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Abstract

Abstract
The present work relates an investigation of H2+ and He+ coimplanted (001)-Si
substrates. The phenomena of blistering and exfoliation were studied by SEM as a function
of the implantation parameters (energy, fluence, current and H/He ration) and annealing
protocol. A window behavior as function of the implanted fluence was observed and two
distinct fluence dependents mechanisms of exfoliation were indentified and discussed. The
microstructure of the implanted samples was studied using TEM and related to ballistic
effects and stress-strain dependent interactions. The strain was measured using DRX and a
model to describe the stress-strain distribution into the implanted layer is developed. A new
phenomenon of delamination of thin layer from implanted Si substrates was observed to
emerge from particular implantation conditions. The behavior was studied and explained
using fracture mechanics concepts and contrasted to blistering/exfoliation processes. Finally,
the elastic interaction between He and H plate-like precipitates giving rise to arranged
nanostructure was demonstrated and studied using TEM. An elasticity based model was
developed to understand the behavior. The result set the basis for further developments of
nanostructures within a crystalline matrix by manipulating preferential orientations of
precipitates in nanometric scale.
Keywords: silicon, ion implantation, helium, hydrogen, DRX, MET, strain, SEM, elasticity.

Résumé

Résumé
Ce travail porte sur l’étude des phénomènes induits par implantation d’hydrogène
et/ou d’hélium dans le silicium monocristallin. Le cloquage et l’exfoliation dus à la
coimplantation d’hélium et d’hydrogène ont été étudiés en fonction des paramètres
d’implantation (énergie, fluence, courant, rapport H/He) et des conditions de recuit. Un
comportement de type fenêtre à été observé dont le maximum de surface exfoliée dépend
uniquement de la fluence. Deux mécanismes d’exfoliation liés aux régimes de fluence ont
été identifiés et discutés. D’autre part, la microstructure des échantillons a été étudié par
MET, et les déformations ont été mesurées par diffraction des Rayons X. Un modèle
décrivant la distribution des contraintes dans le substrat implanté a été proposé. Le
phénomène de delamination des substrats qui apparaît pour des conditions particulières
d’implantation a également été étudié, comparé aux phénomènes de cloquage et
exfoliation, et expliqué en utilisant des concepts de la mécanique de la fracture. Enfin,
l’interaction élastique entre précipités d’He et d’H a été étudiée pour des profils
d’implantation superposés et décalés. Dans ce dernier cas, nous avons montré que le champ
de contraintes générées par les plaquettes d’hélium en surpression pouvait être utilisé
comme source locale de contraintes pour contrôler la formation et la croissance de
plaquettes d’hydrogène. Afin d’interpréter nos résultats expérimentaux,

nous avons

développé un modèle basé sur l’interaction élastique pour la nucléation des précipités dans
un solide semi-infini.

Mots clés : silicium, implantation ionique, hélium, hydrogène, DRX, MET, contrainte, SEM,
élasticité.
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FOREWORD

Foreword
This thesis was born from the idea to study the “hot” subject of ion induced layer
transfer of single crystalline materials onto host substrates, a new, generic and powerful
technique for materials integration. However, as it naturally can happens during a long
investigative journey as a thesis, peripherical findings may strongly hold our attention. So,
while following the main route, I also attempted to explore its landscape. In accordance with
my advisers, this manuscript also includes some of these deviations.
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INTRODUCTION

Introduction
Silicon is the basic material for the microelectronic industry, which represents a
market of more than 150 billion dollars per year. In the present scenario, the demand for
integrated circuits working at low voltage/low power (LVLP) conditions is strongly increasing
and has reached an annual growth rate of more than 40% since 2004 [SOI 2008]. This
demand is mostly stimulated by the portable electronics market which requires the
reduction of power consumption in complex circuits to limit overheating troubles and
extend battery operation times. The use of Silicon-on-Insulator (SOI) wafers is one of the
most successful approaches, enabling integrated circuits to operate at LVLP. Among several
methods proposed to produce SOI wafers, until the present date, the only one able to
actually provide a practical and economical solution to the problem is the ion splitting
method, uncovered in 1995 and commercially known as Smart-Cut® [Bru 1995].
In combination with direct bonding techniques, the ion splitting process expands the
possibilities to produce high quality heterostructures, allowing the transfer of single
crystalline layers sliced from bulk onto host substrates even of mismatched lattice structures
[Asp 1997]. The basic idea for Smart-Cut® process arose from observations of blistering in
gas implanted solids. Blistering, flaking and exfoliation are macroscopic results from the
thermal evolution of microscopic lattice defects induced by high fluence inert gas or
hydrogen ion implantation. Especially for H-implanted silicon, blistering (and ultimately the
ion splitting process) is usually attributed to the formation of highly pressurized H 2 filled
crack-like structures (nano and microcracks) within a specific depth location in the original
bulk substrate. Upon subsequent thermal treatments the internal pressure increases and the
crack-like structures tend to expand. For unbonded substrates, this expansion results on the
lift of the material layer above the plate-like structures causing localized blistering or
exfoliation within the implanted surface. When a host (“stiffener”) substrate is bonded onto
the implanted surface, blistering and/or exfoliation is prevented by the mechanical strength
of the stiffener and the lateral crack propagation process is favored.
Blistering strength is usually considered a figure of merit related to a successful ion
induced splitting process, thus stimulating a large number of fundamental studies as
2
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reviewed elsewhere [Ter 2007]. It is generally believed that thermally induced ion splitting
results from the coalescence of the plate-like structures forming microcracks, which may
individually expand and also coalesce with other similar structures, thus covering the
complete wafer area [Bru 1995]. In comparison with single H implants, the coimplantation of
H and He can significantly reduce the total blistering/exfoliation fluence [Aga 1998]. In
addition, for energies from 30 to 50 keV were most studies were performed, the damage
accumulation [Ngu 2005] and the proximity to the free surface may also affect the point
defect fluxes and the retained gas content already during the implantation process [Mor
2004]. Blistering/exfoliation are multi-step phenomena evolving the combination of atomic
mechanisms including diffusion, precipitation, coarsening and chemical interactions and
macro mechanisms as bulk and local stress and strain effects with elastic and plastic
deformation, microcleavage and crack propagation mechanisms. Hence, blistering
/exfoliation processes render a quite complex situation, which so far has not been
completely understood.
This thesis presents a systematic investigation on blistering/exfoliation phenomena in
co-implanted H and He ions into Si (001) substrates. In comparison with previous studies
from the literature, the present work innovate in exploring simultaneously both, “high” and
“low” implantation energy ranges, using an expanded investigation methodology.
Particularly for the high energy case, we show that crack propagation parallel to the sample
surface may compete with the vertical lift of Si over layers that leads to localized blistering or
exfoliation. As a consequence, both processes could be studied under the similar
experimental conditions (i.e. avoiding the thermal treatments and the surface tension
introduced by the pre-bonding procedures), thus providing new insights into the effects of
the implantation and annealing parameters on both mechanisms. For both implantation
energy cases, the exfoliation behavior is statistically investigated and the results are
discussed in terms of the blistering precursors and their physical interactions, attempting to
correlate the macro and the micro mechanisms behind blistering, exfoliation and ultimately
the ion induced wafer splitting.
To substantiate the discussions, a brief summary of the state-of-the-art is presented
in Chapter 1. Chapter 2 presents a short description of the experimental techniques. In
Chapter 3, the experimental methodology is described. Then, based on scanning electron
3
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microscopy (SEM) observations and their statistical analysis, possible exfoliation macro
mechanisms are discussed and a phenomenological model is proposed to explain the results.
Chapter 4 starts with a detailed transmission electron microscopy (TEM) investigation of the
exfoliation

precursors.

Results

from

strain

measurements

via

X-ray diffraction

measurements (XRD) are presented and introduced into the discussions based on elasticity
considerations. A model correlating the strain distribution to microstructure formation is
then proposed. In the second part of Chapter 4, we report on a new thin film delamination
phenomena taking place when the implantations are performed under higher fluence rates
(i.e. beam current densities). This delamination phenomenon is discussed in terms of a
catastrophic crack propagation process triggered at a single nucleation point, which is
introduced as an alternative and probable concurrent process to the usual concept that layer
splitting is governed by the growth and coalescence of individual nanocracks. An exfoliation
engineering concept based in sequential multilayer splitting is introduced in Chapter 5.
Chapter 6 explores the effects of H implantation into samples containing pre-existing
pressurized He-plates, showing some examples of how defect interactions can be tailored to
produce distinct cavity arrangements and geometries. In addition, Chapter 6 also reveals
that strain fields can be used to tailor the local three dimensional arrangements of Hplatelets. This phenomenon is more deeply studied in Chapter 7, where model calculations
based on the minimization of the H-platelet formation energy with respect to their lattice
orientation are introduced and successfully used to describe the experimental observations.
Finally, main conclusions perspectives for further investigations are summarized in Chapter
7.
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CHAPTER 1
Background and State of the Art
1.1 SOI technology and the Ion induced splitting process
Device performance and, more recently, energetic ecosystem [TSMC 2007]
requirements from the semiconductor industry have been stimulating the progress of the
silicon-on-insulator (SOI) technology for ultra-large-scale integrated (ULSI) devices. The use
of SOI technology allows the fabrication of devices with considerable advantages over bulk Si
[Col 1997], such as processing speed, high packing density, elimination of latch-up
phenomena, low voltage/low power operation (≈50% less than bulk Si, LVLP) and high
resistance to ionizing radiation [Cel 2003]. A typical SOI substrate consists of a thin layer of
single-crystal silicon supported by an underlaying insulator.

Figure 1.1- Diagram of Silicon-on-Insulator (SOI) substrates.

The fabrication of high-quality, defect-free, single-crystal silicon thin film supported
by an insulating layer has been a great challenge. Several techniques have been proposed
[Bea 1977, Izu 1978, Lea 1982, Cel 1983, Jas 1983, Gup 1983, Fan 1983, Ima 1984, Pri 1985,
Cel 1985, Yam 1985, Phi 1985, Las 1986, Yon 1994, Jur 2000], but none of them provide the
requirements of cost and quality needed for large scale production. Around 1995, however,
a promising technique commercially known as Smart-Cut® [Bru 1995] appeared as an
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alternative solution. This ion implantation based technique permits the production of high
quality SOI substrates for a reasonable cost with the current technologies used in the
microelectronic industry [Asp 2000]. Nowadays Smart-Cut® has boosted technology
applications and overwhelmingly dominates the SOI market [SOI 2008]. Its importance and
potential for novel applications have prompted the need for more basic and integrated
knowledge comprehending several fields of science and technology, including ion beam
modification of materials, surface physics, chemistry and tribology in connection to wafer
bonding, ultra-precise etching and polishing techniques, as well as elasticity, mechanic of
solids, materials science and even nuclear engineering concepts. The fabrication of SOI
substrates was only the first (and most commercially successful until the present date)
example of materials integration possibilities. The full potential of this new tool is still being
realized. Several combinations of high quality single crystalline (polycrystalline were also
possible [Yun 2003]) materials have been reported in the literature [Asp 2000, Asp 2001].
This includes silicon or other semiconductor (Ge, SiC, GaAs and InP) films transferred onto
different types of substrates (e.g., glass, metals, polymers) [Bru 1995, 1996, 1999; Jal 1998
Asp 1996, 1997, 1999, 200, 2001; Ton 1997, 1998, 2000, Cio 1996, Rad 2003]. The transfer
of structured and patterned thin silicon films has also been demonstrated [Asp 1996, 1999;
Yun 1998, 1999]. The use of such ion induced layer transfer technology allows the
fabrication of new functional materials [Gad, 2003] with increasing liberty of devices design,
promoting significant device advance as often announced by manufacturers such as Toshiba
Inc., AMD Inc., Sony Inc. and others.
The Smart-Cut® is an ion induced splitting process based on blistering/exfoliation
phenomena [Bru 1995, Ter 2007]. It is know that Si implanted with hydrogen ions (H+) at
high fluences produces crack-like cavities with high internal pressure after annealing. The
relaxation of this pressure result in the deformation surface and appearance of blisters [Lig
1976, Bru 1995, Wel 1997, Lu 1997, Hua 1999, Bed 2001, Zhe 2001, Ter 2007]. If, before the
annealing treatment, the implanted surface is bonded to a rigid substrate (stiffener), the
formation of surface blisters is mechanically impeded [Bru 1995, 1998, Fen 2004]. Once
mechanical relaxation via blistering is avoided, the stress (due to the internal pressure)
developed into the cracks relaxes via lateral growth [Bru 1995, Wel 1997]. Crack coalescence
over the whole wafer area is regarded as the basic mechanism leading to the split of the
6
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implanted layer from the substrate [Bru 1995, Wel 1997, Fre 1997, Hoc 2001, Yan 2003, Fen
2004]. The ion induced SOI fabrication process is schematically illustrated in Fig. 1.2. It starts
from two thermally oxidized Si wafers A and B. The wafer A is implanted with H+ ions (or
H+He), defining the depth of the layer to be transferred. The depth localization of H+ ions is
defined by the ion acceleration energy. After implantation, the wafers A and B are face to
face bonded. The assembly is thermally annealed (usually at temperatures ranging from
400°C to 600°C) to promote the splitting process. The remaining substrate surfaces are
polished to reduce roughness. The wafer B now constitutes a SOI substrate and the wafer A
is submitted to a new cycle. The as obtained SOI substrate is often annealed at a high
temperature (≈1100°C) to strengthen the bonding of the transferred layer on the substrate
[Asp 1997, Bru 1999].

Figure 1.2- Basic processing flow of the ion cut technique.
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In spite of the several successful applications already demonstrated and of the
intensive attentions received since its first publication [Bru 1995], a complete understanding
of the underlying physical mechanisms of the process is still missing.
Blistering/exfoliation strength is considered a figure of merit related to a successful
splitting. This phenomenon is systematically investigated in the present work, and therefore
the most important literature concepts will be briefly reviewed in the next sections.

1.2 Blistering and exfoliation
Blistering, swelling and exfoliation of metals and ceramics, due to the incorporation
of inert gases, have been first studied in an attempt to avoid its deleterious effects in nuclear
materials [Das 1980]. Blistering has been observed as well in semiconductors, such as Ge
[Gös 1998, Gig 2007, Des 2008], SiC [Gig 2007, Cio 1996], GaAs [Gig 2007, Rad 2003, Jal
1998], InP [Asp 2001], as well as in insulators such as diamond [Gös 1998], Si3N4 [Asp 2001],
SrTiO3 [Gig 2007, Kub 1999], LaAlO3 [Hua 1999b], LiNbO3 [Asp 2001]. Surface blistering of
single crystalline Si samples induced by implantation of H was firstly reported in 1976 [Lig
1976]. He implantation can also induce blistering in Si, but at very high fluences ( >2x1017
cm-2) [Aga 1998]. For lower H or H+He fluences (

4x1016 cm-2), blistering or exfoliation

occurs only upon subsequent thermal annealing (generally between T=400°C-550°C) and
appears as illustrated in Fig.1.3.

Figure.1.3- SEM image of an
H+He coimplanted Si (30keV H+
ions at 5x1016 ion/cm2 + 33keV
He+ ions at 5x1016 ion/cm2)
after annealing (500°C 1800s).
Dome shaped blisters and
exfoliated areas (craters) are
observed
work).
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Light ion (H and He) induced blistering is generally understood in the following terms.
Inert gases (He) are practically insoluble in solids, and tend to segregate forming gas-vacancy
complexes which develop into pressurized cavities. To a certain extent, H presents a similar
behavior. However, their chemical properties strongly differentiate their behavior. H atoms
can easily react with Si dangling bonds in contrast to the inert gas character of He. During
annealing, the formed cavities coarsen [Gri 2000, Don 1991]. If a characteristic size is
reached, the high internal pressure developed into the cavities cause the deformation of the
surface; i.e. blistering [Fen 2004].
The blistering behavior in H implanted Si is a multistep phenomenon, that results
from a combination of several and complex atomic mechanisms. This includes radiation
damage, diffusion and segregation of atoms, nucleation, growth and coalescence of Hvacancy clusters or small cavities, as well as physical and chemical interactions between the
matrix and the gas atoms. Stress and strain induced effects, crack propagation and elastic or
plastic deformations can also play an important role in this phenomenon.
In this scenario, two basic main causes for blistering of light ion irradiated materials
have been discussed in the literature, the internal gas pressure [Eva 1977] and the
integrated lateral stress-induced buckling of the surface [Eer 1977]. The gas pressure
blistering is predominantly assumed in most works considering semiconductors. However,
an attempt to include the lateral stress-induced factor in the recent discussions has been
made [Bed 2000] and blistering/exfoliation may be considered a combined result from both
mechanisms. So far, a conclusive concept has not been established.
However, due to economical and technological reasons, considerable progress into
the fundamental understanding of H induced blistering of implanted Si is now available and
some relevant concepts are summarized in the following sections.

1.2.1 BLISTERING PRECURSORS
After implantation (generally at room temperature) H induced platelet cavities with
diameters around 10 nm and 1 nm thick is readily observed. These, are considered as the
blistering precursors [Bru 1995, Cer 2000, Gri 2000]. H-platelets are believed to be filled with
hydrogen molecules (H2) and coated with hydrogen atoms captured by dangling Si bonds at

9

CHAPTER 1: Background and State of the Art

the cavity internal surface or at the crack tip [Wel 1997; Koz 2000]. The schema shown in Fig.
1.4 exemplifies the structure concept.

Figure
concept

1.4-

Schematic

of

H-platelet

structures. The cavity is
filled with H2 molecules and
the

internal

walls

are

decorated with H atoms
captured by dangling bonds.

In Si, the H-platelets usually form oriented along two lattice planes (111) and (001).
Figure 1.5 shows HRTEM images of H-platelets in their most common habit planes.

Figure 1.5- A cross sectional TEM images of (a) (-1-11) H-platelet, (b) (001) H-platelet and (c) (111) H-platelet.
The images were obtained after implantation of 30keV 0.5x1016 H2/cm2 and annealing at 400°C-900s (data from
this work).

The {111} oriented H-platelets have in principle the lower formation energy [Nic
2000] but the subject is controversial [Mar 2005, Nas 2005]. Surprisingly, when H is
introduced by implantation, the dominant orientation of platelets is parallel to the surface
regardless of the wafer orientation (001) or (111) [Asp 1997, Zhe 2001, Hoc 2002, Fra 2002]
10
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(i.e. in (111) wafers H-platelets are preferentially alignment to the (111) plane parallel to the
surface and, in (001) wafers, H-platelets are preferentially alignment to the (001) plane
parallel to the surface). This preferential alignment is resultant from stress and strain effects.
H implanted wafers tend to develop an in-plane compressive stress on the implanted layer
[Höc 2002]. As a consequence, an out-of-plane strain also occurs as shown in Fig. 1.6. The
out-of-plane strain tends to produce a localized stretch of the Si lattice on the direction
perpendicular to the surface.

Figure 1.6- Schema of the stress-strain conditions of the material after implantations. It develops an in-plane
compressive stress that leads to the appearance of an out-of-plane strain.

The alignment of H-platelets was then attributed to the preference of hydrogen to establish
Si–H bonds with the stretched Si-Si bonds that are perpendicular to the surface, thus,
producing internal surfaces that are parallel to the surface [Höc 2002]. Later, the alignment
effect was attributed to a favorable H-platelet nucleation parallel to the plane of stress [Nas
2005]. Moreover, a mechanism for the formation and concentration of platelets into a
narrow layer has been proposed in the following terms. The out-of-plane strain induced by
the in-plane stress [Höc 2002] generates a flux of vacancies into a narrow layer coincident
with the maximum of strain [Lee 2006]. This high concentration of vacancies will tend to
form aligned vacancy dislocations loops. These loops are expected to be easily decorated by
the implanted H, since hydrogenation reaction of vacancies is highly exothermic, thus,
causing the formation of the H-platelets also into a narrow layer and parallel to the surface.
Under annealing, platelets grow while their number density decreases [Cer 1992, Asp
1997, Asp 1998, Gri 2000]. This occurs by random exchange of atoms and vacancies
characterizing an Ostwald ripening mechanism [Gri 2000]. Further H-platelet development
11
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may lead to a coalescence process giving rise to nanocracks. Figure 1.7a shows a TEM image
of nanocracks formed in H implanted Si. Figure 1.7b shows a HRTEM detail of a nanocrack.
Nanocracks have often a zigzagged configuration because they result from coalescent
platelets were not necessarily in the same atomic plane. Further nanocrack growth or
coalescence produce larger defects referred as microcracks [Wel 1997, Asp 2001, Höc 2002].
Interestingly, typical microcrack diameters are one order of magnitude larger than Hplatelets and one order of magnitude smaller than blisters. It is then natural to consider
microcracks as an intermediate step of the blistering process. Nevertheless, it is the
combination of internal pressure, critical crack size and depth location that controls the
blistering formation.

