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Abstract

Nowadays the challenge towards smaller and smaller microelectronic chips containing more and more devices with low resistance
requires the reduction of the lateral and vertical dimensions of the
transistors and the simultaneous increase of the charge carrier concentration. We hence need very high dopant concentrations in very
tiny regions.
The charge in the source, drain and channel regions of the MOSFET (metal oxide semiconductor field effect transistor) is formed
by locally adding dopant atoms to the silicon matrix. The actual approach consists in the implantation of dopants into a preamorphized substrate followed by a subsequent recrystallization of
the matrix by Solid Phase Epitaxial Regrowth (SPER). This procedure is quite effective to minimize dopant diffusion during thermal
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treatments of the device processing.
The processes of dopant activation, clustering and diffusion have
been widely investigated in crystalline silicon in the last 30 years,
enlightening a huge amount of microscopical phenomena. In spite
of , a very poor knowledge exists on the dopant behaviour in amorphous silicon. This represents indeed an extremely important information since, before epitaxy, dopants are introduced in the amorphous and any final effect on the chemical profile or the electrical
activation can be affected by the processes occurring in the amorphous phase. For example, only very recently it has been shown
that boron precipitates already in the amorphous phase, before
recrystallization. The diffusion of boron in amorphous silicon is a
field almost completely unexplored. The present work is inserted in
this context, which is a very important research topic both for the
physical meaning and for the industrial applications. The obtained
experimental results represent a complete characterization of the
boron diffusion and clustering properties and the proposed microscopical model succeded in explaining the boron diffusion within
the properties of amorphous silicon.
The first chapter is devoted to a review of the known properties
of amorphous silicon. It is usually described as an “ideal” covalently
bonded continuous random network, where silicon maintains tetrahedral coordination locally but it does not possess the long-range
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order of the crystal. Amorphous silicon possesses an excess free enthalpy relative to crystalline silicon of about 0.1 eV/atom at 300 K.
There is a general agreement that this energy is taken up mostly in
the form of bond angle distortion required to accomodate the disordered atom arrangement. Low-temperature annealing treatments
induces the so-called structural relaxation of amorphous silicon: the
network is able to rearrange itself and becomes progressively more
ordered, while defects tend to annihilate each other. Matrix relaxes
through a series of non-equilibrium states before crystallization sets
in. In the chapter we described the main evidences of the structural relaxation, the role of point defects and the proposed model
for the description of this system. In addition, some discussions on
the metals diffusion in amorphous silicon has been added to help
the understanding of boron diffusion.
It is well known that metals in amorphous silicon diffuse with a
trap limited mechanism which reduces their diffusivity by several
orders of magnitude with respect to diffusivity in crystalline silicon.
This is not necessaily true in the case of others impurities, and in
particular we will investigate similarities and differences for boron.
In the second chapter, our experimental design to investigate
boron diffusion and clustering in amorphous silicon is described together with the principal experimental techniques. For complete
diffusion and clustering studies in amorphous silicon, we need to
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maintain the sample in the amorphous phase for all the thermal
treatments duration. For this reason we used a Silicon On Insulator structure as a substrate, in which the top mono-crystalline
silicon (about 600 nm) is separated by a silicon oxide layer from
the underlying silicon. Such a structure, properly pre-amorphized,
avoids any solid phase epitaxial regrowth. Indeed, we need a high
boron concentration gradient for a wide concentration range. For
this reason, samples were prepared by the molecular beam epitaxy
technique. It allowed us to grow epitaxially doped crystalline silicon on a crystalline substrate. We prepared samples containing
two boxes of boron-doped material embedded in un-doped layers.
