation provides the possibility
to distinguish between various color centers related to either quartz, ion-beam amophized
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CL band Wavelength Identification Ref.
(eV) (nm)

2.00+ 0.02 620, red NBOHC centetSi: [13,18, 169 170
2.404+ 0.03 510, green oxygen vacancy interstitial pairs, STE 13, 18, 26]
2.804+0.04 455, blue ODC center 18, 18,169 17Q
3.25+ 0.05 380, violet-1 alkali compensated fAIM*] center B1]
3.40+ 0.04 360, violet-2 Rb related defect center
4.30+ 0.03 290, UV ODC center 1B, 18, 169 170

Table 7.2: The cathodoluminescence emission bands observed at RT after Rb-ion irradi-
ateda-quartz (80 - 1173 K).

silica or the implanted Rb-ions themselves.

For the samples annealed in air atmosphere, the transition from the damaged region (re-
crystallization started at 1070 K) to the recovered one (complete SPEG at 1170 K) was
accompanied by a strong increase in the various bands in the CL spectra (&eddig.-

The intensity variation of the green band was similar to that of the blue and UV one. The
violet band (M) at 360 nm decreased in intensity with increasing annealing temperature.
Probably, this is due to out-diffusion of Rb ions after thermal annealing. This fact suggests
that V, can be associated with Rb-related defects in the &work.

A completely different behaviour of the intensity variation of the bands was found after
180, annealing. Only the green peak followed the dependence observed in air-annealed
samples. In the case of the violets bandsavid \», whose intensity during the transfor-
mation process (920 - 1130 K) showed opposite effects as compared to air experiments,
at first, the intensity of the Yand \», bands decreased and then increased with annealing
temperature. The UV peak subsequently decreased with increasing temperature. The blue
peak intensity seemed to be almost insensitive to the temperature during the transition
process. This result suggests some interaction of the defects with a dissociated or mobile
oxygen tracer’€0).

The results presented here constitute the successful attempt to combine the chemically
guided epitaxy of quartz after Rb ion irradiation and the luminescence study.

Future detailed CL studies of alkali implanteequartz should help to answer some of

the fundamental questions concerning the origin and thermal behaviour of luminescence
centers in SiQ. Also further investigations are required, especially with regard to TEM
measurements, in order to understand the luminescence mechanisms and the local envi-
ronment of the implanted species.

The successful doping of-quartz via dynamic Ba ion implantatiof]] should also work

for other elements and should open up new possibilities to produce photoactive layers of
quartz containing very small semiconductor, rare-earth or metal clusters and nanostruc-
tures. Their properties appear to be exciting for both fundamental studies and photonic
applications. On the other hand, the double implantation (alkali ions plus Ba and Ge
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ions) should be applied in order to achieve complete epitaxy for larger Ba, Ge ions flu-
ences b1, 17§.

7.3 Laser-induced epitaxy

Another possibility to achieve the recovery of the damage induced during ion-beam irra-
diation can be the application of a high-power pulsed laser (nanosecond drciér)lhe

phase transformation behaviour of quartz under laser-induced shock compression of very
short duration is an issue of considerable interest for two reasons. Firstly, the destruc-
tion of samples is reduced (which makes their recovery easier). Secondly, a progressive
decrease in pressure with increasing distance from the irradiated surface allows for the
effects of a range of shock pressures at each pulse.
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