Figure 1.7- (a) Cross sectional
TEM image of a coimplanted
(H+ 1.1016cm-2 + He+ 1.1016cm-2)
Si sample annealed at 400°C
900s. (b) HRTEM image of a
nanocrack

(data

from

this

work).

1.2.2 BLISTERING ONSET AND FLUENCE WINDOW
A minimum of H concentration seems to be one of the fundamental parameters for
blistering. Roughly, ≈5 at % of H is the threshold concentration for blistering [Ter 2007].
Maximum fluences for blistering have been also observed [Lu 1997, Mou 2004, Mou 2005].
Hence, there are characteristic fluence windows for blistering. The width of the window
12
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increases with the implanted energy [Ter 2007]. The suppression of blistering for very high
fluences has been less explored, and tentatively attributed to a modest expansion of
spherical cavities, resulting in surface swelling to relieve the stresses. Amorphization effects
have also been suggested to explain the inhibition of blistering at high fluence [Ngu 2005,
Ngu 2007, Ter 2007].
The onset of blister formation seems to be a critical phenomenon [Hua 1999]. The
implanted surface remains unmodified until blisters suddenly pop-up with well-defined
diameters after an incubation period. Hydrogen-induced blisters are roughly circular and
dome-like shaped as if produced by elastic deformation of pressurized thin plates. A general
condition for blister to occurs has been proposed as h/r <<1, being h depth of the crack
(thickness of the over-layer) and r its radius [Feng 2004]. In implies that the crack length
must exceed many times its characteristic depth to produce a deformation of the surface. As
a trend, it is also expected that blister diameters increase with the crack depth location.

1.3 Splitting mechanisms models
Ion induced splitting, observed along damaged layers is generally attributed to the
growth and coalescence of crack-like cavities until the whole layer separates from the
substrate [Fre 1997, Var 1997]. This occurs over typical areas about 102cm2, which are
approximately 1010 times larger than the size of a single blister (10-8 cm2). The splitting
phenomenon requires long annealing times, about 10 times more than those for blistering
formation

[Ton 1997, Asp 1998]. The activation energies for both phenomena in H

implanted Si are similar [Ton 1997], indicating that their micromechanisms are also similar.
This result supports the assumption made by several authors, that basic studies on the
blistering behavior observed in unbonded wafers can be used to explore or optimize the ion
splitting process [Wel 1997, Hoc 2002, Ter 2007].
It seems also interesting to point out that wafer splitting generates an audible sound
[Asp 1998, Bru 1999]. This is somehow contrasts with the splitting concept driven by slow
cavity growth and coalescence.
The splitting process has been also examined on the basis of fracture mechanics
concepts [Fre 1997, Yan 2003, Fen 2004]. These authors have used the Stress Intensity
Factor (SIF) criterion to calculate conditions of crack propagation sustained by the internal
13
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gas pressure of the cavities [Sih 1973, Kan 1985, Tad 2000]. They have indeed, considered
that, once the critical stress at the crack tip (KIc value) is achieved, the cracks grow in order
to relieve the internal pressure, and a continuous supply of gas is required to sustain this
process. This characterizes a “stable” crack propagation regime. However, the SIF criterion is
used to calculate or estimate the stress condition of a crack that once overcome Kic, leads to
“unstable” crack propagation (i.e. fast and catastrophic fracture). The misleading occurs
because the existent theoretical approaches neglect the effect of sub-critical growth or
stress corrosion cracking (SCC) [Cre 1967, Wie 1970, Gib 1984, Jon 1992, Ard 1999].
Considering the SCC phenomenon, the growth of a crack can easily takes place at sub-critical
stress conditions (KI<KIC), what seems to be the case of H implanted Si. Hence, SCC not
necessarily leads to a catastrophic failure, but rather to a slow (stable) growth of the crack.
SCC occurs in particular combinations of material and environment and is very sensitive to
temperature, chemical species and concentration involved in the process. The chemical role
of H in the process is somewhat evident. Even more, when contrasting the following facts:
-

H pressurized plate-like cavities easily evolve onto long crack structures.

-

He pressurized plate-like cavities (possibly even higher pressurized than the H
cavities) instead of evolve into cracks forms smaller spherical bubbles [Fic 1997].

The first effect is clearly related to the chemical action of H on the crack tip, opening the
cracks and stabilizing the as formed internal surfaces. Mechanisms of SCC are generally
complex and dependent on chemical reactions. Classic examples of SCC can be taken from
austenitic stainless steels, aluminum alloys, some ceramics, glasses and polymers in moist
air, and also steels in hydrogen containing environments.

1.4 H and He coimplantation and blistering/exfoliation process
In a pioneer study, it was shown that H and He coimplantation produces blistering at
a much smaller total fluence than any of the individual elements alone [Aga 1998]. Best
results were obtained by implanting first H and then He [Aga 1998]. However, there are
controversial reports about the benefits of the implantation order. For very low implantation
energies (i.e. below 10 keV), best results are obtained when He is implanted first [Mou
2005b]. The accumulation of implantation damage seems to play an important role which
cannot be explained only in terms of ballistic effects. For energies from 30 to 50 keV were
14
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most studies were performed, the accumulated damage seems to be significantly larger
(even leading to the formation of amorphous pockets) in samples implanted first with H as
compared to the reverse case [Ngu 2005]. In this case, it is argued that, if H is implanted
first, the post implantation of He destroys clusters needed to form the blistering/exfoliation
precursors. However, the situation is more complex. Experiments considering noncoincident H and He depth profiles report better results when the element to be place
deeper if implanted first [Ngu 2005, Ngu 2007].
In a first approach it is usually considered that, during the implantation, He diffuses
and become trapped in the hydrogen filled structures, causing the increase of their internal
gas pressure and reconverting H2 molecules into Si-H bounds [Wel 1998]. Figure 1.8 provides
a schematic illustration of a plate-like structure formed by the coimplantation of H and He.
The role of each gas species can be summarized as: i) the H atoms readily nucleate Hplatelets during implantation where individual atoms tend to passivate dangling bonds at the
internal surfaces and break Si bonds at the platelet tips. During annealing, H2 molecules are
formed inside the cavity volume and act as pressurizing elements. ii) He atoms tend to
segregate into the H-platelets where they are claimed to produce a much more effective
pressure by atom [Wel 1998, Duo 2001, Ton 2002].

Figure 1.8- Schematic representation of the synergetic effect of H+He implantation.
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CHAPTER 2
Experimental Techniques and Methods
2.1 Ion implantation
Ion implantation [Dea 1973] equipments usually consist of an ion source (where ions
of a desired element are produced and extracted), an accelerator line (where the ions are
electrostatically accelerated to a high energy) and electrostatic and magnetic lenses to
guide, focus and scan the ion beam towards the target material placed in a target chamber.
Usually, an ion beams consists of a selected ionized atom or molecule specie. The actual
amount of material impinging the target is the time integral of the ion current. This is called
fluence (Ф) and is expressed in terms of number of ions per square centimeter (ions/cm -2).
The fluence rate (i.e. current density)

d
dt

corresponds to the number of implanted ions

per unit area and time and it is expressed in units of microamperes per square centimeter
(μAcm-2). The current densities supplied by ion implanters are typically small (from 0.05 to 5
A cm-2). Thus, ion implantation generally finds application in cases where the amount of
chemical or physical change required can be performed very effectively by a small amount of
implanted atoms. Typical ion energies are in the range from 0.5 keV to several MeV. Energies
lower than 0.5 keV generally cause only surface erosion or result in very little implantation
or target damage. Smaller energies may fall under the designation of ion beam deposition.
The concentration-depth distribution of the implanted ions mostly depends on the ion
specie, energy and target composition. The average ion penetration depth is called projected
range (Rp) while the ion dispersion around Rp is referred as range straggling (∆Rp). Under
typical circumstances, ion ranges will be between a few nanometers to several micrometers.
Therefore, ion implantation is especially useful in cases where the desired chemical or
structural changes are near the target surface. Ions gradually lose their energy as they travel
through the solid, both from occasional collisions with target atoms (which cause abrupt
16
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energy transfers), and from a mild drag from overlap of electron orbital, which can be
regarded as a continuous process. Nowadays, ion trajectories, energy losses or
concentration-depth distributions can be quite accurately calculated using simulating
software codes such as SRIM (Stopping and Range of Ion in Matter) [SRIM 2008].
Elastic collisions between ion and target atoms can generate a high density of Frenkel
defects (auto-interstitial - vacancy pairs). The overall damage produced by implantation can
be eventually minimized by in situ recombination of vacancies and interstitials (dynamic
annealing), basically depending on the mobility of the point defects (e.g. by increasing the
target temperature). The remaining point defects and the extra host atoms originate a wide
range of extended defects including dislocation loops, stacking faults, point defect clusters or
even cavities or precipitates either in as-implanted or after thermal annealing.
Semiconductor doping is perhaps the most common application of ion implantation.
However, the technique is also applied for several other purposes including the production
of silicon on insulator (SOI) substrates from conventional silicon substrates, as described in
Chapter 1. The pictographic schema in Fig. 2.1 illustrates a target material being implanted
with accelerated ions. The formation of a localized damaged layer occurs within a depth
layer at Rp± Rp determined by the implantation energy E.
The implantations performed in the present work were done in a HVEE 500 kV ion
implanter from the Institute of Physics, UFRGS. All the implantations were performed in 7o
off the sample surface to minimize ion channeling effects.

Figure 2.1- Illustration of the implantation process. A buried damaged layer containing the implanted species is
formed on the target at a depth h defined by the implantation energy E.
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2.2 Plasma immersion
Plasma immersion technique consists basically of a substrate (or “target”) immersed
in a plasma atmosphere. Plasma can be generated in a suitably designed vacuum chamber
with the help of various plasma sources such as DC glow discharge [Ros 1990]. Since it has
not been extensively used in this work, it will not be further described here.

2.3 Thermal annealing
All thermal annealing performed in this work were done using a standard furnace
with a temperature stability of ±2oC, and with samples kept in a quartz tube continuously
pumped (turbo molecular pump) under high vacuum conditions.

2.4 Scanning Electron Microscopy (SEM)
Scanning electron microscopes (SEM) [Gol 1992] create images by scanning a focuses
a high energy electron beam onto the sample surface. Signals from backscattered, secondary
electrons or even x-rays resulting from interactions between the incident electrons and
sample atoms are detected and processed to produce the images. Detailed images from the
surface topology can be obtained from secondary electrons. SEM images have great depth of
field yielding a characteristic three-dimensional appearance useful for understanding surface
structures. Most of the SEM images used in this work were obtained in a JSM 5800
microscope from the Electron Microscopy Center (UFRGS).

2.5 Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) [Ful 2002] is a technique whereby an uniform
and coherent beam of energetic electrons are transmitted through a rather thin specimen,
interacting with the specimen atoms. These interactions modulate the intensity distribution
of the transmitted beam, thus providing information of the sample microstructure which can
be recorded as electron diffraction patterns or magnified images. The intensity of the
diffraction spots depend on how close the orientation of the crystal planes with respect to
18
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the electron beam satisfies the dynamic or kinematic Bragg conditions. Specimen holders
allow specimen tilting in order to obtain specific diffraction conditions, which leads to
diffraction or phase contrast imaging processes. High-contrast images are formed when
deflected electrons are blocked by placing an aperture that allows only unscattered
electrons through. This technique (known as Bright Field diffraction contrast) is particularly
useful to observe extended lattice defects in an otherwise ordered crystal. Reversely, it is
also possible to produce an image using only a specific diffraction reflection by letting this
reflection pass through the aperture, thus rendering Dark Field images. High resolution
(HRTEM) lattice images are obtained by phase contrast conditions, as the interference of
several diffraction reflections can be tailored by an appropriate focus of the objective lens. A
second type of phase contrast related to the formation of Fresnel fringes is also applied to
allow the observation of cavities or small particles.
In the present work, the TEM observations were performed at 200 kV using the JEM
2010 microscope from the Electron Microscopy Center (UFRGS) or the JEM 200 CX from the
Physical Metallurgy Laboratory of the University of Poitiers. All TEM specimens characterized
were prepared by mechanical polishing and ion milling.

2.6 X-ray diffraction
X-rays are electromagnetic radiation with typical wavelength from 0.01 to 10 nm. For
diffraction applications, only short wavelength x-rays (hard x-rays) in the range 0.01< <0.5
nm are used. Because the wavelength of x-rays is comparable to the interatomic distances,
they are ideally suited for probing the structural arrangement of atoms and molecules in a
wide range of materials [Cul 1978]. X-rays can penetrate deep into the materials and provide
information about the bulk structure, as well as localized defects.
The x-ray scattering follow the Bragg diffraction principles and leads not only to
distinct structural information such as crystal structure and phase determination, but also
information comprising, e.g., stress distribution, interface roughness or dispersed second
phase nano particle mean sizes. Bragg's law can be expressed as

2d sin
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where

is the x-ray wavelength, 2 the scattering angle, and n an integer representing the

order of the diffraction peak.
In the present work, strain measurements are of particular interest. In single
crystalline implanted (001) Si samples, strain information is accessible by measuring in the
direction perpendicular to the sample surface using the 004 reflection. Thus, the recorder
signal is characteristic of the lattice strain in the direction normal to the sample surface. A
typical diffraction patterns of a single crystalline pristine sample exhibit only a single strong
peak. Interplanar strain produces an angular shift of diffracted intensity from that of
unperturbed crystal. Dilatation of the crystal lattice introduces shifts towards θ < θB004 (i.e.
left side from the peak). Conversely, compression of the crystal lattice introduces shifts
towards θ > θB004 (right side from the peak). Figure 2.2 shows a typical diffraction pattern
obtained for H-implanted Si together with an unperturbed (non-implanted) crystal. The
figure is expressed in terms of the diffracted intensity as function of the relative strain
(∆d/d), as easily obtained using the Bragg’s Law. The scattered intensity resulting from an
implanted region exhibits a fringe pattern with varying fringe spacing. This behavior reveals a
normal dilatation strain gradient in the implanted region. The fringes result from the
coherent interference between two zones of same strain on either side of the damaged
zone. Therefore, the periodicity of the fringes depends on the width of the strain profile,
being the fringe space inversely proportional to the width between zones with the same
strain. The width between two zones of same low strain (near to 004 reflection peak) is
clearly higher than for the region of maximum strain (far from 004 reflection peak). For Himplanted Si, the strain profile is likely to be roughly proportional to the host atoms
concentration and could be approximated by a Gaussian shaped profile [Sou 2006].
More than variations in the interspacing of lattice planes, the evolution of localized
implantation related defects may cause strong displacements of individual atoms from their
sites on the diffractive planes. This displacement lowers the diffraction intensity of the
referred planes. This phenomenon is described by the static Debye-Waller factor which
presents a strong dependence on the type and size of defects [Ded 1973]. In the present
work, the X-ray measurements were performed in the Physical Metallurgy Laboratory of the
University of Poitiers using a 5 kW Rigaku RU 200 generator with a copper rotating anode
with the principal characteristic ray λCuKα1 = 1.5405 Å.
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Figure 2.2- XRD scattering of an H-implanted Si (2x1016cm-2) together with a virgin sample.

2.7 Glancing

Illumination

Optical

Microscopy

(GIOM)
Glancing angle illumination [Chr 2006] in optical microscopy observations is a
common metallographic technique. It is generally employed to observe beach marks and
ratchet marks in fatigue fractures, chevron marks and radiating lines in brittle fractures,
corrosion pits on smooth surfaces, and other topographic features. In this work, GIOM
observations were performed by rotating the specimens with respect to the light source,
using a standard optical microscope equipped with a CCD camera.

2.8 Atomic Force Microscopy (AFM)
Atomic force microscopy (AFM) is a method of measuring surface topography on a
scale from angstroms to 100 microns. The technique involves imaging a sample through the
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use of a probe, or tip, with a radius of 20 nm. The tip is held several nanometers above the
surface using a feedback mechanism that measures surface–tip interactions. Variations in tip
height are recorded while the tip is scanned repeatedly across the sample, producing a
topographic image of the surface. In addition, the AFM instruments are generally able of
producing images in a number of other modes, including tapping, magnetic force, electrical
force, and pulsed force. In this work the images were obtained in the tapping mode using
the AFM DI SPM IIIa equipment from the Physics Institute (UFRGS).

2.9 Material
All the samples used in the present study were p-type 1-20Ω (001) CZ-Si wafers,
chemically cleaned by RCA method.

22

CHAPTER 3 Effects of the Implantation Fluence, Implantation Energy and Thermal Annealing Protocol
on the Exfoliation Phenomena: “Macro-mechanism of Exfoliation”

CHAPTER 3
Effects of the Implantation Fluence,
Implantation Energy and Thermal
Annealing Protocol on the Exfoliation
Phenomena:
“Macro-mechanism of Exfoliation”

This chapter presents a systematical investigation relating the influence of
implantation fluence, implantation energy and thermal annealing protocol on the exfoliation
macro-mechanisms for a 2H:1He implanted ratio. The experimental parameters and
statistical methods are first described and then the results are presented and discussed. A
careful characterization of exfoliated areas was performed by SEM. This data was used to
conduct statistical analysis of exfoliated structures, comprising their mean sizes and number
concentration. Distinct exfoliation macro-mechanisms are proposed for low and high
implantation fluences and discussed in terms of a phenomenological model.
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3.1. Implantation
parameters,
thermal
annealing protocols and data evaluation
methodology
3.1.1. Implantation fluence (Ф)
The implanted fluences were adjusted to provide a ratio of 2H:1He. The fluence
range was experimentally defined within a lower limit (smaller implanted fluence),
characterized by the complete absence of exfoliation, and an upper limit, characterized by a
reduction of more than 60% from the maximum exfoliation efficiency, as defined in section
3.1.5. Two energy cases are considered (see section 3.1.3). For both, the fluence range
extends approximately from 1 to 7.5x1016 cm-2.

3.1.2. Order of implantation and current density
All the implantations were performed with targets kept at room temperature. H 2
ions were implanted first, followed by He+ ones. Both ion species were implanted at low
current density (Lc), comprised between 0.25 and 0.5 μA cm-2.

3.1.3. Implantation energy
The implantation energies were designed to define “high energy” (HE) and “low
energy” (LE) cases. The HE corresponds to 336 keV for H2+ and 345 keV for He+, providing
coincident projected range values at ≈1.5 µm. The LE corresponds to 60 keV for H 2 and 33
keV for He+, and was calculated to provide projected ranges of ≈300 nm. The simulated
profiles for both energies were calculated using the SRIM code [Zie 1985], as shown in Fig.
3.1.
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Figure 3.1- Simulated profiles of concentrations versus depth for (a) 168keV H+ and 345keV He+ and (b) 30 keV
H+ and 33keV He+ obtained using SRIM simulation code.

3.1.4. Thermal Annealing Protocols
Two protocols were chosen to study the influence of the annealing conditions on the
exfoliation behavior.
Protocol 1 (annealing at 700oC 1800s)
The annealing protocol 1 conducts the samples directly to blistering/exfoliation
temperatures (T≥400°C). Its duration of 1800s is sufficient to allow maximum
blister/exfoliation efficiencies within each situation. This was verified by evaluating the
exfoliation efficiency of controlled samples submitted to longer annealing times (3600s and
5400s), where no significant differences were found.
Protocol 2 (annealing at 350°C 1800s + 700oC 1800s)
The annealing protocol 2 consists of two steps. The first step, at 350oC for 1800s, is
referred as “pre-annealing”, since samples are annealed at a temperature below the
exfoliation appearance. The samples are then brought to room temperature and submitted
to the second annealing step at 700oC for 1800s. The objective of protocol 2 is to provide a
higher thermal budget on the sample.
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3.1.5. Evaluation methods
The exfoliation behavior was evaluated as a function of the total implanted fluence
and annealing protocol for each energy case. Three parameters were introduced to quantify
the exfoliation: i) the exfoliation efficiency Aex; ii) the mean exfoliation area Sex (also referred
as exfoliation size) and; iii) the exfoliation density Dex.
The exfoliation efficiency is defined as

Aextotal
.100
total
Asample

Aex %

(3.1)

where Aextotal is the total exfoliated area obtained by the sum of the individual exfoliated
total
areas and Asample
is the total area of the image.

The mean individual exfoliation area Sex is determined by the relation

Sex

Aextotal
N ex

(3.2)

where Nex is the total number of individual exfoliations measured in the image.
The exfoliation density Dex is defined as the number of individual exfoliations per area
and calculated as:
Dex

Nex
total
Asample

(3.3)

These parameters were evaluated from SEM images. The process was conducted
considering several hundred particles for each sample. The measurements of exfoliation
areas were performed using the “Image Tool” code *Wil 2002+ and the data were statistically
evaluated using the “Origin 6” code.
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3.2.