We chose two different peak-concentrations: one above and one
below the concentration limit of precipitation (∼ 1 · 1020 cm−3 ).
Amorphization was performed by self-ion implantation realizing an
amorphous layer from the surface to a depth well beyond the silicon oxide layer. Thermal treatments in the range of 500 ÷ 700 ◦ C
have been performed to induce boron diffusion. The duration of
these processes were well below the times need for the Random
Nucleation Growth. Boron concentration profiles were detected
through Secondary Ion Mass Spectrometry, while the properties of
the amorphous silicon matrix in presence of boron impurities were
studied using copper decoration of point-defect experiments.
In chapter 3 the main features of boron diffusion in amorphous
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silicon obtained by our experiments are described, while in chapter 4 these features have been further investigated with the aim
of a simple modeling and the experimental data were fitted with
appropriate equations.
First of all, we evidenced that boron atoms diffuse in the amorphous silicon with a transient feature. In fact, boron diffusivity is
quite high during the first annealing stage and reaches a saturation value after a temperature dependent transient. It should be
noted that the effect is quite large and boron diffusion in amorphous silicon can reach values 4 orders of magnitude above the
equilibrium diffusivity in crystalline silicon at the same temperatures. Moreover, the saturation value increases with increasing the
temperature, covering about four orders of magnitude in a temperature range of 200 K. We showed that boron diffusion strongly
depends on the relaxation status of the matrix. In fact diffusivity
is much higher if the matrix is totally unrelaxed, i.e. with a high
defect concentration.
We experimentally found that the clustering process occurs during the early stages of annealing for boron atoms with a concentration value above ∼ 1 · 1020 cm−3 , and the clustered boron amount
does not have any appreciable time or temperature evolution.
Moreover, we showed that boron diffusivity exhibits a concentration dependent behaviour: boron atoms diffuse faster where
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boron concentration is higher, so that the slopes of the diffused
boron profile are clearly steeper than in the as-amorphized sample.
To explain all of these experimental features we propose a boron
diffusion model.
According to literature data, a boron atom in amorphous silicon
and in its ground state is three-fold coordinated. We imagine that
boron diffusion is assisted by a point defect (a silicon atom with a
dangling bond). In particular the formation of a bond between a
boron atom and a point-defect can create a four-fold coordinated
boron atom which is able to move, even if for a very short distance.
After the motion, a bond between the mobile boron and a defect
is broken, and boron atom comes back to its immobile condition.
As a consequence, diffusivity should be strongly dependent on defect concentration and on its time evolution. According to this
model, we fitted experimental diffusivity values obtained from the
boron box with lower concentration peak profiles with a very good
agreement.
The evidence of a non-Gaussian behaviour of the diffusion in
the high concentration boron box has been successfully explained
by noting (through defect detection by copper) that the presence of
high dose boron impurities introduces an excess of defects. Moreover, this excess is maintained even after low temperature annealing. The presence of boron atoms could modify the chemical po-
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tential of point defects, which acts as a driving force opposing to
defects diffusion. We assumed a linear enhancement of diffusivity
with the boron concentration and also in this case we have been
able to satisfactorily reproduce the experimental boron profile.
Finally, we were able to extract the temperature dependence
of the boron diffusion in a completed relaxed matrix. Analysis
reveals an energy activated process, with a single activation energy
of Ea ∼ 2.5 eV. This is the activation energy of solid phase epitaxy
and the highest activation energy ever observed for the annihilation
of defects in amorphous silicon. It is tempting to propose that,
among the large variety of defects with different energies present
in amorphous silicon, after annealing a single simple defect with a
migration energy of Ea ∼ 2.5 eV survives and this is the responsible
of a variety of different phenomena comprehending both epitaxy
and boron diffusion.