Results for the 2H:1He fluence ratio

3.2.1. High energy case
Figure 3.2 presents SEM observations of blistering/exfoliation regions for samples
implanted at high energy (HE). Figures 3.2a, b, c and d, were obtained from samples
submitted to the annealing protocol 1 (700°C). Figures 3.2e, f, g and h, were obtained from
samples submitted to the annealing protocol 2 (350°C + 700°C). Modifications in exfoliation
sizes and densities are evident (as function of fluence but not of protocol). Figure 3.3 shows
the exfoliation efficiency Aex behavior as a function of fluence for both annealing protocols.
The dotted lines provide a guideline for the eyes.
The curves show the same trend for both protocols. At low fluences (Ф≤1.5x1016cm-2)
no exfoliation is observed. Exfoliation can be detected within a threshold range of Ф=1.52.25x1016cm-2. The values of Aex abruptly increase from the threshold fluence up to a
maximum around 22% Aex for Ф=3x1016cm-2, and then gradually decrease.
Figure 3.4 presents the variation of the individual exfoliation mean size, Sex, as a
function of the fluence for both annealing protocols. Similarly to Aex, Sex seems roughly
independent of the annealing protocol. At Ф=2.25x1016cm-2, large exfoliation mean sizes Sex
of 950 μm2 arise. With increasing fluence, Sex increases and reaches values of 1500 μm2 at
Ф=3x1016cm-2. For higher fluences, Sex decreases. A reduction of 90% from the maximum
value, SMax, is observed for Ф=7.5x1016cm-2.
Figure 3.5 shows the exfoliation density Dex behavior for both annealing protocols.
Starting from the threshold fluence, Dex first slightly decreases and then increases again. The
minimum Dex value occurs at the fluence where maximum Aex and Sex values are observed.
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Figure 3.2- SEM images of the sample surface showing general views of the exfoliation in the HE case as
function of the fluence and for the two annealing protocols. Protocol 1: (a), (b),(c) and (d). Protocol 2: (e), (f),(g)
and (h).
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Figure 3.3- Exfoliation efficiency Aex plotted as a function of the fluence in the HE cases for both annealing
protocols. The dotted lines provide a guideline for the eyes.

Figure 3.4- The exfoliation mean size Sex plotted as function of the fluence Ф for the LE case and both annealing
protocols. The dotted lines provide a guideline for the eyes.
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Figure

3.5-

The

density of exfoliation
Dex

plotted

function

of

as
the

fluence Ф for the HE
case

and

both

annealing protocols.

3.2.2. Low energy case
Figure 3.6 shows characteristic blistering/exfoliation morphologies for samples
implanted at low energy (LE) and submitted to both annealing protocols. Only three fluences
were studied for the annealing protocol 1 (700°C). Similarly to the HE case, the images clearly
show modifications on exfoliation sizes and density as a function of both the fluence and the
protocol used (compare Fig. 3.6b and Fig. 3.6e).
In Fig. 3.7, the exfoliation efficiency Aex values are plotted as function of the fluence
for both annealing protocols. Independently of the annealing protocol, exfoliation starts
abruptly for fluences in the range Ф=1-1.5x1016cm-2. The two curves show a different
behavior. For the annealing protocol 1, the Aex values are about twice lower than for
protocol 2 and tend to saturate. For the annealing protocol 2, the Aex values rapidly increase
to a maximum at Ф=2.25x1016cm-2 and then gradually decrease attaining the same level of
the samples annealed using protocol 1 at Ф=7.5x1016cm-2. In this latter case, the trend of the
curve is similar to those reported for the HE case, but the efficiency values are considerably
smaller.
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Figure 3.6- SEM images of the sample surface showing general views of the exfoliation in the LE case as
function of the fluence and for the two annealing protocols. Protocol 1: (a), (b) and (c). Protocol 2: (d), (e),(f)
and (g).
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Figure

3.7-

Exfoliation

efficiency plotted as function
of the implanted fluence Ф
for the LE case and both
annealing protocols.

The annealing protocol does not affect the Sex behavior as a function of fluence, as
shown in Fig. 3.8. For both protocols, the maximum Sex value corresponds to 15 μm2 and
occurs for Ф=2.25x1016cm-2, and then the values gradually decrease.

Figure 3.8- Mean size Sex as
a function of the implanted
fluence Ф for the LE case
and

both

annealing

protocols.

Figure 3.9 shows the Dex versus fluence behavior for both annealing protocols. The
curves show a different tendency. For the protocol 2, Dex slightly decreases with increasing
fluence, whereas the opposite behavior occurs for the annealing protocol 1. Both curves
converge toward the same value for high fluences.
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Figure 3.9- Exfoliation density
Dex plotted as a function of the
implanted fluence Ф for the LE
case

and

both

annealing

protocols.

3.2.3. Summary of the results
The overall results can be summarized as follows:
i)

Sex behavior is independent of the annealing protocol, but

strongly depends on the implantation energy and fluence. It increases with
energy and present large values for low and medium fluences and small
values for high fluences.
ii)

Aex strongly depends on the implanted fluence and energy. For

the HE case, it presents slight variations with the annealing protocol. In
contrast, for the LE case, a significant dependence on the annealing protocol is
observed.
iii) Exfoliation is a threshold phenomenon with a minimum characteristic
exfoliation Sex and Aex, both dependent on the incident energy. An abrupt
increase of exfoliation Sex and Aex is observed after the threshold limit.
iv) The exfoliation also presents an upper fluence limit for Sex and Aex.
However, this limit is not as well defined (abrupt) as the lower threshold limit.
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After a maximum, Sex and Aex decrease slowly as illustrated schematically in
Fig. 3.10.

Figure 3.10- Schematic representation of
the

general

trend

found

for

the

exfoliation behavior. A sharp increase at
the threshold fluence and, after a
maximum, it gradually decreases to
reach very low values.

v)

The Dex values do not depend on the annealing protocols for the HE case. The
fluence at which the minimum density value is observed corresponds to the
fluence where the maximum Aex and Sex values occur. The Dex values for the LE
case are about a factor of 10 larger than for the HE case. Their behavior in
terms of

and annealing protocol are quite distinct.
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3.3.

Discussions

In the following, the exfoliation results are analyzed and discussed in order to provide
a general insight into their behavior.

3.3.1. Aex dependence on the implanted fluence
3.3.1.1.

The fluence window for exfoliation

Figure 3.11 shows the Aex data obtained after the annealing protocol 2 for both
energy cases. The curves clearly characterize fluence intervals where exfoliation is rather
efficient (see arrows). The appearance of such “window behavior” seems independent from
both the annealing protocol and energy. The observed efficiency window enlarges with
increasing energy.

Figure

3.11-

Exfoliation

efficiency Aex plotted as
function of the implanted
fluence Ф for both energy
cases

and

annealing

protocol 2.

The process of exfoliation suddenly starts at a given fluence. This represents a
threshold phenomenon. The curves in Fig. 3.11 exhibit rather sharp threshold fluence
intervals and indicate that higher implantation energies require higher fluences to trigger
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the process. The threshold fluence for the HE case is ≈50% higher than the one for the LE
case. This behavior seems to be related with the implanted ion distribution. In particular, the
straggling of the concentration-depth distribution increases with the implantation energy.
Figure 3.12 shows the simulated profiles of the total implanted species (H+He) for both
energy cases. The curves were obtained adding the individual simulated profiles calculated
by the SRIM code [Zie 1985].

Figure 3.12- The simulated concentration profiles of the total implanted species (H+He) for (a) HE and (b) LE
case.

The simulated profile for HE has a peak concentration value ≈30% smaller and a 40%
wider straggling than the corresponding one for LE.
Considering the threshold fluences Ф=2.25x1016cm-2 for HE and Ф=1.5x1016cm-2 for LE,
the calculated peak concentrations render very close values (2,14at.% for HE and 2,16at.%
for LE). This result suggests that the exfoliation threshold is somehow correlated to a
minimum peak concentration of gas atoms. It is probably related to the required
concentration to form the precursor defects leading to exfoliation efficient cavities. The
higher Aex value observed for HE can be obviously attributed to the higher amount of implant
gas. For comparison, the threshold blistering fluence for only H implanted Si samples renders
a peak concentration about 3,5at.% for implantation energies of 30keV. This value increases
with energy reaching ≈5at.% for ≈100keV [Ter 2007]. The same tendency is not observed for
the exfoliation behavior observed from co-implanted samples. In our work, the peak
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concentration at the threshold exfoliation fluence stays approximately constant around 2%
as observed for rather broad energy limits (≈30 and 350keV). This result corroborates and
quantifies the reduction in total implantation fluence observed for the co-implantation
process as compared to the single H implantation [Aga 1998]. We remark that we have
compared our values from exfoliation experiments with literature results from blistering
observations. Hence, the total fluence reduction effect quoted here is certainly
underestimated, since the concentration of gas to produce exfoliation is certainly higher
than that for blistering [Ter 2007].
The Aex curves clearly present a maximum value from where an increase of fluence
brings a detrimental result in exfoliation efficiency. Differently to the “sharp increase”
observed right after the threshold limit, the upper fluence limit of the efficiency window is
not so well defined, and microstructure modification effects may explain the “gradual
decrease” of the curve. Such microstructure modifications will be discussed in more detail in
Chapter 4.
Finally, comparing Aex, Sex and Dex values (see Figs. 3.3, 3.4 and 3.5 for HE and Figs.
3.7, 3.8 and 3.9 for LE) we observe that, for HE curves, Aex is directly proportional to Sex and
inversely proportional to Dex. On the other hand, Dex is roughly constant for LE. This indicates
that the Sex values determines the Aex ones, leading to the conclusion that the considerably
reduction of the exfoliation efficiency for high fluence is ultimately related to the reduction
of the Sex values.

3.3.1.2.

Aex dependence on the implantation energy

Figure 3.11 shows that, for a given fluence, the HE case presents higher Aex values.
However, the calculated concentration of H+He atoms for Ф=2.25x1016cm-2 renders a peak
concentration of 2.14 at% for the HE case, and 3.25 at% for the LE case. Moreover, the LE
sample has not only a higher peak concentration but also a narrower range straggling
(roughly 60% narrower). Peak concentration arguments were already invoked to explain the
threshold fluence and its displacement with the energy. However, at this point, we cannot
provide a consistent explanation for the observed Aex dependence on implantation energy.
Several features may play an important role in this phenomenon. For example, the retained
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He concentration may depend on the distance from the surface, particularly for energies
smaller than 40 keV [Mor 2004]. In addition, specific defect formation features may also
influence the Aex behavior and will be considered in more detailed in Chapter 4.

3.3.1.3.

Mean size of individual exfoliation areas S ex and exfoliation

morphology
Sex is rather independent of the annealing protocol, varies within a factor of 2 for
the LE case and ≈10 for the HE one, and significantly with the implantation energy or depth h
(h=300 nm for LE and h=1500 nm for HE). Figure 3.13 shows the Sex behavior as a function of
fluence for both energy cases (notice the different vertical scale for each case). Differences
up to a factor of 102 can be observed for fluences close to the maximum peak values of the
curves.

Figure 3.13- (a) Mean
exfoliation

area

Sex

plotted as function of
the fluence Ф for both
implantation

energies

and annealing protocols.

A detailed SEM investigation was carried out and revealed some interesting aspects.
Figures 3.14a and c show low magnified images of the HE implanted samples for medium and
high fluences respectively. Figure 3.14b reveals morphological details such as circular
features contrast at the bottom of the exfoliated area. The typical radius of these circular
marks ranges from ≈3 to 10 µm and cover typically 40% of the local exfoliated area. The
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circular form is probably related to pressurized plate-like cavity structures. With increasing
fluence, Fig. 3.14d shows exfoliated regions with smaller sizes without distinguished features
inside. It seems also important to remark that the circular areas observed for the medium
fluence case have similar dimensions as a single exfoliated area observed from the high
fluence case. The same behavior is observed for the LE cases, as shown in the Fig. 3.15. These
observations suggest that the circular marks observed for medium fluences are reminiscent
features of the same kind of defect that originates a single exfoliation in the high fluence
samples.

Figure 3.14- (a) and (c) are SEM images showing typical exfoliated areas of the HE implanted samples at
medium and high fluences respectively. Figures (b) and (d) reveal the detailed morphology of the individual
areas for each fluence case. The samples are referent to the annealing protocol 1, but the same features are
observed also for samples annealed using the protocol 2.

The exfoliation morphology also changes with the fluence (compare, e.g., Fig. 3.14b
with d). At low and medium fluences, the lateral walls of the exfoliated areas are rather
straight and follow the usual cleavage plans of the silicon lattice; square-like exfoliation
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morphology is observed. The high fluence implanted samples shown in Figs. 3.14d and 3.15d
display rather irregular lateral walls.

Figure 3.15- (a) and (c) are SEM images showing typical exfoliated areas of the LE implanted samples at medium
and high fluences respectively. Figures (b) and (d) reveal the detailed morphology of the individual areas for
each fluence case. The samples are referent to the annealing protocol 1, but the same features are also
observed also for samples annealed using the protocol 2.

The whole scenario described above suggests that high internal gas pressure has
literally “exploded” the blister caps for the high fluence cases. For the low and medium
fluence cases, however, the situation is different. The gas pressure in the individual circular
blisters was not sufficient to “explode” their cap. Hence, a secondary relaxation mechanism
must take place. This new mechanism can be defined as cleavage assisted coalescence of
macro-defects (CAC).
In order to fundament the following discussions and explain the proposed CAC
mechanism, it is worthwhile first to understand the different characteristic exfoliation sizes
observed for distinct energies and fluences. Therefore, we delineate the following scenarios
grounded on the experimental results and mechanics of exfoliation. The analysis is based on
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an internal pressure model for exfoliation [Fen 2004]; the results will be then compared and
contrasted with the model.
In the initial nanocrack formation stage, when h/r >>1 (being r the radius of the crack
and h its distance to the surface), the structure is seen as a classical Griffith crack [Gri 1920]
embedded in an infinite elastic medium. Figure 3.16 exemplifies the situation. Mainly driven
by its internal pressure and assisted by the hydrogen action in breaking the strained bonds
at the crack tip, the crack follows a sub-critical planar growth governed by a mode-I stress
intensity factor (kI).

Figure 3.16- Griffith crack of major radius r and minor axis s embedded in an infinite elastic medium at a
distance h from the surface.

When such a crack extends to a length r comparable to its distance from the surface
h, the assumption that the crack is embedded in an infinite elastic medium becomes
inappropriate. In this case, we shall regard the Si over-layer above a crack as a circular plate
clamped along its edge with a uniform and constant pressure p [Fen 2004]. As the ratio h/r
decreases, the mode-II stress intensity factor increases and the system must be treated as a
mixed mode having both nonzero, mode-I (kI) and mode-II (kII) values. In the initial stage of
crack growth, mode-II stress intensity factor is negligible (KII0), resulting in a small
deformation of the surface. Now, if the crack grows until h/r <<1, KII increases and the thin
plate above the crack experiences a larger deformation, leading to the appearance of blisters
and/or exfoliation at the surface [Fen 2004]. Figure 3.17a shows a SEM image of blisters and
exfoliations. Their distinct evolution stages are illustrated by the diagram in Fig. 3.17 and
indicated on the SEM.
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Figure 3.17Blistering/exfoliation

in

distinct stages of evolution
are shown and indicated
on the SEM at the top of
the figure (30keV H+ ions
at 5x1016 ion/cm2 + 33keV
He+ ions at 5x1016 ion/cm2)
after

annealing

(500°C

1800s) and a diagram
relating

their

evolution

and correlation with stress
intensity

factors

contribution and thermal
annealing is schematically
presented.

Following the thin-plate assumption [Hut 1992], the maximum tensile stress of the
plate occurs along the circumferential edge (see Fig. 3.17), and is given by [Fen 2004]

MAX
rr

3p r
4 h
42
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Since Si is a brittle material, it is reasonable to consider the maximum principal stress as
failure criterion for exfoliation. Hence, exfoliation may take place when
MAX
rr

C

(3.5)

,

where σC is the fracture stress of the material.
The measured individual exfoliated sizes Sex allows the estimation of an effective
mean radius r as

Sex

.reff2 .

(3.6)

reff values versus fluence are plotted in Figs. 3.18 and 3.19 for the HE and LE case,
respectively.

Figure 3.18- reff plotted as
function of the fluence for
the HE samples and both
annealing protocols.

Based on the internal pressure model for exfoliation [Fen 2004], the theoretical
pressure P immediately before exfoliation can be estimated as

Pc

4

c

3
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where h=1500nm for HE and h=300nm for LE. The h/r ratio and the calculated pressure PC are

presented in Fig. 3.20. The annealing conditions are not specified since Sex does not vary with
the annealing protocol.

Figure 3.19- reff plotted as
function of the fluence for the LE
samples and both annealing
protocols.

Figure 3.20- h/r ratio and Pc
plotted a function of the
fluence Ф for both energy
cases.

The

annealing

conditions are not indicated
since Sex does not vary with
the protocols.

Considering the hypothesis that the internal pressure of blister-like cavities is
correlated to the implanted fluence [Fre 1997, Yan 2003, Par 2007] as
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P

,

(3.8)

similar h/r factor values are expected for each fluence case regardless of the implanted
energy. This means that, in order to produce exfoliation, a crack located at the depth h and
with a gas pressure P should grow to a characteristic radius given by eq. 1.4. This is indeed
verified for the high fluence regime, where the exfoliation h/r curves for HE and LE converge
practically to the same value. On the other hand, a reduction of the fluence should decrease
the pressure P and, therefore, render smaller h/r values. This is actually observed for both
energy cases (Fig. 3.20), except for the threshold fluence point. However, assuming the
hypothesis in Eq. 3.8, we should find similar values for h/r, independently of the depth
location h and consequently, the implantation energy. This is clearly not observed in Fig.
3.20. In fact, for low and medium fluence cases the h/r values are quite distinct for each
energy case. Curiously, the h/r factor obtained for the high energy case (larger h) suggests
that exfoliation has occurred in a condition of lower pressure than for the low energy case.
These discrepancies can be attributed to the existence of distinct exfoliation mechanisms
operating at low and medium fluences as compared to the high fluence case. This is also
supported by the distinct exfoliation structures shown in Figs. 3.14 and 3.15. In this way, we
can differentiate the exfoliation mechanism as a function of the implanted fluence and
delineate the following situations.

For low and medium fluences, the gas pressure inside the blisters is not high enough
to overcome σc at its circumferential edge. Hence, their lateral growth may continue until a
second relaxation mechanism takes place. At a given moment of the microstructure
evolution, a cleavage assisted coalescence (CAC) process occurs between neighbor macrodefects (blisters or microcracks). The CAC process probably happens due to the high stress
induced in the area between neighboring blisters [Use 2003, Hon 2007]. This process leads
to the exfoliation of large areas since it includes the regions between blisters. Blister
coalescence is also supported by the SEM observations. An example is shown in Fig. 3.21,
obtained from the same LE sample implanted to Ф=2.25x1016cm-2 and annealed at 400°C
(temperature just before exfoliation). Several blisters were observed in distinct coalescence
stages. Figure 3.21a shows two uncoalesced individual blisters. Figure 3.21b and c show two
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coalescing blisters where a neck between them appears. Figure 3.21d shows a large blister
resulting from the coalescence of smaller ones.

Figure 3.21- SEM images of LE blisters at
distinct stages of coalescence obtained
from observations of the same sample
implanted

at

Ф=2.25x1016cm-2

and

annealed at 400°C for 1800s.

Finally, Figure 3.22 presents a schema illustrating the CAC process. It can explain how
very large Sex sizes are attained on the case of low and medium fluences, as well as the
characteristic traits found on the remaining surface (i.e. the residual circular marks
remaining from the pressurized blisters and/or large microcracks surrounded by apparently
roughness areas). The rough areas (see Fig. 3.14b) seem to result from the cleavage along
the disrupted layer, defined by H and He related defects as platelets, nano or microcracks.
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Figure 3.22- Schematic representation of the structures evolution distinct stages, resulting in the coalescence
driven exfoliation model proposed to explain our experimental observations. This mechanism was commonly
found for low and medium implanted fluences.

Another important observation is that the CAC process produces characteristic
distributions of size for each fluence case. In the opinion of the author, this is somehow
correlated to the stress distribution in the layer.
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For high fluences, the concentration of implanted atoms in the matrix is sufficiently
high to provide the necessary driving force to supply elevated pressures in the blister
cavities, thus overcoming σc. In such conditions, exfoliation occurs at a given characteristic r
which depends only on the h and P values (h=depth and P=internal pressure, eq. 1.6). Since P
roughly increases with the implanted fluence, r should decrease as indeed observed
experimentally (see Fig. 3.13). Hence, exfoliation becomes independent of any blisters
coalescence process for high fluences (h/r=cte for a given fluence). The exfoliation of
individual blisters, preventing their coalescence, explains the observed increase of Dex values
and the decrease of the Aex ones for high fluences. A schema of the pressure induced
exfoliation process is shown in Fig. 3.23.

Figure 3.23- Schematic representation of the structures evolution distinct stages, resulting in the pressure
driven exfoliation model operative in the restrict conditions of high implanted fluences.

Taking the value of fracture stress for Si (σc=7000MPa [Caltech]) eq. 1.6 gives an
internal pressure of ≈300MPa on the blisters prior to exfoliation for Ф=7.5x1016cm-2. The
result is in good agreement with other estimations of internal gas pressure inside blisters,
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for materials with similar Young’s modulus and Poisson’s ratio, to be around 200MPa [Par
2007]. However, the pressure for exfoliation is certainly higher than the one for blistering,
thus corroborating the higher value of pressure estimated on the present work.
Figure 3.24 presents a schematic summary of the operative exfoliation mechanisms.
In summary, the exfoliation mechanism is related to the regime of fluence, being the internal
pressure model the dominant for high fluences and the cleavage assisted coalescence CAC
the dominant for low fluences. Between both regimes, mixed contributions may take place.
Indeed, it is possible to infer that after a minimum h/r value, the internal pressure of the
cavities starts to increase.

Figure 3.24- Schematic representation showing the exfoliation mechanisms as function of the
implanted fluence. The coalescence model is dominant for the regime of low fluences and the internal pressure
dominates for high fluences. A mixed contribution of both is observed between both limits cases.
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3.4.

Conclusions

In this chapter we have studied the exfoliation behavior of H and He co-implanted Si
samples as a function of the implantation energy, fluence and annealing protocol. The
methodology includes the statistical evaluation of exfoliation areas in order to deduce the
exfoliation mean sizes Sex, exfoliation efficiency parameter Aex and exfoliation density Dex.
The exfoliation behavior was characterized as a threshold phenomenon. An abrupt
increase of Aex and Sex values is detected right after the threshold value. This behavior is
connected with a minimum peak concentration of gas atoms, and explains why the
threshold fluence increases with the implantation energy. After their abrupt increase, Sex
and Aex reach a maximum and then slowly decrease with the fluence. This behavior is
apparently caused by microstructure modifications that will be discussed in the next
chapter. Aex values do not vary with the energy as significantly as the factor 100 observed for
Sex. This behavior is correlated with the implantation depth h and the results are discussed in
terms of gas pressure relations derived from elasticity concepts.
Blistering mechanisms for irradiated material have been widely discussed in the
literature. Exfoliation is systematically considered a burst blister and has been less
investigated. In this work, we show that exfoliation can be the result of an individual busted
blister under high fluence conditions, where the gas concentration is sufficiently large to
supply the necessary pressure to overcome the fracture stress

c

of the material. A distinct

exfoliation mechanism (i.e. the cleavage assisted coalescence (CAC) of blisters) has been
proposed in order to explain the experimental results for low and medium implanted
fluences. Its phenomenological description is supported by detailed investigation of
exfoliation features obtained by SEM observations.
To explain the results we propose a phenomenological model where exfoliation
evolves two macro-steps; i) formation of blistering, where the high internal pressure needed
to overcome σC is not attained and ii) cleavage occurs between growing blisters leading to
their coalescence, and then, resulting in exfoliation of large areas.
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The major conclusions can be summarized as:
For each depth location (i.e. implantation energy), there is a distinct fluence window
where the exfoliation efficiency can be optimized (or manipulated in other sense).
The lower limit of the window seems to be related to a minimum concentration of
gas atoms, independently of the implanted energy, which implies that the threshold
fluence increases with the implanted energy.
The reduction of exfoliation efficiency for high fluences is related to the reduction of
Sex.
For the same fluence, the reduction of the exfoliation efficiency Aex for lower
implantation energy is interpreted as a gas desorption enhancement due to the
proximity of the free surface.
Pre-annealing enhancement of the exfoliation efficiency Aex occurs due to an
increase of exfoliation density Dex.
The mechanisms of exfoliation were shown to be fluence dependent where:
o A model internal gas pressure can be applied for the high fluence cases.
o A blistering coalescence mechanism is observed for low and medium
fluences.
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CHAPTER 4
Fluence and Current Density Effects on
the Exfoliation Behavior of 1H:1He
Implanted Si
This chapter presents a more detailed microstructure investigation of high energy
(HE) implanted samples with a1H:1He fluence ratio. The effects of fluence and current
density on the exfoliation precursors are investigated by TEM and XRD.
The chapter also demonstrates that complete delamination of large areas can be
attained when the samples are implanted with high fluence rates. This phenomenon is
discussed in terms of a distinct mechanism, concurrent to the coalescence processes leading
to blistering/exfoliation. A fracture mechanics based model is proposed to explain the
results.
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4.1. Experimental parameters
4.1.1. Implantation fluence (Ф)
The implantation fluences were adjusted to provide a 1H:1He ratio. The samples
were implanted to total fluences (H++He+) of Ф=2x1016cm-2, Ф=6x1016cm-2, and
Ф=10x1016cm-2, hereby denominated low, intermediate and high fluence cases. Control
samples implanted only with H+at low and high fluences were also investigated.

4.1.2. Implantation energy
The implantations were performed at energies of 168keV for H+ or 336keV for H2+
calculated using SRIM code [SRIM 2008] to provide coincident mean depth values about
1.5µm, corresponding to the “high energy” (HE) case.

4.1.3. Order of implantation and current density
All the samples were first implanted with H+ ions and then with He+ ions under
current densities from 0.25 to 0.5μAcm-2, hereby denominated “low current” (Lc) mode.
Samples were also implanted using current densities of 1.5 µA cm-2, denominated “high
current” (HC) mode. The current density effect was studied considering a fixed fluence
Ф=4x1016 cm-2.

4.1.4. Thermal Annealing Protocols
All implantations were performed with the target kept at room temperature. The
implanted samples were then furnace annealed in a high vacuum ambient, using the same
annealing protocol 1 (700°C for 1800s) defined in Chapter 3. An intermediate annealing
temperature of 350°C for 1800s was used to perform TEM investigations of the sample
microstructure.
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4.2.

Results

Figure 4.1 shows SEM images of the exfoliated surfaces for the three fluence cases
after annealing using protocol 1 (700°C for 1800s).

Figure 4.1- SEM images of the samples
surface showing a general view of the
exfoliation sizes and densities for (a)
Ф=2x1016cm-2,(b) Ф=6x1016cm-2, and (c)
Ф=10x1016cm-2, after annealing using
protocol 1.
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The samples were analyzed using the same methodology described in Chapter 3. The
dependence of Aex versus Ф (Fig. 4.2) reproduces the general window trend observed for the
samples implanted with the 2H:1He ratio (see Chapter 3, Fig. 3.2). For the only H+ implanted
samples, no exfoliation is observed for Ф=2x1016 cm-2, and Aex approaches 17% for
Ф=10x1016cm-2 (Fig. 4.2). The Sex values were not evaluated because the exfoliated regions
are highly overlapped (Fig. 4.1b), rendering unrealistic results.

Figure

4.2-

Exfoliation

efficiency Aex plotted as
function of the implanted
fluence

Ф

for

the

coimplanted samples, as
well

as

the

sample

implanted only with H+ at
Ф=10x1016cm-2.

Detailed SEM images of exfoliated regions reveal similar remaining circular marks as
described in Chapter 3 (Fig. 3.14). The estimated areal ratio of circular features per
exfoliated area is ≈65% for the sample implanted at Ф=6x1016 (Fig. 4.3). Figure 4.3b
exemplifies the method used to determine the areal ratio. Figure 4.3c shows SEM images in
high magnification providing details of the circular features.
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Figure 4.3- (a) SEM image revealing the circular marks at the bottom of the exfoliated areas. (b) The ratio of
circular features by the area of exfoliation was estimated to be ≈65% for the sample implanted at Ф=6x1016. (c)
Inserts of higher magnifications showing the circular features.

Figure 4.4- Shows a low magnification
cross section TEM image of a sample
implanted

at

Ф=10x1016cm-2

and

annealed at 350°C for 1800s. The
formation of a buried damage layer at
≈1.5μm depth from the surface is
observed.
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Figure 4.4 shows a cross-sectional TEM view of a HE implanted sample (Ф=10x1016cm2

) annealed at 350°C for 1800s. It reveals the formation of a damaged layer at the depth of

≈1.5μm, which is quite accurately reproduced by SRIM [SRIM 2008] calculations.
Figures 4.5a, b and c show TEM observations of the damaged layer for the three
fluence cases (low, medium and high). The distance l depicted on the images represents the
characteristic width of the damaged layers. Figures 4.5d, e and f provide magnified views
from these regions. They clearly show the formation of (001) nanocracks appearing as
elongated white rods preferentially aligned parallel to the surface. The distance p indicated
in the pictures refers to the width of the region within the damaged layer which effectively
contains nanocracks. The values for l and p are summarized in Table 4.1. The low fluence
case (Fig. 4.5d) presents (001) oriented nanocrack structures about 100 nm long, distributed
in a narrow depth layer centred on the damaged region. With increasing fluence, the
nanocracks become smaller (typical lengths between ≈20-60nm) and their depth distribution
become slightly larger. For the three fluence cases, the depth distribution is centred at
≈1530nm. It means that the damaged zone extends towards the surface as the fluence
increases. A careful examination of this damage “tail” reveals the formation of a high density
of small spherical cavities presenting diameters of ≈2-3nm (see Figs. 4.5e and f). Similar
mean values of nanocrack length and cavity diameter are also observed for medium and
high fluences. Hence, with increasing fluence, cavity concentration and/or their gas pressure
must increase to accommodate larger gas contents. Independently of the implantation
condition, preferential formation of {111} oriented platelets is observed at the deeper side
of the implanted layer. Figure 4.6 illustrates schematically the observations above.
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Figure 4.5- TEM images from samples annealed at 350°C for 1800s at low magnification (a), (b) and (c) and high
magnification (d), (e) and (f). Their correspondent implanted fluence is indicated at the left of the figure. The
parameters l and p are the characteristic width of the damaged layer and the length of the region which
effectively contains nanocracks. It shows that microstructure evolves as fluence increase. The mean size of
nanocracks reduces but their depth distribution slightly enlarges.
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Figure 4.6- Schematic illustration of the microstructure for samples implanted at low, medium and high
fluences.

Longitudinal (θ/2θ) x-ray scattering measurements in the vicinity of the (004)
reflection were carried out on the as-implanted samples. The obtained data corresponds to
scans along the surface normal, where information about planes parallel to the surface can
be extracted. The XRD measurements are displayed in Fig. 4.7 (intensity versus relative strain
∆d/d). Figure 4.7 also shows the measurement of a pristine sample (non-implanted Si). For
all implanted cases fringe patterns are observed. The fringe spacing shortens and the
intensity of the curves drops as fluence increases. This indicates that the strain profile
widens with increasing fluence. The decrease of scattered intensity is related to strong local
displacements of atoms from the diffractive planes [Ded 1973]. In the case of H implanted Si,
this has been attributed to the formation of large defects (nano and microcracks) [Sou 2006,
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Mic 2003], but could also result from the increase of pressure inside the defects. The
maximum strain increases from 0.6% at Ф=2x1016cm-2 to values larger than 1.2% for
Ф=6x1016cm-2 and Ф=10x1016cm-2 (the curves are resolved until the εMAX of ≈1,2%, from
where the intensity approaches the noise level limit associated to the technique and the
characteristics of Si). In summary, as the fluence increases the maximum strain increases,
the profile enlarges and the defects present at the as-implanted state are more and more
able to produce stronger localized displacements of atoms from the diffractive planes.

Figure 4.7- Present XRD (004) scattering intensity plotted against the relative strain for the three fluence cases
and at the as-implanted state, as well as a reference sample (virgin Si).
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4.3. Discussions
4.3.1. Effect of the H:He ratio on exfoliation efficiency
Figure 4.8 compares the Aex behavior as a function of fluence for the 2H:1He and
1H:1He fluence ratios. Both curves show the same trend. However, for the 1H:1He case the
efficiency window is wider and the maximum Aex value is considerably higher (≈100%) and
shifted toward higher fluences. This enhancement of the exfoliation efficiency is consistent
with the concept in the literature (see Chapter 1) that He atoms causes a more efficient
pressurizing effect.

Figure

4.8-

efficiency

Exfoliation

(Aex)

as

a

function of the implanted
fluence (Ф) for both H:He
implanted ratios.

4.3.2. Microstructure evolution as function of the implanted fluence and
its consequence on Aex and Sex
The TEM observations presented in Fig. 4.5 and summarized in Fig. 4.6 show that the
samples implanted to low fluence display rather long nanocrack structures concentred
within a narrow layer, in contrast to a larger distribution of smaller nanocracks observed for
medium and high fluence cases. The fact that for a higher fluence of implantation we have
observed a higher density of “smaller” cavities can be explained by the increase and
broadening of the damaged layer (confirmed by both TEM and XRD results). Previous studies
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have shown that if abundant traps sites for gas atoms are created at a broaden depth, a
more homogeneous distribution of nucleation centers is formed. In this case, a deceleration
of the Oswald Ripening growth process of the cavities could be expected and one will find
smaller cavities after a given time t of annealing [Del 2003].
It seems interesting to discuss why the damage layer shows spherical cavities mostly
concentrated at shallower depths and nanocracks at deeper regions as schematically shown
in Fig. 4.6. For high fluence He implanted Si, spherical cavities readily form during the
implantation process because of the high availability of as-created vacancies [Fic 1997]. In
this sense, the very small 2-3nm spherical-like cavities in the high fluence H+He coimplanted
samples can be understood in terms of concentration and depth distributions of vacancies.
Figure 4.9 shows SRIM [SRIM 2008] simulated concentration profiles of vacancies and atoms
obtained for the combined H+He implantation. The peak concentration of vacancies is
located at a shallower depth (1480nm) compared to the one for the implanted species
(1540nm). The peak location of the gas concentration profiles at the depth of 1540nm is in
good agreement with the observed location of the nanocracks (see Table 4.1). This
observation suggests that the nanocracks form closer to the maximum concentration of the
implanted species. As the fluence increases from Ф=2x1016cm-2 to Ф=6x1016cm-2, nanocracks
are still formed at the same depth, but the excess of implanted atoms seems to agglomerate
at the region where a high concentration of vacancies is available, and forming spherical
bubbles.
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Our observations indicate that the concentration of spherical cavities is larger in the
region close to the estimated vacancy concentration peak (1480nm), i.e. just beside the
region where the nanocracks have formed (Figs. 4.5e and f, and Fig. 4.6). It is not possible to
determine whether the spherical bubbles contain preferentially H or He atoms or a mixture
of both, but it was verified that when He is implanted to Ф=2x1016cm-2, it will form only
spherical bubbles and H implanted to Ф=2x1016cm-2 will form platelets and microcracks both
after annealing 350°C 1800s as shown in Fig. 4.10. Since H was always implanted first, it
seems plausible to assume that H platelets were already formed by H, as observed in
previous works [Gri 2000]. Hence, when the He implantation started, the He atoms would
already find a sample containing H-platelets and a tail of vacancy rich point defect clusters
extending towards the surface. For low fluences, the concentration of the H induced point
defect clusters may be quite small and ineffective to trap the He atoms, which would then
preferentially be incorporated by the H-platelets, causing their growth. On the other hand,
for larger fluences, preferential trap of He atoms at the H induced vacancy clusters leads to
the formation of a high density of spherical like bubbles, thus not contributing to a
significant platelet growth. In this sense, it could result in a deleterious effect on Sex and Aex.

Figure 4.10- Shows cross section TEM images of (a) spherical bubbles formed on He implanted Si at
Ф=2x1016cm-2 (345keV) and (b) platelets and microcracks formation on H implanted Si at Ф=2x1016cm-2
(168keV). Both samples were imaged after 350°C 1800s annealing.
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Exfoliation is a threshold phenomenon and seems natural to attribute its emergence
to the accumulation of minimum gas content able to give rise to the process as discussed in
Chapter 3. However, the reduction of exfoliation efficiency for high fluences (ultimately
defining the higher limit of the exfoliation window) is not obvious and several factors may
play a role in this case. A similar window feature (for blistering, not exfoliation) was
described in previous work [Mou 2005] where the reduction of blistering for high fluences is
attributed to the widening of the damage profile as the implanted fluence increases. As a
consequence, the spreading of depth distribution of nanocracks occurs, probably reducing
their coalescence and ultimately inhibiting blistering. For the present case of H+He coimplanted samples, the correlation of the exfoliation efficiency with the widening of the
damage profile is not so clear. We observed that, from Ф=2x1016cm-2 to Ф=6x1016cm-2, the
damage profile widens in ≈90%, while the exfoliation area increases in ≈210%. On the other
hand, from Ф=6x1016cm-2 to Ф=10x1016cm-2 there is a slight widening of ≈17% accompanied
by a reduction of 40% in the exfoliated area (see Table 4.1). The width of the region
containing the nanocracks (length p) shows approximately the same behaviour. Thus, the
inhibition of blistering/exfoliation for very high fluences is more probably related to other
microstructure modifications.
This section shows that the nanocracks are observed within the region close to the
peak concentration of implanted gas atoms. The accumulation of lattice defects with
increase of fluence causes the formation of spherical bubbles (instead of nanocracks) close
to the maximum concentration of vacancies, which may contribute to the reduction of the
exfoliation efficiency.
Indeed, blistering and exfoliation is the result from a number of complexes
mechanisms including irradiation and thermally induced defects, diffusion and segregation
of gas atoms and point defects, nucleation and growth of cavities [Gri 2000], gas pressure
effects [Wel 1998], chemical interactions [Aga 1998, Wel 1998], stress and strain induced
effects [Nas 2005, Lee 2006] and elastic or even plastic deformation [Fra 2004]. Additional
factors such as localized relief of strain, localized amorphization of the implanted layer
(amorphous Si do not blister [Ter 2007]) or even homogeneous swelling [Lec 2005] need to
be studied for a better understand of the upper limit behavior.
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4.3.3. Strain evolution as a function of the implanted fluence:
The XRD measurement (Fig. 4.7) from the Ф=2x1016cm-2 implanted sample is
characteristic of a normal type distribution of strain, where εMAX≈0,6% is achieved at the
center of the profile. The simulation of the experimental x-ray scattering curve for
Ф=2x1016cm-2 sample was done using implantation [Zie 1985] and XRD [Ste 2007] simulation
codes. Figure 4.11 shows the simulation results superposed with the experimental curve.
The simulations were performed considering the combined (H+He) vacancy profile (Fig.
4.11a), the H+He concentration profile (Fig. 4.11b), only the He concentration profile (Fig.
4.11c) and only the H concentration profile (Fig. 4.11d).

Figure 4.11- Shows the results of the simulation of x-ray scattering curves using (a) the H+He vacancies profile,
(b) H+He atoms concentration profile, (c) only He atoms concentration profile and (d) only H atoms
concentration profile respectively.
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The results clearly show that the best fit of the experimental data is obtained by
using the H concentration profile to simulate the strain distribution. A static Debye-Waller
factor DWF=1 was used in all simulations (i.e. no effect of local atoms displacements has
been accounted for), suggesting that only very small clusters are present in the as-implanted
sample. The strain profile of the Ф=2x1016cm-2 implanted sample was then reconstructed
from the simulations and the result is presented in Fig. 4.12.

Figure 4.12- Strain profile of the
Ф=2x1016cm-2

sample

reconstructed

from the simulation of XRD curve using
the H atoms profile.

The simulations of the strain profiles for the higher fluences could not be done with
accuracy since there is a lack of data for the high strained zone of the samples (ε>1.2%), but
interestingly, the H simulated SRIM profile does not provide a good fitting of the XRD
simulation as it provides for low fluence regime. Nevertheless, the general result is
qualitatively summarized in Fig. 4.13, illustrating that the strain profile tends to widen and
increase with the increase of the fluence.

Figure 4.13- Summary of the
strain distribution found for the three
fluence cases. For the fluences of
Ф=4x1016cm-2 and Ф=10x1016cm-2 the
profile could be measured until ε≈1.2%
from where it gets in the noise level.
Nevertheless, the profiles are observed
to widen as fluence increases.
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4.3.4. Elasticity based expression and calculation of in-plane stress
An implanted layer is considered a thin buried layer close to the surface, containing
extra atoms and damage. It is reasonable to assume that the damage is homogeneously
distributed within the x and y directions parallel to the surface and confined within a narrow
z distribution (perpendicular to the surface). The z dimension is very small compared to the
others and the stresses at the free surface of the substrate are null, thus characterizing a
plane stress state. In this case, compressive in-plane stresses

in plane
yy

within the xy planes and, as consequence, an out-of-plane strain
direction.

This

situation

is

schematically

illustrated

in plane
xx

develop

d
occurs in the z
d z
in

Fig.
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Figure 4.14- Representation of the compressive in-plane stress on the xy plane parallel to the surface and the
out-of-plane strain on the z direction.