Introduction

The invention of point-contact transistors made by John Bardeen
and Walter Brattain at Bell Laboratories in 1947, December 23
changed dramatically not only the scientific world, but the whole
society. In 1956 they won the Nobel Prize together with William
Shockley (who developed the theoretical aspects and realized the
first junction transistor). In 1967 Jack S. Kilby [1], awarded with
the Nobel Prize in 2000, realized the first integrated circuit.
In 1965 Gordon E. Moore, co-founder of the Intel Corp., had
clear ideas about the future of the integrated electronics: he observed the electronic devices production trend, and in a milestone
article [2] he made an empirical observation that, extrapolated towards the future, became an extraordinary prediction and a roadmap
tha microelectronic factories try to satisfy:
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Figure 1: On the left, beginning to the top, William Shockley, John Bardeen
and Walter Brattain. On the right, a picture of the first transistor
realized in 1947 at Bell Laboratories. [3]

There is a minimum cost at any given time in the evolution of the technology. [...] [It] has increased at a rate of
roughly a factor of two per year. [...] Certainly over the
short term this rate can be expected to continue, if not
to increase. Over the longer term, the rate of increase
is a bit more uncertain, although there is no reason to
believe it will not remain nearly constant for at least 10
years.
Figure 2 shows a modern version of the so called Moore’s law [4]
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Figure 2: Modern version of the Moore’s law: the points refer to the electronic
devices produced across the years, and it is shown the number of
component on a square inch of silicon (left axis) and the minimum
size of the adopted photolithographic processes (right axis). [4]

according to which the number of component on a square inch of
silicon should be doubled every 18 months: this value is shown on
the left axis (data points refer to the electronic devices produced
across the years). This trend can be related to the minimum size of
the applied photolithographic processes (this size has been reduced
from a few microns to the actual 65 nm [5]), as reported in the
right axis of the same figure.
The possibility of increasing more and more the number of devices contained on a chip requires the reduction of the lateral and
vertical dimensions of the transistors. In order to maintain a low

4
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device resistance and a good electrical isolation between the source
and drain regions as the device is scaled down, the charge concentration must be increased while the vertical and lateral dimensions
are decreased. We hence need very high dopant concentrations in
very tiny regions. Figure 3 shows the source/drain extension junc-

Figure 3: Source/drain extension junction depth as a function of the year. [6]

tion depth as a function of the year: in the near feature, junction
depths smaller than 10 nm will be required. As a consequence, an
enormous concentration gradient is obtained (variations by about
four orders of magnitude in a few nanometers).
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The charge in the source, drain and channel regions of the MOS
transistors is formed by locally adding dopant atoms to the silicon
matrix. By far, the most used method of doping is ion implantation.
The combination of excellent spatial and dose control, as well as
easy manufacturing, has led to a wide spread use of this technique.
Ion implantation in crystals produces a lot of damage during the
slowing down of the projectiles in the target: the violent collisions of
the ions with the target atoms displace them from their equilibrium
lattice sites. Each displaced atom introduces in the band gap a trap
level that is detrimental for the electrical behaviour of the devices
if located in the active regions. Moreover, dopants are electrically
active only if located in a substitutional site. Defects are the major
factors of yield losses and reliability problems in integrated devices.
A thermal annealing is required to remove residual damage left over
by the implantation process and to recover the crystalline order
incorporating dopant atoms in an electrically active site. This step
is necessary, but it induces dopant diffusion, changing the final
concentration dopant profile. Dopant diffusion is often enhanced by
the presence of mobile point defects (transient enhanced diffusion
effect) and, according to the Fick’s laws, it is more evident if the
initial profile has an high concentration gradient (as required with
decreasing the spatial dimension of the devices). The aim of the
annealing is the production of defect-free silicon with the minimum
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amount of thermal budget in order to maintain shallow junction
depth.
The most interesting dopant in silicon is boron, in use to create
p-type doped regions in silicon. Figure 4 shows boron concentration

Figure 4: Boron concentration as a function of depth is measured for asimplanted sample (solid line) and for annealed samples usimg rapid
thermal annealing (RTA, dashed-dotted line) and conventional annealing (FA, dotted line). Dopant diffusion is clearly demonstrated.
[7]

as a function of depth, measured for an as-implanted sample (solid
line) and for the annealed samples usid rapid thermal annealing
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(RTA, dashed-dotted line) and conventional annealing (FA, dotted line). The enlargement of the boron profile is clearly evident:
even if a very shallow profile with an high concentration peak and
an enormous concentration gradient can be obtained through ion
implantation, the subsequent annealing step has highly negative
effect.
The actual approach consists in the implantation of dopants
into a pre-amorphized substrate, and in the subsequent electrical
activation during the recrystallization of the matrix by Solid-Phase
Epitaxial Regrowth (SPER). This method has several advantages.
In particular an active level of substitutional dopant well above the
solubility limit in the crystalline phase can be reached by SPER.
The processes of dopant activation, clustering and diffusion have
been widely investigated in crystalline silicon since the eighties [8–
13]. Nevertheless, only very recently [14–20] it has been understood
that dopants (and more specifically boron) are mobile and cluster
already in the amorphous phase, before recrystallization. These
processes are of enormous importance since the subsequent evolution, profile and activation will strongly depend on the preceeding
evolution in the amorphous phase. The physical mechanisms of the
boron diffusion and clustering in amorphous silicon have not been
investigated and understood. It is a very active research topic both
for the physical meaning and for the industrial applications, and

8
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this thesis work is inserted in this context.