In the plane stress state, σiz is assumed to vanish and the remaining strain and

stresses are independent of z ( zi r 0 ). Based on these considerations we can express
the strain of an implanted layer as
T
ij

0

i

x, y , j

x, y
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are the intrinsic deformations and eij are the elastic reaction of the material.
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Moreover, we know that exx
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The in-plane stress and the out-of-plane strain in implanted layers are then
correlated by the following expression:
in plane
yy

2

d
d z
.

The strains of the implanted layer can be extracted from the XRD curves. The
maximum of the compressive stress have been thus estimated for the three studied fluences
and are given in Table 4.2. The in-plane stress is observed to increase with the fluence.
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4.3.5. Stress distribution model and its correlation with the preferential
orientation of platelets along the Z-direction
In the previous sections we have started to describe and discuss the depth
distribution of platelet and spherical-like cavities. In what follows, the description of the
cavity distribution is completed by relating and discussing the distinct preferential
orientation of platelets along z-direction (depth). The observations are rationalized using a
stress and strain dependent model.
As discussed in section 4.2.2, the damaged layer of co-implanted samples is
characterized by:
-

Low fluence: Preferential formation of (001) platelets (i.e. parallel to the surface)
in the center of the layer and {111} platelets at deeper and shallower depths.

-

Medium and high fluence: Preferential formation of spherical bubbles in the
surface side, (001) platelets and nanocracks in the middle and {111} platelets at
the end of the damaged layer.

Figures 4.15a and b illustrate details of the cavity arrangements observed for the coimplanted samples. Figure 4.15c illustrates the situation for a sample implanted only with H.
The predominant (001) platelets observed at the core of the damaged layer and the
preferential orientation of {111} platelets at its edges agree well with previous reports [Bru
1999].
Our results demonstrate that the platelet distributions coincide with the simulated
concentration profile of the gas atoms (see Section 4.3.2) and, therefore, also coincide with
the strain distribution (see Section 4.3.3).
in plane
yy

Since the compressive in-plane stress
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distribution of implanted atoms, it is reasonable to consider the z-strain profile as a Gaussian
distribution [Sou 2006]. In this case, the in-plane stress can be defined as:
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where

d
d

MAX

is the maximum of out-of-plane strain along z, Rp is the projected range of
Z

the implanted ion and ∆Rp is the FWHM (full width at half maximum) of the implanted
profile.

Figure 4.15Detailed
TEM images
showing the
distribution
of

cavities

found

on

the

co-

implanted
samples (a)
medium
fluence, (b)
high fluence
and only on
H implanted
samples (c).
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H-platelets can be represented by dislocation loops of interstitial nature with an
 
 
bH n for interstitial loops) characterizing its strain-field
equivalent burgers vector bH ( bH
[Nee 1988, Gri 2000, Nas 2005]. In this case, the total energy of formation ET will be given by:

ET


bH

Ef



dS

(4.1)

,



where Ef is the self-energy of the platelet, dS dS.n is a surface element and ∑ is the total
external stress tensor, in this case, the in-plane stress. The following expression is then
derived from eq. 0.1:


n
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n
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The interest now is to calculate the energy variation of distinct platelets orientations
along the depth z. For this, the calculations were done in 2-D in the (y,z) planes with z
parallel to the [001] direction and y corresponding to the [-110] direction (i.e. typical cross
section image). In this case, each platelet is reduced to a dipole of edge dislocations with a

normal and unitary burger’s vector n . The energy density variation ∆E of the platelets is
then given by:

nz
ny

E

E

ny2

yy

zz

zy

yz

yy

2ny nz

nz
ny

nz2

zy

(4.2)

zz

.


The (ny , nz ) values are the projections of the n vector on the y and z axis, geometrically


determined as follows. The vector v


4.16) is given as v(111)
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( y, z) parallel to the platelets planes (shown on Fig.
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(0,1) from where the unit vectors
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(0,1) , from where the normal vector v '

obtained as:
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obtained the n vectors, the energy variation can be calculated.



Figure 4.16- Schematic representation of the (111) and (001) platelets from where the n vectors are obtained.

In the case of a plane stress (

zi

0 ) the energy variation equation (Eq. 4.2) is

simplified as
n y2

E

where ny
and ny

2 / 3 for the (111) platelets, ny

yy

0 for (001) platelets parallel to the surface

1 for (100) platelets perpendicular to the surface. For the (001) platelets the

energy density variation induced by the in-plane stress is null
E(001)

0

.

Hence, the in-plane stress does not impose an energetic barrier for platelet nucleation on
the planes xy parallel to the stress direction. On the other hand, the (111) platelets energy
variation is expressed by:
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and the (100) platelets energy variation is given by
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f ( ) is mainly function of the implanted fluence (for given implantation
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parameters such as temperature, energy among others. Rp is function of the ion energy and
∆Rp a function of the implanted energy and fluence. Nevertheless,

E(111) and

E(100) are

Gaussian functions of positive values, meaning that the in-plane stress impose an energetic
barrier for platelet nucleation and growth into {111} and (100) planes. Considering Ef of both
orientations {111} and {001} similar [Mar 2005], the predictions of the model for ∆E variation
along the z axis are presented in Fig. 4.17.

Figure 4.17- Predictions of ∆E variation
along the z-axis for the (001), (100) and
(111) platelets considering similar Ef.
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The {111} and (100) platelets are seen to be strongly unfavorable within the central
region of the implanted layer, explaining the predominance of (001) type. However, based
on the hypothesis that both platelets orientation {111} and {001} have a similar self-energy
Ef, one should expect an equal distribution of both orientations at the edges of the strain
profile. Instead, only platelets of {111} type are observed. This result, linked with the
experimental observation that only {111} platelets are observed when H is introduced by
diffusion through plasma hydrogenation regardless of the Si wafer orientation [Nic 2000] (no
stress is expected to be associated with the technique), suggests a distinct self-energy at the
form as E{001}
> E{111}
. This energy difference may be small and probably only becomes
f
f
evident when no external strain is acting on the system. Assuming
renders E{001}

E{001}
f

E{001}
f

E{001}
E{111}
f
f

0

Estrain . According to this assumption, the predictions of the model

are given in Fig. 4.18.

Figure

4.18-

Predictions of
the model for
the

∆E

variation along
the z-axis for
the

(001),

(100) and (111)
platelets
considering
different

self

energies E {001}
f

> E{111}
.
f
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With the above considerations, the general distribution of cavities observed for
samples implanted only with H and for the low fluence coimplanted ones can be understood.
Now, for medium and high fluence co-implanted samples, the absence of {111} type
platelets at the shallow edge of the implanted layer can be attributed to the fact that a high
concentration of vacancy-clusters favors the formation of spherical bubbles, instead of
platelets.

4.4.

Thin film delamination via unstable crack

propagation
In this section we demonstrate that localized blistering/exfoliation may be replaced
by a complete thin film delamination process leading to the formation of self-standing films.
This phenomenon is triggered at a single nucleation point and is discussed in terms of an
unstable crack propagation mechanism. We propose the unstable crack propagation process
as a concurrent possibility for layer splitting, which is usually described in the literature in
terms of nanocrack coalescence.

4.4.1.

Results

The experiments were performed in samples implanted at the fluence

=4x1016 cm-2,

corresponding to the interval of maximum exfoliation efficiency (Fig. 4.2), using either a high
current density mode Hc (1.5 µA.cm-2) and a low current density mode Lc (0.5 µA.cm-2). The
Lc samples behaved as previously reported, i.e., presenting localized blistering and
exfoliation after annealing for T≥400°C. For the Hc samples, no localized exfoliation or
blistering is observed after annealing at T=400°C. Instead, fascinatingly, centimeter wide
samples systematically show a complete delamination of the implanted surface after
thermal annealing at T≥450°C. The remaining surfaces of the samples also show a polished
and bright appearance.
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Approximately 10% of the Hc tested samples have failed to produce complete
delamination. Instead, these samples presented some localized blistering/exfoliation zones
in addition to complete delaminated ones. Figure 4.19a exemplifies this situation. It shows a
blistered/exfoliated area at the upper left corner and a rather uniform contrast
characterizing the delaminated zone. Figure 19b shows a glancing angle optical microscopy
observation (GIOM) revealing a radial-like texture morphology on the remaining surface (i.e.
the delaminated area). This feature is characteristic from rapid crack propagation in brittle
materials and the marks on the surface point out the location from which the process
originates. These marks are usually referred to as "chevron" or "herringbone" marks [Hen
2007].

Figure 4.19- (a) is a SEM image showing a sample
presenting blistering/exfoliation (upper left corner)
as well as a delaminated area. The same sample
observed by GIOM (b) reveals radial-like texture
morphology on the remaining surface of the
delaminated region. The feature is typical from rapid
crack propagation in brittle materials and the point
back to the trigger point of the process. (c) shows
details of the blistered/exfoliated area.
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Several implantation/annealing runs were carried out to check the reproducibility of
the process. Figures 4.20a, b, c, d and e show GIOM images from some cases. All images
present similar radial textures. Figure 4.20f shows in detail the morphology of the surface at
the trigger point of the process.

Figure 4.20- (a), (b), (c), (d) and (e) are GIOM images obtained from the remaining surfaces of samples
submitted to five distinct implantation/annealing (450°C 1800s) runs respectively. It supports the
reproducibility of the process. Fig. 4.17f shows the morphology of the surface at the trigger point of the
process.

Figure 4.21 shows a GIOM image from a sample that failed complete delamination,
where an interesting aspect is observed (see arrow mark). At this marked region the sample
was protected by a mask and, therefore, was not implanted. This region was entirely
contoured by the crack front of the delamination process, leaving back straight edges (Fig.
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4.21a). Finally, Figure 4.21b shows a non-delaminated implanted region from the same
sample, which presents localized blistering and exfoliation.

Figure 4.21- (a) shows one of the samples that failed to complete delamination, where an interesting aspect is
observed, the masked area of the sample (non-implanted at the sample holding) was perfectly contoured by
the crack front, leaving straight edges. (b) the non-delaminated area presented blistering/exfoliation.

Typical free-standing Si thin foils of 1,5µm thickness obtained from the crack
propagation delamination process are shown in Fig. 4.22.

Figure 4.22- (a), (b) and (c) show typical freestanding Si thin foils of 1,5µm thickness
obtained from Si samples by using the crack
propagation delamination process.
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The delaminated thin films are often bended in the convex sense. This fact can be
understood considering that, when film separation occurs, the in-plane stress from the
implanted region (localized at the bottom of the thin film) is free to relax. This creates a
differential expansion on the film. The effect is explained schematically in Fig. 4.23.

Figure 4.23- Schematic explanation of the convex bending observed on the delaminated thin foils.

Figure 4.24 shows a typical AFM measurement of the substrate delaminated surface.
The measured roughness (RMS values) amounts ≈13nm. This value is in the same order of
the roughness obtained by the Smart-Cut® method [Cha 1999]. For comparison, the
measured RMS roughness of a pristine surface from the same wafer is 0.15 nm.
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Figure 4.24- AFM measurements of the substrates surfaces after delamination presenting a RMS of ≈13nm

TEM investigations of Lc and Hc samples after annealing of 350°C for 1800s were
performed. Figures 4.22a and b show images from Lc implanted samples and Figs. 4.22c and
d from Hc implanted ones. Apparently, a higher concentration of nanocracks form in the Lc
samples, while the Hc ones are characterized by a scattered distribution of nanocracks and a
high density of small spherical cavities.
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Figure 4.25- (a) and (b) show cross-section TEM images of the Lc sample and (c) and (d) refer to Hc mode.

Longitudinal (θ/2θ) x-ray scattering measurements in the vicinity of the (004)
reflection were used to evaluate the strain content in both sample types, either at the asimplanted state and after 350°C (1800s) annealing. The results for the as-implanted samples
are presented in Fig. 4.26. The interference fringes seem to arise a little earlier for the Hc
sample, indicating that the strain profile is slightly wider. Both samples present quite similar
fringe spacing up to the high strained zone, where differences appear. The Lc sample holds a
εMax≈1.3% and the Hc one εMax≈1.6%. Figure 4.27 presents the simulation of the strain
profiles obtained using the method described in section 4.3.3.
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Figure 4.26- X-ray scattering
profile of the (004) reflection
obtained for the Hc and Lc
samples in the as-implanted
state.

Figure 4.27- Simulation of
strain profiles for the Hc and
Lc

as-implanted

samples

using the x-ray scattering
data and SRIM simulated H
atoms profile as reference.

The static Debye-Waller attenuation (Wh) factor has been extracted from the simulations
and the result is presented (Fig. 4.28) in terms of Lh, defined as Lh=-ln(Wh) [Ded 1973]. It
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clearly shows that a higher mean atomic displacement from the diffractive planes occurs for
the Hc sample. A similar effect was previously attributed to the presence of larger clusters
[Mil 1995]. In our case, the Wh factor behaviour seems to indicate that larger plate-like
defects were already formed after the HC mode implantation [Sou 2006].

Figure

4.28-

Debye-

Waller attenuation Wh
factor extracted from the
simulations (presented in
terms of Lh, defined as
Lh=-ln(Wh))

plotted

against depth.

The scattering profiles obtained after annealing are presented in Fig. 4.29. It shows
that the strain evolution of the samples is very different. After 350°C 1800s, a temperature
not far below the exfoliation temperature (≈400°C), the loss of interference fringes and a
considerable decrease of the scattering intensity are observed for the LC sample. Strain is still
present at comparable level to the as-implanted state, although, the coherent interference
originated from the highly strained crystalline planes is completely lost. This effect can be
attributed to the formation of a high density of large defects, e.g. nano or microcracks,
which cause strong and localized tilting of the crystalline planes [Sou 2006], as exemplified in
Fig. 4.30.
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Figure 4.29- X-ray scattering
profiles of the (004) reflection
obtained for the Hc and Lc
samples after annealing of
350°C for 1800s.

Figure 4.30- Schema of the localized
tilting deformation of the crystalline
planes after annealing of the Lc
sample.

Differently, the HC sample presented only a modest change of the strain profile after
annealing. The fringes were still observed, similarly to the as-implanted state, but with
slightly reduced intensity. This implies that a restricted evolution of the crack-like defects
took place. Cracks may have formed but were not able to strongly deform the crystalline
planes. It means that: i) even after quite high annealing temperature, the in-plane stress is
still present in the implanted layer, basically acting parallel to the samples surface as a shear
stress between the substrate and the thin film (above the implanted layer); ii) crack-like
cavities did not grow considerably. This situation is schematically represented in Fig. 4.31.
(compare with Fig. 4.30).
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Figure 4.31- Schema showing that, even
after annealing at 350°C, the HC sample
still presents the in-plane stress confined
to a narrow layer.
.

4.4.2. Discussions and model formulation for the delamination process
drives by fast crack propagation
TEM investigation (Fig. 4.25) suggests that, after annealing, a higher concentration of
larger platelets and nanocracks are present in the Lc sample. The x-ray diffraction patterns
confirm these observations and also indicate that the Hc samples present very limited
evolution of crack-like cavities from the as-implanted to the low temperature annealed
state.
The whole scenario could be explained as follows. The high ratio of energy transfer to
the wafer impinged by the Hc mode, result in the increase of the substrate temperature
during implantation. The thermal energy can promote the cavity formation during
implantation, which explains the presence of larger clusters detected in the as-implanted
state (x-ray measurements, Fig. 4.26). The implantation at high temperature also favours the
formation of spherical bubbles [Sil 2004]. In our case, this occurs in detriment of the
formation of platelets and nanocracks. During further annealing, the fewer nanocracks
formed have less chance to grow, since a large amount of gas is trapped inside spherical
cavities. They also have less chance to coalesce, since their density is reduced. Differently,
the LC sample will follow the usual route of nanocrack growth and coalescence until
blistering/exfoliation occurs at T≈400°C.
Blistering and exfoliation will occur when a crack grows until it achieves a
characteristic size, as discussed in Chapter 3, as well as in H induced blistering studies from
the literature [Hua 1999, Fen 2004, Ter 2007]. As a general rule, blistering/exfoliation only
occurs under appropriate conditions represented by h/r <<1, being h the depth at where the
crack is located and r its radius [Fen 2004].
In contrast, for Hc implanted samples, it is observed that blistering/exfoliation is
inhibited (until 450°C). In addition, TEM and XRD results also indicate that cracks had
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experienced sufficiently restricted growth to keep the condition h/r>>1, avoiding relaxation
via blistering. Furthermore, GIOM observations indicate that delamination occurs by crack
propagation triggered from a single nucleation point, thus suggesting that only very few
cracks can achieve instability conditions. In order to explain these general observations, a
model based on the fracture mechanics theory was developed. The model is grounded on
the follow assumptions: i) the cracks experience a restricted growth (h/r >>1) thus avoiding
blistering; ii) the process occurs by unstable crack propagation triggered from a single crack;
According to linear elastic fracture mechanics, and based on the stress intensity
factor criteria, the failure mode resulting in the unstable propagation of a crack takes place
when the stress intensity factor at the crack tip (KI) reaches the fracture toughness of the
material (KIC). Assuming that h>>r, the crack can be regarded as a Griffith’s crack of radius r
and short axis s (s<<r) embedded in an infinite elastic body. Thus, driven by its internal
pressure, the crack will experience a mode-I crack opening, and unstable propagation of the
defect will occur if the following condition is achieved:

K Inanocrack

K IP

K ICSi

,

(4.3)

where K Inanocrack is the stress intensity factor at the crack tip of a given nanocrack expressed
by KIP , denoting that the stress intensity factor is related to the internal pressure, and K ICSi
is the fracture toughness of Si. The mode-I stress intensity factor of a crack embedded in an
infinite elastic body containing an internal pressure p is given by [Tad 2000]

K IP

2p

r

(4.4)

.

From the elasticity theory, the equilibrium pressure of a crack is obtained as [Har 2002]

peq

(1

) req

(4.5)
.

The stress intensity factor at the crack tip can then be expressed by

K IP

2
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Equation 4.6 states KIP as a constant value for equilibrium conditions of a gas filled crack in
a solid. Taking typical values for Si (µ=68GPa, ν=0,22 and γ=1,38 j/m2 [Hue 2006]) it renders

K IP
which is ≈60% of K ICSi

0,69 MPa / m2 ,

1,19 MPa / m2 [Eri 1988] at room temperature and equilibrium

conditions.
Equation 4.5 suggests that equilibrium crack growth outcomes in a pressure
decrease. However, if the growth of the crack is limited (h/r>>1), assuming that the Griffith’s
crack geometry is preserved and using the ideal gas law as an approximation (PV=nkT), the
pressure will be strictly a function of the temperature P

f (T ) . The temperature at where

delamination is observed to take place (450°C or ≈723K) is ≈140% higher than room
temperature (≈300K), leading to an increase of ≈140% in the pressure and eq. 2 will be
expressed as

K IP 723

4,8

(1

)

.

(4.7)

1

rendering to K IP 723 1, 65 MPa.m 2 . The result shows that, with the imposed conditions
(h/r>>1, experimentally observed), the stress level at the crack tip could easily overcome
K ICSi and provide catastrophic propagation. Once triggered, the crack will propagate

following the most energetically favourable pathway. The combination of the in-plane stress
and a highly damaged layer seems to provide such energetic path. The result is the
propagation of the crack front, without deviation, for long distances under the surface. All
the approximations considered in the model may lead to an overestimation of the absolute
value of KIP at 723K. Nevertheless, the model provides a coherent and reasonable
explanation for the experimental observations.
Interestingly, previous study has proposed an expression for the minimal thickness of
the over-layer above the implanted layer to produce separation of the substrate without a
stiffener [Hua 1998], and tcrit=40µm is obtained for Si. It strongly contrasts with the 1.5 m
thickness obtained in the present work.
In summary, in this section we have shown that distinct macro-mechanisms of strain
relief can develop into H/He implanted Si. One occurs when a high density of platelets and
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nanocracks conduct to its coalescence, resulting in localized blistering/exfoliation of the
surface. A second mechanism, opposed to the concept of growth and coalescence of
individual cracks, occurs when a single defect achieves instability. The process produces the
delamination of entire thin films by crack propagation without the presence of an external
stiffener. The separation of thin films from a substrate by an ion induced method was
believed to be only possible with the previous stiffening of the surface by wafer bonding or
deposition methods, this, may holds true for a coalescence based mechanism of splitting.

4.5 Conclusions
The present chapter introduces several considerations on the effects of implantation
fluence, and H:He ratio and current density on the exfoliation phenomena. The major
conclusions can be summarized as:
Exfoliation efficiency can be optimized (or manipulated in other sense) with respect
to H:He ratio parameters. The 1H:1He implanted ratio presents larger exfoliation
efficiency than the 2H:1He one.