This thesis is organized as follows: in chapter 1 a short review of
the well-estabilished properties of amorphous silicon is presented;
in chapter 2 there is a description of the experimental techniques required for the sample preparation and characterization; in chapter
3 the most relevant experimental features are discussed; in chapter 4 these results are better investigated with the aim of simple
modeling and the experimental data are fitted with appropriate
equations.
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Chapter 1. Properties of amorphous silicon
This chapter is dedicated to a short review of the known
properties of amorphous silicon, with a focus on the
existence of the relaxed and the unrelaxed status. The
properties of amorphous silicon depend on its status
and are driven by defect annihilation. It will be shown
that these differences play a crucial role in the metallic
impurities diffusion mechanism.

1.1

Silicon phases and phase transitions

Silicon has been extensively studied during the last decades because it is the leader element used in microelectronics. Most of the
attention has been devoted to its crystalline phase, which is stable
at room temperature, and in particular to the crystalline structure and the defects that are present even at room temperature.
Since the first report of epitaxial reordering of amorphous silicon
on a crystalline substrate (1968) [21], a considerable research effort
has been undertaken to develop a comprehensive understanding of
the kinetics and the mechanisms of solid phase transformations in
amorphous silicon thin films.
In figure 1.1 the phase diagram of silicon calculated by Donovan
et al. [22, 24] in 1985 is reported: the Gibbs free energy difference,
∆G, for amorphous silicon and liquid silicon (l-Si) relative to the
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Figure 1.1: Temperature dependence of the excess free enthalpy of amorphous
and liquid silicon relative to crystalline silicon. [22, 23]

free energy of the crystalline phase is plotted against temperature.
Important features are revealed from this diagram. First of all,
it is clear that the free energy is lower for the crystalline state:
silicon forms strongly covalent, directional bonds, and the condition
of minimum free energy in the solid phase is achieved by having
four bonds arranged in a tetrahedral configuration. When this
arrangement is extended in three dimensions, the diamond lattice
characteristic of crystalline silicon is formed. At normal ambient
temperatures and pressures this is the configuration of lowest free
energy.
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Indeed, the amorphous state of silicon is usually described as

an “ideal” covalently bonded continuous random network. In this
state, silicon maintains tetrahedral coordination locally but does
not possess the long-range order seen in the crystal. In other words,
the atom positions are not totally random because the large energy
gained by forming directional covalent bonds causes a strong tendency toward four-fold coordination and tetrahedral bond angles:
there is local order arising from the strong energy minimum associated with tetrahedral bonding, while a long-range (beyond two
interatomic distances) ordering is absent. This means that the
amorphous state is full of imperfections with respect to the crystalline state. From a thermodynamic point of view, amorphous silicon possesses an excess free enthalpy relative to crystalline silicon
of about 0.1 eV/atom at 300 K. There is a general agreement that
this energy is taken up mostly in the form of bond angle distortion
required to accommodate the disordered atom arrangement (on the
average, these angles diverge 7◦ - 12◦ from the ideal tetrahedral angle in a perfect crystal): changes in network topology coincide with
changes in average bond angle distortion and consequently with
changes in the excess free energy of amorphous silicon. Figure 1.2
shows on the left, a scheme of the crystalline silicon structure. The
typical fourfold covalent bond and the diamont-like lattice can be
observed: each atom is located in the center of a tetrahedron and
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Figure 1.2: On the left, a scheme of the crystalline silicon structure is depicted.
The typical fourfold covalent bond and the diamont-like lattice can
be observed: each atom is located in the center of a tetrahedron
and bounded with the four atoms of their vertices; atoms form the
six-membered rings typical of the diamond structure. On the right,
a picture of the amorphous silicon structure is presented. In this
system even tough mean coordination is still four, long range order
is lost. Bond angle distortion is clearly visible. [25]

bounded with the four atoms at their vertices; atoms form the sixmembered rings typical of the diamond structure. On the right
of the same figure, a picture of the amorphous silicon structure is
presented [25]. Theoretical calculation [26] demonstrates that the
bond angle distribution functions exhibit a very large spread in
bond angles centred about the maximum of 100◦ - 110◦ .
Because of this free energy difference, an isolated piece of amorphous silicon would in principle become crystalline even at room
temperature. The processes is however kinetically limited raising

14
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the temperature will speed up this transformation. The mechanism is simple: thermal agitation results in occasional formation
of small, ordered arrangements of several atoms within their disordered surrounding matrix. Free energy is lowered by virtue of
the reduction in bond distortion among the participant atoms in
this initial cluster. The ordering however is also accompanied by
a free energy increase due to distortion of bonds at the cluster
surface. Through random fluctuations some clusters eventually become large enough that the bulk free energy gain from adding one
more atom to the cluster exceeds the surface free energy penalty,
and the cluster monotonically grows in size thereafter. This process takes the name of Random Nucleation and Growth (RNG) and
is schematically represented in figure 1.3 (a). The name indicates
that, in absence of other factors, nucleation occurs at randomly
distributed locations throughout the amorphous solid. This type
of nucleation leads a progressive conversion of amorphous material
into a polycrystalline form.
The conversion of an amorphous thin film to a single crystal
is possible only if there is a template available to guide the atom
arrangement. This process takes the name of Solid Phase Epitaxy
(SPE) and in this case we have a layer-by-layer conversion of atoms
from the amorphous to the crystalline phase: continued heating results in the progressive reduction of the amorphous layer thickness.

1.1 Silicon phases and phase transitions
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Figure 1.3: Schematic illustration of the Random Nucleation and Growth process (a) and of Solid Phase Epitaxy (b): these are the two main
processes of phase transitions in amorphous silicon. [27]

Figure 1.3 (b) shows schematically the most important steps of the
process. The velocity of the interface motion (growth rate) depends on the temperature, the crystallographic orientation of the
substrate and the presence of impurities in the amorphous layer.

16
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The process is thermally activated and the experimental data are
well described by the Arrhenius-type expression:
Ea

v = v0 e− kT

(1.1)

where Ea is the activation energy of the process, k is the Boltzmann’s constant and T is the temperature expressed in K degrees.
Typical values of velocity of the interface motion are reported in
table 1.1. Fitting the experimental values with equation (1.1), it
T [◦ C]
500
550
600
700
800
900

v [nm/s]
0.01
0.11
0.98
40
760
10000

Table 1.1: Typical experimental values of velocity of the interface motion in
the Solid Phase Epitaxy process. Adapted from [27].

is possible to obtain the activation energy and the pre-exponential
factor of the Solid Phase Epitaxy process:
Ea = 2.7eV

v0 = 3 · 108 cm/s.

(1.2)

The regrowth seems governed by a cooperative interfacial bond
breaking and local rearrangement rather than long range transport of silicon atoms. In particular, seeds responsible for the regrowth have been associated to kinks and structural deformation of
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the amorphous/crystalline interface and rearrangement takes place
along the [11̄0] ledges.
Small concentration of implanted impurities can increase (B, P ,
As) or decrease (O, N , C, Ar) the regrowth rate.
Another intriguing feature of the calculation made by Donovan
et al. (fig. 1.1) is that amorphous silicon and liquid silicon have
equal free energies at the temperature Tal , which is lower than Tcl
(the melting point for the crystalline phase): amorphous silicon
has a melting temperature about 250 K lower than the melting
temperature of crystalline silicon. Their prediction has been esperimentally verified through ultra fast heating processes (laser annealing) preventing phase transition in the solid phase [28]. In the
whole range of temperature up to its melting temperature, amorphous silicon is thermodynamically unstable, but it is not possible
to consider it always with the same properties: a relaxed and an
un-relaxed state, well separated from a thermodinamic point of
view can be individuated. In the following parts of the chapter
structural differences between them will be discussed.