High-fluence co-implantation regimen produces a deleterious effect in exfoliation
efficiency; the microstructure evolution has been investigated and discussed in
terms of the formation of spherical bubbles instead of platelets and nanocracks. The
formation of spherical cavities was correlated to the high availability and depth
distribution of vacancies.
The strain in the samples increase with the fluence. Moreover, for low fluence, the
strain profile seems to be closely related to the H concentration depth profile.
An elasticity based relation between the in-plane stress and the out-of-plane strain
in the implanted layers was deduced. Associated to the XRD results, the value of
stress in the implanted was estimated for the studied fluences.
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Stress distribution was modeled using a Gaussian distribution. The results were
correlated with the depth distribution of platelets cavities distinct orientations.
Distinct and concurrent mechanisms of localized blistering/exfoliation and
delamination were discussed.
The effect of the current density was investigated. A new phenomenon was
uncovered: the delamination of unbonded Si thin films by unstable crack
propagation. The phenomenon was investigated in details and a model based on the
fracture mechanics theory and elasticity was introduced in order to explain the
results qualitatively.
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CHAPTER 5
Multilayer Exfoliation Study and Multilayer
Transfer Concept

According

to

the

concept

of

layer

transfer,

one

implantation/wafer-

bonding/annealing cycle results in a single engineered substrate. For a subsequent slicing of
the wafer, a new cycle should be carried out [Bru 1995, Asp 1997]. In this chapter a concept to
optimize the exfoliation process flow for layer transfer process is presented. Multiple energy
implantations are performed within the same implantation run in order to produce several
“ready to slice” splitting layers on the donor substrate. The key scientific concept explored in
this chapter is the tailoring of the exfoliation temperature, since it would be worthless if all
the layers would exfoliate at the same temperature.
Figure 5.1 (left) shows a process flow scheme of the usual layer transfer concept
which results in a rate of
1 transfer
implantation

.

In contrast, the multilayer transfer concept schematically presented in Fig. 5.1 (right)
provides a process rate of
N transfer
implantation

where the N value depends on the engineering ability of establishing N distinct temperatures
of splitting according to a sequence of Ti<Ti+1 with i={1,...,N-1}.
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Figure 5.1- Process flow diagrams of the traditional single layer transfer (left) and the multilayer transfer
process (right).
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5.1. Experimental
All the samples were implanted with H2+ and He+ ions, respectively according to
1H:1He ratio. The implantations were calculated to produce two implanted layers (N=2)
referred as low energy (LE) and high energy (HE) layers. The HE layer was always implanted
first. Two groups of multilayer samples were prepared. The implantation parameters of
group 1 (samples 1 and 2) are presented in Table 5.1. These samples present the peculiarity
of having a 200 nm shift between the H and He profiles in the LE layer (Rp for H is ≈185 nm
and for He is ≈385 nm). The effects of profile shifting will be explored in more detail in
Chapter 6. The HE layer is located at a depth of approximately 1500 nm and its fluence is
higher for sample 2 as compared with sample 1. For the LE case, the same fluence is adopted
for both samples.

Group 2 of samples (samples 3 and 4) presents the LE layer located at 300 nm and
the HE one at 1500 nm. The implanted fluence of the HE case also increases from sample 3 to
4, while it is kept constant for the LE case. A summary of the implantation parameters from
group 2 samples is presented in Table 5.2.
Two control samples were also prepared. The first one (sample 5) was done to verify
the multilayer concept in only H containing samples, where two layers were implanted only
with H2+ ions at the depths of 300nm and 1500nm. The second control sample (sample 6)
was implanted only at LE to verify the influence of the HE on the exfoliation behaviour of the
shallow layer using Group 2 LE parameters. The implantation parameters of these samples
are listed in Table 5.3.
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After the implantations, all samples were annealed at temperatures ranging from
350oC to 550oC for 1800s to indentify the starting exfoliation temperatures of each
layer/sample. The samples were then studied by Optical Microscopy (OM), Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy (TEM).

5.2. Results
To examine the general microstructure aspect of the double layer implantations,
sample 3 annealed at 350oC for 1800s was observed by TEM (see Fig. 5.2). Both implanted
layers are clearly located at the predicted depths of 300nm and 1500nm. Inserts of higher
magnification images are also shown. The microstructure of the LE layer mainly shows cracklike cavities, in good agreement with previous works [Höc 2000]. The HE layer presents
nanocracks at the deeper part of the damaged layer (depth close to the H Rp) and spherical
bubbles at a shallower depth towards the surface. The same kind of microstructure
presenting distinct types of defects at distinct characteristic depths has been already
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discussed in Chapter 4. The larger distribution of damage observed for HE results from the
increase of the implantation energy and fluence.

Figure 5.2- Cross-section TEM image of sample 3 after 350oC for 1800s. Both LE and HE implanted layer are seen
to be formed at depths close to their projected range. The inserts show higher magnifications of the damaged
layers.

The SEM images in Fig. 5.3 show the thermal evolution of the multilayer exfoliation
from sample 1. The images were obtained with the sample tilted in relation to the electron
beam. When annealed at 350°C, sample 1 did not present any exfoliation. After annealing at
400°C, it presented a high density of LE exfoliations (Fig. 5.3a). The depth at where the LE
exfoliation occurs refers to the H implanted profile (≈185nm), indicating that He atoms have
migrated to the H-rich region. This aspect will be further explored in Chapter 6. After
annealing at 450°C (Fig. 5.3b) scattered HE exfoliations start to appear in the sample. Figure
5.3d shows a highly magnified view of the surface where the HE exfoliated areas are easily
distinguished from the LE related ones. After annealing at 500°C, sample 1 produces a very
high density of both HE and LE exfoliations. As expected, the exfoliation mean size does not
change for distinct annealing temperatures. According to the discussions in Chapter 3, it
depends basically on the implanted energy and fluence for a given H:He ratio.
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Figure 5.3- SEM images (sample tilted in
relation to the electron beam) showing
the

thermal

evolution

of

multilayer

exfoliation for samples 1; (a) after 400°C
where only LE exfoliations are observed,
(b) after 450°C where HE exfoliation starts
to arise and (c) after 500°C where both LE
and HE exfoliation are abundantly found.
Figure (d) is a higher magnification (450°C)
showing both exfoliation layers in detail.

The SEM images shown in Fig. 5.4 present the thermal evolution of exfoliation for
sample 4. Very few LE exfoliated areas are observed after annealing at 400°C (Fig. 5.4a). This
characterizes the lower limit of exfoliation temperature for LE. In the high magnification
insert image a single exfoliation with its cap material nearby is shown. After annealing at
450°C (Fig. 5.4b), the sample presents a significant increase of LE exfoliation amount. At
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500°C, the sample still presents exfoliation related only to the LE layer. Finally, after
annealing at 550°C, the HE related exfoliation arises (Figs. 5.4c and d).

0

Figure 5.4- SEM images showing the thermal evolution of multilayer exfoliation for sample 4; (a) after 400 C
where very few LE exfoliations are observed, (b) after 4500C where LE exfoliations are abundant and (c) after
5500C where both LE and HE exfoliation are observed. Figure (d) provides a higher magnification of the 550°C
annealed sample showing both exfoliation layers in detail.

Optical microscopy (OM) observations reveal interesting aspects that could not be
detected by SEM. Figures 5.5a and b were obtained from sample 1 annealed at 400°C and
450°C respectively. The exfoliated areas are easily discernible. In addition, the OM image
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also reveals non-exfoliated cavities remaining under the surface, appearing as bright disks.
The contrast results from the relatively higher penetration of the visible light compared to
the electron beam (SEM). Figure 5.5a and b clearly show a high density of non-exfoliated
cavities in the LE implanted layer.

Figure 5.5- Optical microscopy of sample 1 revealing
exfoliations and under-surface cavities of both
0

0

implanted layers after (a) 400 C and (b) 450 C
annealing. Figures (c), (d) and (e) are correspondent to
under-focus, in-focus and over-focus conditions of the
sample annealed at 4500C.

Figures 5.5c, d and e show that the lower magnification enhances the contrast of the
under-surface cavities of the HE layer. It also reveals an interesting focus effect. Image 5.5d
obtained in focus conditions presents a weak contrast of the under-surface HE cavities.
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Varying from the in-focus position to over-focus or under-focus, Fig. 5.5c and Fig. 5.5e
respectively, the non exfoliated cavities are revealed as dark or bright disks.
After annealing at different temperatures, the exfoliation appearance was verified by
OM observations. The results are summarized qualitatively in terms of the appearance of
exfoliation in Table 5.4.
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5.3. Discussions and conclusions
5.3.1. Group 1 samples
The confirmation of the multilayer exfoliation concept is observed in sample 1. When
annealed at 400°C, it only presents LE related exfoliation. With increasing temperature
(T=450°C), HE related exfoliation starts and develops considerably at 500°C (see, Fig. 5.3).
The temperature range for LE related exfoliation is 350°C>T≤450°C. The HE fluence is higher
in sample 2 and after 400°C it presents both HE and LE exfoliation. At 3750C, only the LE
exfoliation is observed. The distinct temperatures of exfoliation obtained for the HE layers of
the sample 1 and 2 are certainly related to microstructure modifications induced by the
different fluences, as already discussed in Chapter 4.
Therefore, by an appropriate choice of fluences, the temperature of exfoliation can
be tailored (exfoliation temperature engineering), thus clearly demonstrating the feasibility
of the multilayer transfer concept.

5.3.2. Group 2 samples
Sample 3 annealed at 350°C did not present exfoliation. At 400°C, however,
exfoliation from both implanted layers appears. The concentration of exfoliated areas
increases for higher annealing temperatures. With the increase of the HE layer fluence from
sample 3 to sample 4 (Fig. 5.4), exfoliation is not observed at temperatures T≤400°C. At
450°C, LE exfoliation occurs abundantly while HE exfoliation is only detected at T≥550°C.
In summary, the remarkable observations obtained for group 2 samples are: i)
sample 3 presents LE exfoliation at T=400°C, in contrast to the T=450°C value found for
sample 4, in spite of the fact that both samples were implanted with the same fluence; ii) a
higher annealing temperature is necessary to produce HE layer exfoliation for sample 4
(higher fluence case). This behaviour seems to be related to mechanical interactions
between both implanted layers and will be discussed in the following sections.

100

CHAPTER 5 Multilayer Exfoliation Study and Multilayer Transfer Concept

5.3.3. H-implanted sample
In the sample implanted only with H atoms (sample 6), the LE and HE exfoliation took
place at 400°C and 450°C, respectively. Hence, the experiment demonstrates the feasibility
of the method in substrates containing only the H specie.

5.3.4. Engineering of exfoliation temperature
Figure 5.6 shows the minimum exfoliation temperature found for the HE layers as a
function of implanted fluence for the multilayer samples.

Figure 5.6- Plots the minimum
exfoliation temperature of HE
layers as a function of
implanted fluence observed for
the multilayer samples.

.

The curve shows that a minimum temperature of exfoliation is obtained for
intermediary fluence. This result is in agreement with those presented and discussed in
Chapters 3 and 4, where the modifications of microstructure and its consequences on the
exfoliation mechanisms and efficiency were indentified. In the present case, the first
reduction of the exfoliation temperature could be attributed to the increase of gas content
in the system enhancing the pressure of the cavities. The temperature increase for the high
fluence point is probably related to microstructure modifications as, for example, the
formation of spherical bubbles instead of platelets.
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5.3.5. Mechanical interactions between the implanted layers
The SEM pictures in Fig. 5.7 show that the HE related exfoliations are surrounded by a
ring, characterizing a stair-like ring structure. This feature results from a mechanically
induced delamination of the LE layer during the uprising of the HE blistering dome. A schema
of the process is illustrated in Fig. 5.8. First, the mechanical interaction between both layers
can be considered negligible (Fig. 5.8a). When blisters from the HE layer arise, the bending
efforts at the edges of the blister induce a mode-I crack opening on the upper thin film
defined by the LE implanted layer (Fig. 5.8b), as suggested by the schema in Fig. 5.8d. The
crack advance will cause the film delamination following the disrupted layer defined by the
LE implantation induced defects. When the deflection becomes sufficiently large, the film
failure occurs by cleavage or by the deflection of the crack propagation direction [Hut 1992].

Figure 5.7- (a) SEM image obtained from sample 1 showing a HE exfoliation surrounded by a delaminated ring.
(b) detailed view of the step ring and (c) details of the roughness of the bottom and the straight walls formed at
the facetted sides of the exfoliated area.
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The result of the process is the observed step ring encircling all the HE exfoliations (Fig. 5.8c).
The observation of this phenomenon suggests that mechanical interactions between both
layers affect their development, and some consequences of this effect are clearly
perceptible in the exfoliation behavior of the LE layer even before HE exfoliation occurs.

Figure 5.8- Schematic illustration of the mechanically induced delamination of the LE layer during the HE blister
uprising. (a) at the as-implanted state, (b) the delamination taking place and (c) the resulting stair-like structure
surrounding the HE exfoliation.

Distinct exfoliation temperatures are observed: for the LE layer in sample 3, it occurs
at T=400°C, and for sample 4 at T=450°C. These samples were implanted to the same fluence
(see Table 5.4). The reason for this distinct behaviour resides in the HE layer development.
The HE layer of sample 4 was implanted to a higher fluence (ФT =6x1016cm-2) and presents an
exfoliation temperature of T=550°C (see Fig. 5.6). The HE layer of sample 3 was implanted to
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a medium fluence (ФT=4x1016cm-2) and produces exfoliation at T=450°C. Therefore, we may
state that the earlier development of the HE layer in sample 3 is inducing (mechanically) the
LE layer to exfoliate in advance, as suggested schematically in Fig. 5.9. As counterproof,
sample 6 was submitted only to a LE implant, under the same conditions of samples 3 and 4.
In this case, the exfoliation starts at T=450 °C, corroborating the idea that it was the thermal
evolution of the HE layer that affected the exfoliation behaviour of the LE layer. For sample 4,
where the development of the HE layer is slower, the LE layer exfoliates at the expected
temperature of 450°C. These observations suggest that the mechanical interaction between
both layers occurs even before macroscopic blistering as suggested in Fig. 5.9.

Figure 5.9- Schematic representation of the mechanical interaction between both implanted layers.

5.4. Conclusions
The possibility of performing one implantation run to produce the splitting precursors
for several layers was presented. The study also introduces an innovative physical concept,
relating the dependence of the exfoliation temperature with respect to the implanted
fluence. Evidences connecting mechanical interactions between two distinct buried layers
were also introduced. The manipulation of the temperature by means of the fluence, as
demonstrated here, may not be the only possibility. Other parameters such as the
implantation temperature, current density or H:He ratio may also affect the process
temperature, thus opening the possibility to expand the engineering of exfoliation related
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processes. This concept was investigated using conventional ion implantation technique and
can be further explored by using other techniques as it will be briefly commented on the
next section.

5.4.1. Perspectives and potential applications
Plasma-based techniques for layer transfer process have been intensely studied in
the last few years [Use 2002, Job 2005, Che 2005, Ghi 2007, Sha 20065, Sha 2006]. The main
advantage of such techniques is their low operational cost.
In order to obtain a layer transfer by plasma methods, in general, the first step is to
produce a buried trapping site layer to trap atoms introduced by diffusion-based techniques.
This may be attempted, for example, by conventional ion implantation using very low
fluence implantation of B+ (at the order of 1012-1015 at/cm-2) [Ton 1998, Che 2005] or by
epitaxial growth of a buried strained layer [Sha 2005, Sha 2006]. The advantage of
performing a conventional implantation followed by a plasma technique is the low
implantation fluence required to produce the trapping layer, which reflects directly on the
production cost. In this scenario, the multilayer concept could be very attractive and should
be further investigated. A single implantation run could be used to introduce several
trapping layers in the substrate. The substrate then could be submitted to the plasma
techniques in order to introduce H atoms required for delamination of the distinct layers
without the requirement of a conventional implantation step after each delamination. The
diagram of the concept is presented in Fig. 5.11a. Any gas atom not trapped in the first layer
has a potential to be trapped in a second layer enhancing the efficiency of the technique as
exemplified in Fig. 5.11b
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Figure 5.11- (a) Plasma-assisted multilayer transfer concept and (b) optimization of the process by multiple
layer trapping.

106

CHAPTER 6: Effects of H Implantation on Si Containing Overpressurized He-plates

CHAPTER 6
Effects of H Implantation in Si Containing
Overpressurized He-plates
This chapter reports on rather exploratory experiments, which have not been more
extensively investigated. The chapter starts with the characterization of overpressurized Heplates. Then two H implantation conditions are explored: i) H is implanted at the same depth
location of the He-plates, and ii) H is implanted at half of the distance between the surface
and the position of the He-plates. The microstructure evolution reveals attractive aspects of
crack engineering and elastic interactions between H-platelets and He-plates. Some aspects
of crack interaction behavior are also shown and briefly discussed.
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6.1. Experimental
Two types of samples were prepared: i) samples containing overlapped H and He
profiles and ii) samples containing shifted H and He profiles. Figure 6.1 characterizes the H
and He concentration-depth profiles for both kinds of samples and Table 6.1 summarizes the
implantation conditions.

Figure 6.1- SRIM simulated concentration profiles of H and He implanted ions for the (a) shifted profiles (45keV
for He+ and 30keV for H+) and (b) overlapped profiles (33keV for He+ and 60keV for H+).

As opposed to the previous procedures, all samples considered here were first
implanted with He ions. These implantations were conducted at room temperature (RT) to a
fluence of Ф=1x1016cm-2. Some samples (2, 4, 5 and 6) were then thermally annealed (350°C
for 900s) to allow the formation of overpressurized He-plates [Fic 1997, Hue 2006]. After this
thermal treatment, H was introduced either by conventional implantation with the target at
room temperature or 200°C (sample 5) to a fluence of Ф=0.5x1016cm-2, or via plasma
hydrogenation (sample 6 only).
After both implantation steps, the samples were annealed at different temperatures
in the range of 300-600°C and then characterized by SEM and TEM.
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6.2. Results and comments
6.2.1. He-plates
TEM observations in as-implanted samples (not shown) reveal a continuous buried
damaged layer rather centred near the maximum of the vacancy depth profile, as calculated
by SRIM code [SRIM 2008]. This layer probably contains mostly He-vacancy or self-interstitial
clusters. Figure 6.2 shows cross-sectional TEM micrographs illustrating the most
characteristic microstructure features observed in He implanted Si (RT, 1x1016 cm-2) after the
annealing at 350°C for 900s: large plate-like structures (i.e. He-plates) located mostly at the
center of the damaged layer are observed in both energy cases (45keV Fig. 6.2a and 33keV
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Fig. 6.2b). Between the He-plates, there is a high concentration of small defect structures
revealed by their diffraction contrast.

Figure 6.2- Cross-section TEM
images of the He implanted
(1x1016cm-2)/annealed (350°C for
900s) samples for (a) 45KeV and
(b) 33KeV energy cases after
annealing.

The

images

were

obtained close to the [-110] zone
axis orientation in bright-field
dynamical

two-beam

imaging

conditions with g:(004). He-plates
are seen to be formed at a depth
close to the predicted Rp. The
cavities tend to be formed at the
core of the damage layer.

Figure 6.3 shows a more detailed view of an overpressurized He-plate. The fringes
surrounding the plate are ascribed to a strain contrast evidencing its high internal gas
pressure [Fic 1997, Hue 2006]. The He-plates are preferentially formed within (001) planes of
the Si structure (parallel to the surface), in good agreement with previous studies where it is
claimed that {100} planes represent the most energetically favorable habit planes for gasfilled plates precipitates [Nas 2005, Hue 2006]. Just to illustrate, the three possible {100}
plate orientations are identified in the plan-view micrograph in Fig. 6.4a.
We remark that this figure corresponds to a very thin area where the edge-on
oriented plates were disrupted (cut) by the sample thinning process and, therefore, are not
pressurized anymore. Figure 6.4b shows a top view of two (001) He-plates oriented parallel
to the surface, clearly demonstrating the circular shape of the He-plates strain field.
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Figure 6.3- TEM image performed
close

to

the

[-110]

zone

axis

orientation in bright-field dynamical
two-beam conditions with g:(004). The
He-plate appears lying on (001) habit
planes parallel to the surface. The
system of fringes surrounding the
cavity is ascribed to a strain contrast
resulting from the overpressure of the
cavity.

Figure

6.4-

microscopy
16

Plan-view
of

He

TEM

implanted

-2

(1x10 cm 33keV) Si annealed at
350°C for 900s. (a) The three
possible orientations of He-plates
are shown and (b) a detailed
plan-view of (001) He-plates.
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6.2.2. Overlapped H and He profile experiments
Two types of samples presenting overlapped H and He profiles were prepared (see
Table 6.1). The first one refers to H+ implantations in He implanted/non annealed samples
(sample 1), i.e. no He-plates were previously formed. The second one refers to H+
implantation at room temperature onto He implanted/annealed sample (sample 2)
containing He-plates. After H+ implants, the samples were annealed at 400°C for 1800s. The
TEM micrographs in Fig. 6.5 show nanocracks in both types of samples. We remark that the
depth position of the nanocracks depends on the applied procedure. In sample 1 (Fig. 6.5a
and b), the nanocracks are located at the end of the damaged layer, whereas, in sample 2,
the nanocracks are located where He-plates are usually found, i.e. at the center of the
damaged layer. These observations clearly demonstrate that it is the H implant that induces
the formation of the cracks. However, their depth location is influenced by the previous
outcome of the He implants.