1.2

Amorphous silicon preparation

Several methods can be used to prepare amorphous silicon layers. The most important are low temperature deposition, laser
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quenching and self-ion implantation on crystalline silicon. Layers
obtained with different methods present different structural and
electronic properties.
SiH4 is the gas used as a precursor in the plasma-enhanced
chemical vapour deposition technique. The process can be decomposed in the subsequent steps: the gas precursor is introduced in
a chamber maintained under vacuum conditions. The application
of a radio frequency to the gas induces the formation of a plasma
with the dissociation of the molecules present in the chamber. In
this case neutral and ionized silicon atoms will be present. Reactive
species interact with the surface of the substrate, with the formation of new chemical bonds and the final result is the growth of
an amorphous silicon layer. The chemical properties of the layer
depend on the plasma characteristics. This method allows to easily grow thick layers, but Trasmission Electron Micrographs showed
that they contain columnar voids, low-density regions, macroscopic
structural imperfections as a natural consequence of self-shadowing
during the deposition process. However, films prepared in various
laboratories show significant structural differences and different behaviours under annealing treatments.
Amorphous silicon thin layers can be obtained through laser
quenching. In this case a very intense, usually pulsed, laser beam
is focused on a crystalline silicon sample. Laser radiation transfers
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an enormous quantity of energy in a very short time and in a very
small region of the sample (its extent is of the same order of the laser
beam dimension) near the surface of the sample. As a consequence,
a thin layer is heated well above the melting point, it melts and
it will rapidly solidify again. Solidification occurs by a plasma
motion of the liquid/solid interface and usually results in a liquid
phase epitaxial crystallization. However, under certain conditions
the rate of the liquid/solid interface is so high that there is not
enough time to the bonds to rearrange in a crystalline order and
an amorphous phase is quenched as a result. The disadvantage of
this method is clear: amorphous region has very small lateral and
vertical dimension.
Ion implantation can be used both for introducing doping atoms
or making amorphous sample [29]. It is a violent process, a large
amount of the projectile kinetic energy is transferred to the atoms
of the target displacing them from the lattice sites. The impinging
ion, during its slowing down within the matter, interacts inelastically with electrons and elastically with the other target atoms. If
the kinetic energy transferred to the host atom is higher than a certain value, the displacement threshold energy (∼ 15 eV in the case
of silicon), the knock-on atom leaves its lattice site and according
to the residual kinetic energy can move for a certain path length.
These atoms (primary collisions) recoil and collide with other atoms
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(secondary collisions) giving rise to higher generation of collisions.
The later generation collisions produce many low-energy recoils,
which induce small displacements in nearly random direction. This
sequence of collisions and of displaced atom multiplication is often
called collision cascade. This prompt regime is followed by a redistribution of the energy into the surrounding material by both lattice
and electron conduction. Then the unstable disorder relaxes and
some ordering occurs by a local diffusion process. Later on clustering of lattice damage results in the formation of complex defects.
This last process is governed by the target temperature and by the
presence of impurities, if any. The total amount of disorder in a
collision cascade is determined by the component of the incident
ion energy ending up in recoil processes. The size and the character
of the collision cascade depend on several parameters such as the
mass and the energy of the impinging ions. A large number of silicon atoms is displaced by the projectiles in the near surface region
and the recoiled atoms transfer and deposit energy to a greater
depth. The final damage profile is produced then mainly by the
recoiled atoms and is a replica of the recoil range distribution. A
commonly used unit of damage is the number of displacements per
atom (DPA). A unit of 1 DPA means that, on the average, every
atom in the implanted volume has been displaced from its equilibrium lattice site once. In case of heavy ion implants, the deposited
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energy density within the cascade becomes large enough that several atoms are set simultaneously in motion sharing a reasonable
high kinetic energy. The atoms transfer rapidly their high vibrational excitations to those in the surrounding material. Many atoms
are displaced from the regular lattice sites and, as a consequence of
the ultra-rapid subsequent quenching a different phase can result:
a small volume of “hot” silicon atoms may become a small, roughly
cylindrical, amorphous region surrounded by a crystalline matrix.
Low doses of heavy ions create individual isolated damage regions
around each ion track with negligible probability of cascade overlap.
At high doses (≥ 1014 cm−2 ) one gets complete overlap when the
average separation between cascades becomes comparable to the
cascade dimensions and inter-cascade effects start to occur. In this
regime a continuous amorphous layer is formed. The amorphization
fluence (i.e. the dose required to produce an amorphous fraction of
90%) strongly depends on the sample temperature, and in particular at lower temperature the dynamic recombination of the defects
during the implantation itself is drastically reduced and amorphization can be reached with a lower fluence. Experiments demonstrate
that at low temperatures the energy density for amorphization is
nearly independent of ion mass. Increasing the temperature, the
cylindrical amorphous tracks shrink in radius by annealing during the time of bombardment, so that more tracks are needed to
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completely fill the bombarded volume.
Amorphous layers obtained by ion implantation are usually regarded as good system, like an ideal covalently bonded continuous
random network.
The depth distribution of the energy deposited into nuclear collisions can be obtained by Monte Carlo approaches: individual collisions cascades are simulated and then the results are averaged
from several hundred cascades. Simulations presented in this thesis were done by the SRIM (Stopping and Range of Ions in Matter)
code [30].