Figure 6.5- Cross-section TEM images showing that (a) the
damaged layer of sample 1 (1x1016cm-2 33keV He +
16

0.5x10 cm

-2

60keV H2) is located at 300nm from the

surface and (b) develops the main crack at the bottom of
this zone. (c) In sample 2 (1x1016cm-2 33keV He, 350°C 900s
+ 0.5x1016cm-2 60keV H2) the main crack develops at the
middle of the damaged layer. Both samples were annealed
at 400°C 1800s.
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Hence, we conclude that He is trapped into the He-plates, and the H atoms implanted
later migrate and infuse the He-plates during the thermal annealing. If the He-plates were
not previously produced, then the crack develops at a deeper location. In a previous work,
using the same energies presented here, the authors shown that the H atoms are a little
deeper located than the He ones [Duo 2001]. Thus, the depth location of the nanocracks
may indicate that He atoms have migrated to the H-rich region.
It is also important to remark that both samples present considerable exfoliation
efficiency after a temperature annealing T>450°C. Figure 6.6 shows a TEM cross-sectional
view of an exfoliated region obtained from sample 2 (in this case annealed at 600°C). The
“lateral walls” of the exfoliated area present cleavage along distinct crystallographic planes.
Unexpectedly, on the left side of the image, cleavage occurred along a {111} plane. On the
right side, however, cleavage took place along a {110} plane, the common cleavage plane for
Si. The rounded edges observed on both sides show another interesting behavior: the
deviation of the cleavage direction. It seems to occur due to the complex distribution of
stress at the clamped border of the bended Si over-layer. An insert in Fig. 6.6 shows a
schema of the deviation process. Figure 6.6 also shows that the remaining sample surface
from the exfoliated area presents a roughness consistent with the dispersion of the
nanocrack depth distribution shown in Fig. 6.5.
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Figure 6.6- Cross-section TEM images obtained
from sample 2 (1x1016cm-2 33keV He, 350°C 900s +
0.5x1016cm-2 60keV H2) annealed at 600°C for
1800s. It shows the morphology of an exfoliation.
The lateral walls cleavage occurred either along a
{111} plane (left side) or a {110} plane (right side).

6.2.3. Shifted H and He profile experiments
Three types of shifted profile cases (samples 3, 4 and 5) were studied (see Table 6.1).
After the He implantation, sample 3 was directly room temperature implanted with H.
Samples 4 and 5 were first annealed at 350°C for 900s to form the He-plates and then
implanted with H at room temperature (sample 4) or at 200°C (sample 5). After the H
implantations, all samples were annealed at T≥300°C for 1800s in order to perform the TEM
investigation and at T≥450°C to study the exfoliation behaviour. The results obtained from
each sample are described below.

Sample 3: He as-implanted + H (RT implantation)
Figure 6.7 shows cross-sectional TEM micrographs obtained from a 400°C annealed
sample. Fig. 6.7a presents a general overview where both He and H related layers are
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indicated. Figure 6.7b shows a weak beam image revealing that the defect density in the He
layer is much smaller than in the H layer. Figure 6.7c shows in details that crack formation
takes place in the H-related layer. The observed behaviour is consistent with results
described in previous works, where it was showed that He atoms migrate towards the H-rich
region [Wel 1998, Duo 2001]. In Si, because of their inert character, He atoms present a high
mobility. On the contrary, H atoms readily react with Si dangling bonds created by the
implantation process and are, therefore, easily trapped. In the case of sample 3, we ascribe
the absence of cavities and cracks in the He related layer and the formation of cracks only in
the H-related layer to the migration of He towards the H-rich region.
Figure 6.7- (a) TEM image of sample 3 (1x1016cm-2 45keV He +
0.5x1016cm-2 30keV H2, 400°C). (b) weak beam contrast
revealing the low density of defects found in the He related
layer and (c) formation of cracks in the H-related layer.
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Sample 4: He-plates (+350°C 900s) + H (RT implantation)
In this case, He-plates were formed prior to H implantation. Figure 6.8 shows the
microstructure features from both layers, resulting from a thermal treatment at 300oC after
the H implant. Reminiscent structures of the previously existent He-plates are observed.
Instead of a single lamellae plate structure, they now present a kind of “multi-lamellar” plate
structure, more detailed illustrated in Fig. 6.9. This is probably induced by the infusion of H
atoms into the He-plates. The H layer shows a high concentration of platelets and
nanocracks structures.

Figure 6.8- TEM image showing the general overview of sample 4 (1x1016cm-2 45keV He, 350°C 900s +
0.5x1016cm-2 30keV H2) after 300°C annealing. Both H and He related are clearly distinguished where the
previously existent He-plates are still observed and a high density of nanocracks can be seen at the H related
Rp.

Figure 6.9- TEM image showing the lamellar-like structures resulting from the infusion of H into He-plates.
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A careful investigation of the H-platelet arrangements reveals interesting features.
Figures 6.10a, b and c show details from distinct characteristic regions systematically
observed in this sample. In the regions where He-plates are not present directly underneath,
the H-platelets are preferentially aligned along (001) planes, parallel to the surface (Fig.
6.10c). This behavior is in agreement with previous contributions [Bru1995, Wel 1997, Gri
2000, Nas 2005], as well as the results discussed in Chapter 4. On the other hand, in regions
directly above a He-plate, the H-platelets are preferentially aligned to specific {111} lattice
variants, with respect to the strain field symmetry axis of the He-plate (Fig. 6.10b). It
characterizes an arranged system of oriented satellite cavities (H-platelets) clearly tailored by
elastic interaction with the local strain field. This behaviour will be discussed in details in
Chapter 7.
In contrast with the previous case (sample 3) He atoms do not seem to migrate
significantly towards the H-rich region. Evidently, the lack of He migration towards the H-rich
region is attributed to the efficient trapping of He in the He-plates. This restricts the
development of large cracks in the H-related layer. The TEM investigations suggest that a
small amount of H have migrated to the He-plates.
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Figure 6.10- Cross-section TEM micrographs (a) characterizing the two typical zones found in sample 4. (b)
when nucleated under the influence of the local strain field of an isolated He-plate, the H-platelets are
observed to be aligned to specific {111} lattice variants, with respect to the strain field symmetry axis. (c) in the
zones where He-plates were not present directly underneath, the H-platelets were found to be preferentially
aligned along (001) planes.

Sample 5: He-plates (+350°C 900s) + H (200°C implantation)
Sample 5 was first He implanted and then annealed at 350°C for 900s to form the Heplates and after implanted with H at 200°C. The TEM in Fig. 6.11d (sample annealed at
400°C) shows that the H layer contains a low concentration of H-platelets (shown in details
in the HRTEM images in Fig. 6.11a, b and c). Surprisingly, most of the H-platelets are
arbitrarily aligned along {111} planes. This indicates that the strain-stress characteristics of
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the layer are different from the RT implantation ones, where the in-plane stress causes the
preferential alignment of platelets along (001) planes, parallel to the surface. In addition, the
He related layer presents distinct microstructure features, as compared with the previous
cases. It shows a narrow and rather defect-free region containing straight and long cracks.

16

-2

16

-2

Figure 6.11- Cross-section TEM image of sample 5 (1x10 cm 45keV He, 350°C 900s + 0.5x10 cm 30keV H2 at
200°C). A very low density of H-platelets cavities were formed in the H related layer and extremely straight and
elongated cracks were formed at the He related projected range.

H is highly mobile in high temperature implantations [Ter 2007] and the
microstructure observed in sample 6 seems to be the result of “hot” H interaction (infusion)
with the He-plates. It demonstrates that it is possible to control, or moreover, may reverse
tendencies of He or H interdiffusion. He can be efficiently trapped into He-plates and H can
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be drifted to infuse it. An optimization of this cracks system may improve the crystalline
quality of ultra-thin layers transfer, where the usual roughness of the process is in the order
of the transferred film. The roughness reduction of the transferred film is of great interest
for the layer transfer technology, since, according to the international technology roadmap
for semiconductors, the development of ultrathin SOI substrates with the top silicon layer
should achieve 20 nm [ITR 2007].
Furthermore, since a considerable amount of the H atoms seem to remains in its own
related layer (evidenced by the formation of H-platelets), the H infusing of He-plates
demonstrates to be an efficient process of crack growth. The present method follows the
opposite sense of species migration described in previous works where the He atoms are
systematically observed to migrate to H-rich regions [Aga 1998, Duo 2001]. The essential
differences are:
-In the usual process, the He atoms have the task of infuseing the H-platelets in order
to dissociate H2 molecules [Wel 1998] and provide pressure for crack growth [Wel 1998, Aga
1998].
-In the present process a high energy (pressure) is already stored in overpressurized
He-plates, and H atoms are required essentially to perform their main role [Aga 1998]; i.e.
break the strained bonds at the crack tip to relieve the pressure. There is enough energy
(pressure) to provide long range crack propagation. More than just providing the pressure,
the He-plate provides an ideal crack shape to drive the direction of propagation sustained by
H induced sub-critical crack growth. The very straight character of the cracks seems to be
related to the high affinity of H for strained areas [Höc 2001], resulting in a compulsory
placement of H to interact with the strained bonds at the crack tip. In this sense, each one of
the atomic species essentially plays their main role.
The implantation of H at a deeper region (behind He-plates) should be more
adequate to enhance the trapping efficiency (since no H will effuse towards the surface) and
to avoid the damage of the layer to be transferred.
Since the observed single cracks have propagated through a relatively damaged-free
layer, interesting behaviors of crack interaction phenomena was also observed. Figure 6.12
shows a complex defect that seems to be triggered by a twinning phenomena (and has been
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disrupted, producing disordered zones) between two cracks tips. This phenomenon can be
related to a mechanical relief and evidences the high stress state typically developed at crack
tips.
Figure 6.12- TEM images of sample 5
showing (a) the formation of a crystallite
between two cracks tips and, (b) a HRTEM
image showing that the crystal in the interior
of what seems to be a microtwin triggered
defect showing a region of the microcrystal
presenting ≈35° in relation to the matrix.
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In addition, when two propagating planar cracks are heading towards each other an
interaction phenomenon may occur [Gro 2006]. In a first phase, the cracks will tend to
approach each other. As their separation distance shortens, each crack tip slightly deviates
from their propagation direction and therefore does not merge along the shortest path.
Both cracks run around each other up to a certain distance and then turn again to merge
with the other. This phenomenon predicted by simulation [Gro 2006] is schematically drawn
in Fig. 6.13a. Figure 6.13b-d shows TEM images where this interaction phenomenon is
observed.

Figure

6.13-

Coalescence

interaction

phenomenon observed in coplanar crack
propagation. (a) presents a schema of the
process as obtained by simulation and (b),
(c) and (d) are TEM observations of the
phenomenon.
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6.2.4. Plasma hydrogenation experiments
After producing He-plates, sample 6 was subjected to plasma hydrogenation at
300°C. One piece of the sample was submitted to the plasma treatment for 3600s (i.e. 1h)
and a second piece was treated for 10800s (i.e. 3h). The objective of the experiment was to
study the diffusion of H into the sample in order to promote the infusion of H into the
previously existing He-plates.
Figures 6.14a and b show the microstructure characteristics for the 1 and 3h of
plasma treated samples. The samples surfaces become quite rough due to the plasma
etching effects. Cavities and dislocations are observed from the surface up to the layer
containing the He-plates. This is an inherent characteristic of the plasma hydrogenation
process [Che 2005]. The defect concentration in the layer above the He-plates seems to
increase with the increasing plasma exposition time. However, the He-plates apparently
behave as excellent trapping structures for hydrogen. No defect or cavity was detected
behind the He-plates, indicating that the H atoms may have not passed through. In both
cases, the He-plates have developed into long and sharp cracks. Figure 6.15 shows the
details of the resulting cracks observed in each sample.

Figure 6.14- Cross-section TEM image of a Si sample previously implanted/annealed with He (1x1016cm-2 and
350°C for 900s to produce He-plates) exposed to (a) 1h and (b) 3h of plasma hydrogenation.
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Figure 6.15- Detailed TEM view of the previously He-plates transformed into long sharp cracks after (a) 1h and
(b) 3h of plasma hydrogenation.

A recent growing interest has been employed on developing plasma hydrogenation
based techniques of layer transfer [Che 2004, Che 2005, Sha 2006, Dün 2006]. The results
obtained by implantation of H at 200°C encourage us to explore the hydrogenation of Heplates by plasma hydrogenation technique. The presented preliminary results are optimistic.
The He-plates were shown to form an excellent trapping layer for the H atoms producing
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long and sharp cracks. The formation of extended defects and cavities from the surface to
the trapping layer is an inherent characteristic of plasma hydrogenation and may be the
great remaining challenge to industrialize the technique for layer transfer processes.

6.2.5. Final considerations
This chapter reports some aspects of the interactions between H and He related
defects. Diffusion, nucleation and growth of defects are manipulated to produce distinct
cavity and crack-like defects structures, arrangements and geometries. Thus, reveals a wide
range of defect engineering possibilities. Evidences of a favorable migration of He to H-rich
regions and vice-versa were obtained by observing the defects formation and evolution. A
more accurate measurement of implanted species profiles is necessary to make further
statements.
A schematic summary of the implanted species migration tendency for the shifted
profiles samples is presented in Fig. 6.26. When both species are implanted at room
temperature without intermediary annealing, the He atoms have the tendency to migrate to
H-rich region (Fig. 6.26a). If an annealing is performed after He implantation, creating Heplates and H is implanted at room temperature, very limited exchange of atoms seems to
occur (Fig. 6.26b). If He-plates are created and H is implanted at 200°C, H atoms may migrate
to the He-rich region (Fig. 6.26c).

Figure 6.22- Schematic summary of the implanted species tendency of migration for the distinct
implantation/annealing conditions of shifted profiles samples.
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CHAPTER 7
Ordering of Nanostructures by Stress
Engineering
In the study presented in Chapter 6, sub-local organized arrangements of H-platelets
within nano-size domains were observed to emerge under the influence of localized strain
field generated by He-plates. The four {111} H-platelets variants were selectively oriented by
the symmetry of the field.
This chapter presents a detailed evaluation of this elastic interaction effect. The
outcome of the study is a model based on energy minimization, which quantitatively
predicts the formation and distribution of each platelet variant. For completeness, the
experimental conditions are summarized in section 7.1, and relevant results are presented in
section 7.2. Then the basic assumptions are introduced, and the calculations are described
and discussed in details.
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7.1. Experimental
The present study emerged from an experiment described in Chapter 6. The samples
were submitted to two consecutive implantation and thermal treatment steps. In the first
step, the samples were implanted with 45keV He+ ions at a fluence of 1x1016 cm-2 and
annealed at 350oC for 900s in high vacuum. This resulted in the formation of overpressurized
plate-like cavities [Fic 1997, Hue 2006], named He-plates, preferentially oriented parallel to
the surface and located at a depth close to the mean projected range of the He ions (≈400
nm). In the second step, the samples were implanted with 30keV H2+ ions at the fluence of
0.5x1016 cm-2 and then annealed at 300oC for 1800s, leading to the precipitation of Hplatelets located ≈200 nm above the strain source (He-plates). The implantations were
performed at room temperature with a current density of 0.5 A.cm-2. The specimens were
characterized by transmission electron microscopy (TEM) in cross-section mode.

7.2. Results
Figure

7.1

shows

a

cross-sectional

TEM

image

taken

after

the

first

implantation/annealing step. Two edge-on He-plates are observed at a depth R pHe , lying on
the (001) habit plane, parallel to the surface. The dark fringes surrounding the He-plates are
obtained under two-beam imaging conditions using reflection g = (004). They are ascribed to
strain induced contrast resulting from the distortion of the crystal lattice, due to the high
internal gas pressure of the defects [Fic 1997, Hue 2006]. Figure 7.2a-e shows a series of
plan view TEM pictures from He-plates produced using particular g reflections. In each case,
a specific zone of the circumferential strain field surrounding the plate is highlighted. The
image shown in Fig. 7.2f was obtained using multiple g vectors, where the strain contrasts is
seen surrounding all the plate. Figure 7.3a shows more clearly the fourfold bend contours
(flower-like structure) as obtained in the (-100) zone-axis incidence [Ful 2002, Nom 1997].
Figure 7.3b also presents in details the butterfly-like contrast bend contours obtained with
two beam conditions using g = (-400).
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Figure 7.1- Cross-section TEM at dynamical bright-field conditions showing two edge-on He-plates formed by
the implantation of He+ (45keV, 1x1016cm-2 and annealing at 350°C for 900s).

Figure 7.2- Plan-view TEM images showing He-plates formed by the implantation of He+ (45keV, 1x1016cm-2 and
annealing at 350°C for 900s). The images were obtained using (a) g: (-110), (b) g: (-400), (c) g: (0-1-1), (d) g:
(400), (e) g: (1-10), (f) all g vectors. The figure characterizes the cylindrical symmetry of the strain field.
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Figure 7.3- Plan-view TEM images of a He-plate (45keV, 1x1016cm-2 and annealing at 350°C for 900s) showing in
detail the contrast obtained by imaging with (a) all the g vectors resulting in a flower-like image and (b) g: (400), resulting in a butterfly-like image.

Hence, the He-plate strain field is characterized in terms of a symmetry axis z
oriented perpendicular to the surface and dissecting the He-plate. Figure 7.4 shows a 3-D
pictographic construction of the structure, indicating the main axis used in the further
modeling and calculation.

Figure

7.4-

Shows

a

3-D

pictographic representation of
the He-plate surrounded by its
strain

field

of

cylindrical

symmetry. The Axes x, y and z as
used in the calculation, are also
defined.
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The TEM shown in the Fig. 7.5 was obtained after H-implantation/annealing (300oC
for 1800s). It presents the arrangements of H-platelets, with respect to the position of the
He-plate. In the region directly above the He-plate, the H-platelets are preferentially aligned
along specific {111} lattice variants, whilst preferential (001) orientations are observed
elsewhere. The (001) preferential orientations are ascribed to elastic interactions between
the H-platelets and the compressive in-plane stress generated by the implantation induced
defects [Höc 2002, Nas 2005].

Figure 7.5- Cross-sectional TEM picture obtained after H implantation/annealing (300°C 1800s) showing that,
above a He-plate, the H-platelets are oriented preferentially to specific {111} variants, with respect to the
symmetry axis of the strain field. In the regions where no He-plate is present, the H-platelets are observed to
be formed in the (001) planes, parallel to the surface.

Figure 7.6 shows a micrograph obtained from a thinner region of the TEM specimen,
where the He-plate has been cut through during sample preparation. No strain-contrast is
observed since only a pressureless plate cavity remains. In this condition (sample thickness
thinner than the diameter of the He-plate), the observation shows only H-platelets oriented
along two edges on {111} variants. The histogram at the top represents the frequency counts
of H-platelets as a function of the distance from the z-axis.
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Figure 7.6- Cross-section TEM micrograph obtained from a very thin region of the specimen. The He-plate has
been cut through during sample preparation leaving a pressureless void (fringes contrast is not observed
anymore). In this condition (sample thickness thinner than the diameter of the He-plate), the observation is
restricted only to cavities nucleated under the influence of its strain field. The formation and distribution of
two edges on variants of H-platelets is seen in detail. The (-1-11) platelet variant is situated at the left side of
the plate, and (111) platelet variant at the right side. The observation is performed along [-110] direction. The
histogram at the top represents the frequency counts of H-platelets as a function of the distance from the z
axis.

In general, the in-plane distance between the He-plates visibly exceeds their average
diameter. The representative pictograph presented in Figure 7.7 summarizes the general
scenario: local strain fields from individual He-plates induce a specific arrangement of Hplatelets creating ordered nano-domains embedded into the bulk material.
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Figure 7.7- Pictographic representation showing the whole scenario found in the sample. {111} particular
arrangements of H-platelets are created above the He-plates, and (001) H-platelets are formed in the zones far
from He-plates. The distance between each arranged nano-domain exceeds its average diameter.

Due to the cylindrical symmetry of the strain field around the z-axis (see Figs. 7.1 and
7.2), the four possible {111} variants of H-platelets are arranged in quadrants. Two {111}
variants are observed when imaging along the [-110] direction (see Fig. 7.4); the two other
variants could be seen performing the observations along the [-1-10] direction. This is an
example of unique nanoscale geometrical arrangement of objects with a local fourfold
rotation symmetry. The pictograph shown in Fig. 7.6 represents in 3-D the concept of this
nanostructured system. This specific arrangement of precipitates own a singular
characteristic: the normal direction of each H-platelet variant group converges to the z-axis
creating a focal axis.
Figure 7.8- Presents a 3-D pictographic
representation of the nanostructure, as
obtained after both implantations and
annealing steps. The H-platelets variants
are shown to be arranged in a fourfold
symmetry.
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Figures 7.9a and b show the frontal and top pictograph views of the nanostructure.
The main crystalline directions are represented on the top view defining the four quadrants
and their respective {111} H-platelets variants.