1.3

Amorphous silicon relaxation: experimental evidences

When amorphous silicon specimens are subjected to low temperature annealing treatments, their excess enthalpy is released and
the amorphous material relaxes through a series of non-equilibrium
states until crystallization sets in. About one third of the excess
enthalpy can be released before crystallization. This phenomenon
has become known as structural relaxation of amorphous silicon
and will be discussed in this section.
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Calorimetric measurements

Differential scanning calorimetric measurements (DSC) have been
used to investigate the structural properties of amorphous silicon.
The apparatus consists of two identical furnaces; it measures the
extra power that has to be fed to one furnace, in comparison to
the reference furnace, in order to keep both furnaces at the same
temperature, while the temperature is scanned over the range of
interest.
Donovan et al. showed for the first time in 1985 [22] that amorphous germanium relaxes continuously to an amorphous state of
lower free energy, before the onset of rapid crystallization. In contrast, in that work, they did not observe any energy release in
amorphous silicon samples, except the release associated with the
crystal growth kinetics.
After four years, Roorda et al. [31] showed that even during
a low-temperature thermal annealing of amorphous silicon, a measurable heat release is observed.
Samples were prepared by self ion implantation on crystalline
silicon maintained at liquid nitrogen temperature. Rutherford Backscattering Spectroscopy confirmed that samples were totally amorphized.
Figure 1.4 shows three differential scanning calorimetric curves.
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Figure 1.4: Differential scanning calorimetric spectra of crystalline silicon (a),
amorphous silicon as amorphized (c) and amorphous silicon pre
heated at 813 K (b). [31]

Curve a was taken on a crystalline silicon reference sample. Curves
b and c refer to amorphous silicon samples; on sample b, a thermal
annealing at a temperature of 813 K was performed after amorphization (at this temperature there is no evidence of crystallization) and prior to the calorimetric scan, while sample c was measured as implanted. Both curves show a peak near 950 K, which
is associated with the energy released during the phase transition
from amorphous to crystalline silicon. In addition to this peak,
sample c shows a low-temperature heat release which is absent for
sample b. This signal begins around 400 K, remains constant until
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∼ 900 K and it corresponds to a value of 3.6 kJ/mol (it is comparable with the values obtained through theoretical calculations made
later on by Donovan, and shown in figure 1.1 on page 11). This
heat is released by the bulk of the amorphous silicon (and not by
the amorphous/crystal interface) and it can be explained considering removal of defects, macroscopic stress or structural relaxation
of the amorphous phase.

1.3.2

Raman measurements

A clear explanation of this phenomenon can be obtained comparing DSC data with Raman analysis, in order to investigate
the structural modifications of the system during the heat release
[32, 33]. Figure 1.5 shows two spectra: the lower one refers to an
as implanted sample, while the upper one has been collected after
a thermal annealing at 500 ◦ C for 45 minutes. Under this thermal
treatment, silicon remains amorphous because Solid Phase Epitaxy
proceeds too slowly. The position (λ0 ) and the half width (Γ/2) of
the peak are indicated. Signals appearing inside the investigated
range have been associated to the TO-like phonon excitation of the
Si-Si bond. In the case of a crystalline sample, this peak is very
sharp and centred at 520 cm−1 . The absence of a long-range order
in the case of the amorphous phase results in a shift of this peak at
around 480 cm−1 and in a large broadening: this is a clear evidence
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Figure 1.5: Raman spectra of an amorphous silicon sample as implanted (bottom) and after a thermal annealing at 500 ◦ C for 45 minutes (top).
The position (λ0 ) and the half width (Γ/2) of the peak are indicated. [32]

of the increasing spread of the ensemble of possible Si-Si bond angles. After a low-temperature thermal annealing, we observe a shift
of the peak centre towards higher wave numbers, and a reduction
of its half width. It means that low-temperature annealing induces
a partial re-arrangement of the silicon bonds: the system continues
to maintain only a short-range order, but it gains a more ordered
phase.
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Raman and pump-probe reflectivity measurements