Figure 7.9- Pictographic representation of the nanostructure showing (a) the frontal and (b) the top view. The
main crystallographic directions are represented on the top view characterizing the four quadrants, where each
one of the {111} platelets orientations are formed.

7.3. Model and Discussions
In this section a model for the nucleation of H-platelets under the strain field of a Heplate is developed. First, the basic assumptions are introduced. The second part is dedicated
to the calculation of the stress field of a He-plate, as well as the total strain field at any point
of the solid with the introduction of the in-plane stress factor. The third part presents the
energy minimization criterion for the nucleation of the platelets. In the fourth part the
results of the calculations are presented and discussed.

7.3.1. Introduction to the model
In order to understand and explain our experimental observations, a model based on
elastic interactions for the nucleation of H-platelets in a semi-infinite solid was developed.
The model is grounded on the following hypotheses:
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i)

the preferential orientation for the nucleation of H-platelets will be
determined by the minimization of their formation energy, with respect to
external stress tensor [Nas 2005];

ii)

the H-platelets, as well as the He-plates, are represented as dislocation
loops of interstitial nature, with an equivalent burgers vector
characterizing their strain-field [Nee 1988, Gri 2000, Nas 2005];

iii)

the H-implantation damage causes an in-plane stress (
of-plane strain

in plane
yy

) and an out-

d
in the layer where nucleation of H-platelets takes
d z

place. This effect plays an important role in determining the alignment of
the precipitates [Höc 2001, Höc 2002, Nas 2005];
iv)

the whole system is placed in a near-surface region, thus its influence on
stress and strain distribution has to be accounted for [Hir 1982].

7.3.2. Calculation of the total stress tensor
Calculation of the stress field of a He-plate in a semi-finite solid
In order to simplify the calculation, the strain field of the He-plate (Fig. 7.10b),
represented by a dislocation loop, will be modeled in 2-D by a dipole of edge dislocations
running along the y-axis (Fig. 7.10c), defined as the [-1-10] direction of the crystal. The z-axis
is defined as perpendicular to the surface, i.e. [001] direction. The directions are represented
in Fig. 7.10a.
One of the main challenges in solving an elasticity problem is to satisfy all equilibrium
requirements (equilibrium and compatibility), and calculate a vector field or a tensor field.
This requires at least three and possibly six partial differential equations to be solved.
Finding a solution can be quite difficult. Instead, there is a particular method to construct a
general function that satisfies the partial differential equations by definition. The method is
known as Airy's Stress Function, and it permits to overcome the problem by reducing the
coupled partial differential equations to a single partial differential equation, which is then
used to deduce the stresses and strains [Hir 1982].
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Figure 7.10- (a) pictograph of a He-plate representing the convention of axes used in the model. (b) strain field
of a He-plate and (c) the analogy with a dipole of dislocations in 2-D.

The Airy’s stress function is defined as a biharmonic function

z , y , where

2
zz

(7.1)

y2
2

yy

(7.2)

z2
2

zy

(7.3)

z y

satisfies the following conditions:
xx , x

xy , y

0

(7.4)

xy , x

yy , y

0

(7.5)

0

(7.6)

xx

yy
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The Airy’s function of an edge dislocation of Burger’s vector (0, b) in an infinite elastic
medium is a classical academic problem, and the solution is given by [Hir 1982],
D ln r ,

( z, y )

where r

z2

y 2 and D

beff
2 (1

)

(7.7)

, being µ the shear modulus, ν the Poisson’s ratio, a

the radius of the He-plate and c the distance from the surface. Let us consider a dipole of
edge dislocations centered on the z-axis, at a distance -c from the y axis and separated by a
distance 2a, as represented in Fig. 7.10.

Figure 7.11- Graphic representation of a dipole of edge dislocations centered on the z axis, at a distance –c
from the y axis and separated by a distance 2a.

The stress components of an edge dislocation of burgers vector (0, b) located at y=-a
and z=-c are given by:
2
edge
zz

y2

D( y a )

z c

2
edge
yy

y2

D( y a )

z y2

D( y c)

2

y a
y a

2

z c
z c

2

y a

z c
z c

2
edge
zy

3 z c

y a
2
2

2

2

(7.8)

2

(7.9)

2
2

y a
y a

2
2

2

(7.10)

With Eq. 7.8-7.10 we are able to describe the stress components of an edge
dislocation at an infinite medium. In order to consider the influence of the proximity of a
surface on stress distribution, there is a restrict condition to be satisfied. The total resulting
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forces on the surface (z=0) needs to be null. To satisfy equilibrium conditions, the normal, as
well as the tangential stresses, need to vanish at the surface, hence
zz

y, 0

0

xy

y, 0

0

(7.11)
(7.12)

.

A method to satisfy the relations 7.11 and 7.12 consist in introducing singularities in
the problem [Hir 1982]. Moreover, to satisfy the relation 7.11 a virtual image dislocation
with opposite Burger’s vector (0, -b) is introduced at the image point y=-a and z=c. A second
singularity is introduced to equilibrate the tangential forces (relation 7.12) at the surface.
There are several methods to overcome this problem as, for example, introducing the
Boussinesq forces on the surface [Hir 1982]. Finally, in order to obtain the strain and stresses
introduced by the edge dislocation in a semi-finite solid, we obtain a total Airy’s function as:
Airy ' s

where

Edge

Edge

z, y

Tot

image

z, y

Bous sin esq

z, y
image

z , y is the stress function of an edge dislocation,

its correspondent image dislocation and

Bous sin esq

z, y

(7.13)

,

z , y is the stress function of

z , y are the tangential forces introduced by the

Boussinesq forces. The total Airy’s function of an edge dislocation near a free surface is then
expressed by:
Airy ' s
Tot

z, y

Dy ln
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2
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2
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.

Then, the stress field of a dipole of edge dislocations localized at y=–a and y=+a at z=-4 will
be given by:
Tot

z, y
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y2

With this, we have completely modeled the strain field of a dislocation dipole at the
vicinity of a free surface. The next step is to introduce the in-plane stress factor in the model.
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Accounting for the in-plane stress
In order to simplify the calculation, a normalized Airy’s function is defined as

f

The in-plane stress (

in plane
yy

Airy ' s

a.

( z, y)

2µ

Airy ' s
Tot

( z, y)

D

.

d
, as deduced in Chapter 4) is normalized
d z

in the same manner where a k factor is defined as

k

a
D

in plane
yy

a

4 (1 ) d
beffHe plate d z
.

d usually follows a Gaussian distribution and was taken as constant at its
d z

maximum value. The introduction of the factor k as a homogenous in-plane stress in the
whole volume of the solid allows to map out a complete cartographic description of the Hplatelets variants distribution to any chosen R pH . The total stress field at any point (z,y) of
Airy ' s
( z, y) , defined as:
the solid can be calculated from the total normalized function ftotal

Airy ' s
ftotal
( z, y)

a
D

Airy ' s
Tot

k

y2
,
2

The total stress components are expressed in terms of the reduced adimensional quantities
by:
2
yy

Airy ' s
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2
zz

Airy ' s
ftotal
z y

Airy ' s
ftotal
y2

138

(7.16)

(7.17)

(7.18)

CHAPTER 7: Ordering of 3D Nanostructures by Stress Engineering

He-plate effective Burger’s vector determination
As the displacement field of a dislocation loop is completely described by its Burger’s
He
vector, by analogy, we have to define an effective Burger’s vector ( beff

plate

). This vector

represents the displacement field resulting from the internal gas pressure of the cavity [Gri
2000, Nee 1988].
To predict the effective burgers vector beffHe

plate

, the pressure of a He-plate needs to be

estimated. Under equilibrium conditions, the internal gas pressure of the He-plate can be
calculated by [Har 2002]:

p Eq

a(1

(7.19)

)

where γ is the specific surface free energy and a is the radius of the He-plate. Eq. 1.19 is
*0
zz

combined with the calculations of

p Airy ' s

From where the beffHe

plate

zz

*0
zz

(0, R pHe ) of the dipole as:

D
a

p Eq

a(1

.

)

can be obtained as:

beffHe

a2

plate

a(1

1
*0
zz

)

.

The result from the calculation of the σzz variation from the surface up to z=-8 at y=0 is
shown in the graphic of Fig.7.14. From there, a

*0
zz

1.8 is obtained at the center of the

dislocation dipole. Taking typical values for silicon (γ=1.38Jm-2, µ=68GPa and ν=0.22 [Hue
2006]) and a=100nm (average radius of the He-plates) combined with
He
value of beff

plate

7nm .
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Figure 7.14- The graphic plots the σzz
variation along the z axis at y=0. At
the center of the dislocation dipole a
*0
zz

1.8 is obtained.

7.3.3. Energy minimization criteria
Since the H-platelets were modeled as dislocation loops of interstitial nature
 
bH n , the total energy of formation ET under the influence of a strain field is given


bH
by:

ET


Ef


bH


dS ,

(7.20)



where E f is the self-energy, dS dS.n is a surface element of the dislocation loop and

is

the total stress tensor described by the two stress components:
i)

the stress field caused by the overpressurized He-plate at the proximity and;

ii)

the in-plane stress component generated by the implantation damage.

The energy minimization criteria for the nucleation of H-platelets in the presence of
external stress fields follows as deduced in Chapter 4, given by the energy density variation
expression
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(7.21)

,

where (ny , nz ) values are the projections in 2-D of the unitary burgers vectors to each
platelet variant. Three possible orientations of H-platelets were considered, (001) and (111)
and (100); their (ny, nz) values are (0,1) and (

2 / 3,1/ 3) and (1,0), respectively.

7.4. Calculation results
In this section, we compare the calculation results with the experimental
observations and then use the model to make predictions.

7.4.1. Verification of the experimental observations
The maximum value of

d for 0.5x1016 cm-2 H + can be estimated as
2
d z

1998]. In combination with the calculated beffHe

plate

0.3% [Bis

value, we can estimate k 0.4. As a first

approximation, the formation energy of H-platelets is assumed to be equal, independently of
their orientation [Mar 2005]. Under these considerations, the energy minimization criteria
can be applied to estimate the orientation of H-platelets as a function of their position with
respect to the He-plate. In the following, all the calculations are performed and the results
presented in terms of a unit of length a=100nm.
Figure 7.15 shows the results of ∆E calculations considering the two orientations of
platelets (001) and (111) experimentally observed. The maps of iso-energetic regions are
plotted with

E intervals of 0.1 (≈100MPa). They predict the energy variation for the

formation of platelets at any location from the surface z 0 to a depth of z
vicinity of a He-plate, which extends from

a to

a and is located at a depth z

8a at the
4a . The

iso-energetic regions for (001)-platelets, Fig. 7.15b, are symmetrically distributed around the
stress symmetry axis z. In contrast, (111)-platelets map (Fig. 7.15a) presents asymmetry with
respect to the z-axis, where each particular {111} variant is favorable (i.e. has the lowest ET )
in one quadrant of the 3-D structure. Figure 7.15c shows the ∆E level variations at the depth

z

R pHe / 2

R pH . The formation of (111) platelets is favorable (lower ∆E) from y 0 to
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y 1.5a , from where the (001) platelets become preferential. The frequency count of {111}
platelets shown in Fig. 7.6 is clearly related (inversely proportional) to the ∆E level variation
given in Fig. 7.15.
Figure 7.15- Maps of iso-energy
regions of (111) platelets (a)
and (001) platelets (b). The
curves in (c) show the

E level

variations at z=-2a for (111)
platelets (continuous line), and
(001) platelets (dashed line).

This result shows that the proposed model presents an excellent agreement with the
experimental observations.

7.4.2. Model predictions
The model can be used to predict some interesting results. By changing the Himplantation depth z (i.e. the relative distance between the H-platelets and the strain
source), distinct distributions of platelets along y are expected to form. Figure 7.16 shows
the ∆E level curves calculated for distinct depths z (intervals of 0.5a) between the surface
and the core of the strain source (He-plate) located at z=-4a. The region where the (111)
platelets are favorable is approximately centered at y≈a and it becomes as narrow as it
comes closer to the strain source. The (001) platelet variant is always the favorable one after
a certain distance from the z-axis. This effect is naturally attributed to the predominance of
the in-plane stress far from the He-plate. Moreover, the region for (001) favorable formation
142

CHAPTER 7: Ordering of 3D Nanostructures by Stress Engineering

becomes wider (approaches to the z-axis) as it gets closer to the strain source. The formation
of (100) platelets (perpendicular to the surface) seems to be favorable exactly along the zaxis. Elsewhere is very unlike to be formed.
Figure 7.17 shows the ∆E level curves obtained for depths -50a<z<-4a (i.e.
underneath the He-plate). Notice that the general feature of the curves is basically the same,
but the (111) curve is inversed, as naturally expected, being favorable in the opposite
quadrant of the structure. Near the He-plate, the curves are very similar to those obtained
for z>-4a (i.e. above the He-plate). However, after a certain distance z from the He-plate
(±1.5a) the curves at both sides become different (compare the curve obtained for z<-5.5
with z>-2.5). The surface effect on the stress distribution is very clear at z=-7.5, as compared
to z=-0.5. For a large distance from the He-plate (e.g. z=-15) the effect of strain source
becomes negligible, and, for z=-50, it is completely imperceptible. In this case, the
orientation of the H-platelets is determined uniquely by the in-plane stress caused by the
implantation.
The second effect that can be easily predicted using the model is related to the
variation of the in-plane stress intensity and sign (i.e. factor k). This factor could be tailored,
for example, by changing the implantation fluence (since the stress increases with fluence)
or using substrates under tensile [Pit 2005] or compressive strain. Figure 7.18 shows, in a
series of calculations results, the energy variation maps predicted by changing the k factor
from a highly tensile layer (k=-2) to a highly compressive layer (k=2). The calculation was
performed for a depth z=-2. The iso-energetic regions are plotted with

E intervals of 0.1

(≈100MPa). Obviously, (001) platelets are neither affected by the changes of intensity nor
the in-plane stress sign. On the other hand, (100) H-platelets, (perpendicular to the surface)
becomes strongly favorable in tensile in-plane stress conditions, in accordance with recent
observations [Pit 2005], and unfavorable in compressive stress conditions. In general, (111)
platelets also become favorable at tensile stress conditions and less favorable in
compressive stress.
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Figure 7.16- E level curves for the three
orientations of platelets. The results are
shown for intervals of 0.5a from the
depth z=-0.5a to z=-3.5a. Remembering
that the He-plate is localized at z=-4, and
extends from y=-a to y=+a
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Figure 7.17- Energy level curves for the three distinct orientations of platelets from depth z=-4.5 to z=-50.
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Figure 7.18- Energy level curves for the three distinct orientations of platelets from the depth y=-4.5 to y=-50.

7.5. Conclusions
The possibility of exploiting local strain sources to tailor a sub-local architecture of
platelet-like precipitates, creating arranged nano-domains, was demonstrated in this
chapter. We have found that four {111} variants of H-platelets in (001) silicon were
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organized symmetrically around the symmetry axis of a local strain field. The phenomenon
was modeled and the results were in good agreement with the experimental observations.
It seems worth to remark that strain field symmetry (or geometry) can vary
depending on the characteristics of the strain source, lattice structure and even on the
sample geometry. As a consequence, distinct precipitate arrangements can be imagined. It is
also important to point out that equation 7.20 suggests that even a precipitate with higher
self-energy ( E f 1 > E f 2 ) could become favored by an appropriate stress tensor conditions,
resulting in E1T < E2T . Therefore this way, one could imagine that, by adequate stress
engineering, it would be possible to induce the formation of new precipitate phases, which
so far may have not been observed due to their unfavorable self-energy. This situation found
parallel on the discovery of (001) H-platelets: “…the existence of (001) platelets, only seen
after ion implantation, was barely acknowledged in 1994 because the {111} surface has in
principle lower energy.” [Ter 2007].
Hence, we propose that nanoscale strain engineering can be further developed and
generalized as a tool to tailor specific arrangements of NP’s inside discrete nano-domains of
a periodic array, as well as to induce the formation of new phases.
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SUMMARY AND GENERAL CONCLUSIONS
This work presents a systematic study comprising the microstructure thermal
evolution of H2+ and He+ coimplanted (001)-Si substrates. Especial emphasis is given to the
blistering and exfoliation phenomena and their relation with the ion induced layer splitting
process, usually referred as Smart-Cut®. This technology has boosted the development of
silicon-on-insulator (SOI) substrates, nowadays a mandatory material for the production of
low voltage/low energy ultra-large-scale-integration microelectronic devices. The generic
character of the process allows the development of functional heterostructured materials
via layer transfer techniques. It provides the possibilities of materials integration even with
largely mismatched lattice structures. Therefore, it seems worthwhile to perform
systematical studies in order to get more insight into the micromechanisms controlling the
ion induced layer splitting process.
In this work, the exfoliation phenomena in H2+/H+ and He+ (001)-Si coimplanted
samples have been investigated as a function of the implantation energy, fluence, fluence
rate, annealing protocol and implantation sequence (first H and then He, and vice-versa).
The samples were characterized by a combination of microscopy techniques. Scanning
Electron Microscopy (SEM) observations of individual exfoliated regions were statistically
evaluated in terms of their mean sizes Sex, exfoliation efficiency parameter Aex and
exfoliation number densities Dex. Detailed microstructure observation of the exfoliation
precursors was performed by Transmission Electron Microscopy (TEM). Surfaces were
characterized by Glancing Illumination Optical Microscopy (GIOM) and Atomic Force
Microscopy (AFM). In addition, lattice strain measurements were performed by X-Ray
Diffraction. The results obtained were discussed in terms of the formation of the exfoliation
precursors and their thermal evolution, correlating their elastic and plastic properties,
including fracture mechanic concepts and elastic interactions between cavity-like defects.
The range of experimental parameters, including fluences from 1016 to 1017 cm-2
and medium ( 30 keV) to high ( 350 keV) implantation energies, combined with techniques
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covering macro and microstructural characterization, as well as the data interpretation
methodology and concepts, introduce an unique and original perspective for the study.
In Chapter 3, the effects of implantation (fluence, energy) and thermal protocol (1 or
2 temperature steps) parameters on the exfoliation mean sizes Sex, exfoliation efficiency
parameter Aex and density Dex are evaluated. The results obtained show that the exfoliation
behavior can be treated as a threshold phenomenon depending on a critical gas
concentration in as implanted samples. It was demonstrated that the exfoliation efficiency
Aex is rather dependent on the exfoliation mean size Sex. In this work, it is proposed that Sex is
governed by two distinct macromechanisms depending on the implantation fluence values.
For high fluences, the exfoliation behavior converges to a pressure induced process. For low
fluences the exfoliation behavior converges to a cleavage assisted process.
In Chapter 4, the studies were expanded to distinct H:He ratios and fluence rates. It
was demonstrated the exfoliation efficiency Aex increases as the H:He ratio changes from 2:1
to 1:1. Detailed microstructure investigation by cross-section TEM observations reveals
distinct microstructure features, including the formation and depth distribution of platelets
and spherical cavities, depending on the fluence. Strain measurements (by XRD) in
combination with elasticity considerations leaded to the formulation of a model explaining
the formation of the microstructure features observed by TEM. Finally, the effect of the
current density was investigated. A new phenomenon was uncovered: the delamination of
thin films via crack propagation. This is a concurrent process to blistering/exfoliation. A
phenomenological model based on elasticity and fracture mechanics theory is proposed to
explain the results.
Chapter 5 introduces a multilayer exfoliation engineering concept. The process is
based on the possibility to control of the exfoliation temperature of distinct implanted
layers. It is indeed demonstrated that the exfoliation temperature can be tailored by the
implanted fluence. In addition, the results also demonstrate that elastic interactions
between distinct layers affect the exfoliation behaviour.
Chapter 6 explores defect engineering concepts of potential interest to manipulate H
and He induced structures. The interactions are discussed in terms of trapping and diffusion
149
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concepts. The formation of rather long and straight cracks is obtained by the hydrogenation
of He-platelets, either by conventional implantation or plasma immersion treatment. In
addition, the formation of arranged nano-domains of H-platelets takes place when their
nucleation occurs under the influence of local strain fields.
In Chapter 7, the observed sub-local arrangements of the 111 H-platelet variants
are studied in details. The results are described in terms of a model formulated considering
the in-plane stress produced by the implantation process and elastic interactions between
He-plates (as local strain sources) and the H-platelets. The calculations provide the energy
density variation for {001} and {111} H-platelets at any location with respect to the strain
source. The results obtained are in good agreement with the experimental observations.
Model predictions are introduced and discussed. The present nanoscale strain engineering
concept is proposed as potential method to tailor specific arrangements of precipitates
inside discrete nano-domains and to induce the formation of new phases.
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