A comprehensive study on amorphous silicon can be found in
the paper by Stolk et al. [34]. They used Raman spectroscopy
to measure the half-width of the peak centred at 480 cm−1 . In
addition, they use pump-probe reflectivity measurements to study
the defects concentration. This technique measures the decay of
an optically generated electron-hole plasma. It uses the direct output of a colliding pulse mode-locked dye laser which consists of
100 fs pulses at 620 nm produced at a repetition rate of 110 MHz.
The laser beam was split into two separate beams in order to form
a pump and probe configuration. The pump beam was focused
on the sample creating free carriers that will be recombined in a
characteristic time τ . The presence of mobile electrons and holes
modify the refractive index of the sample and it causes variation in
the reflectivity. The probe beam was mechanically delayed and focused within the pump spot. The specularly reflected probe and an
optically matched reference beam were detected with fast p · i · n
photodiodes. The difference of the two photocurrents was fed into
a lock-in amplifier and measured as a function of the time delay
between pump and probe, which gives the evolution of the sample
reflectivity in response to the electron-hole generated plasma, and
in particular to the concentration of the free carriers. This value de-
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cays in a time τ due to carrier capture from defects, so the measure
of τ is roughly inversely proportional to the defects concentration
in the system.
Figure 1.6 shows in the upper graph the carrier lifetime τ and

Figure 1.6: Carrier lifetime τ obtained through pump-probe reflectivity measurements (a) and half-width Γ/2 of the TO-like peak in the Raman
spectrum (b) as a function of the annealing temperature. [34]

in the lower one the half-width Γ/2 of the TO-like peak in the
Raman spectrum, both represented as a function of the annealing
temperature. The annealing time was 1 hour in all cases. It is
evident that the carrier lifetime in amorphous silicon increases pro-
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gressively with annealing temperature from 0.8 ps for as-implanted
sample to 10 ps for the sample annealed at 500 ◦ C (relaxed). Note
that the carrier lifetime in un-implanted crystalline silicon is typically of the order of ∼ 1 µs. In contrast, the Raman peak width
gradually decreases from 42.5 to 36 cm−1 . It is interesting to note
that these two values modify simultaneously.
This is a clear evidence of the structural relaxation observed in
amorphous silicon. In conclusion, this process can be described as
the network rearrangement accompanied by large changes in vibrational, structural and thermodynamic properties of the amorphous
phase. The structure of defects depends on the short-range order
in the network: when thermal energy is transferred to the system,
the network is able to rearrange itself and becomes progressively
more ordered as relaxation proceeds, while defects tend to annihilate. The heat release observed during relaxation is due to the
change in structure around the collapsing defect.
An interesting property has been observed by ion implanting a
fully relaxed amorphous silicon: structural defects can be reintroduced by means of ion implantation at doses much lower than those
needed for the first amorphization. Solid circles in figure 1.7 shows
the carrier lifetime τ and the Raman peak width Γ/2 measured for
samples relaxed and then irradiated with different ion species. Data
are reported as a function of the Displacements Per Atom (DPA),
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Figure 1.7: Solid circles: carrier lifetime τ (a) and the Raman peak width Γ/2
(b) measured for samples relaxed and then irradiated with different
ion species; open circles: the same measurements performed after
subsequent annealing at 200 ◦ C for 1 hour. Data are reported as
function of DPA. [34]

i.e. the number of displaced atoms per each impinging ion. This is a
measure of the damage produced by the implantation process. The
fact that both behaviours scale with DPA independently of the ion
mass or ion species, means that the key parameter is the damage
produced by the implantation process, and not the interaction between the specific impinging ions and the silicon atoms of the sam-
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ple. It is clear from the measurements that as consequence of the
irradiation, the carrier lifetime decreases from 10 to 0.8 ps, which
is the characteristic level of as implanted (unrelaxed) amorphous
silicon; similarly Γ/2 changes from the level of relaxed amorphous
silicon (36 cm−1 ) to the typical value of as-implanted amorphous
silicon (43 cm−1 ) as the ion damage increases. In both cases, the
un-relaxed state is fully attained at approximately 0.1 DPA.
Open circles in figure 1.7 show data obtained for samples amorphized, relaxed, irradiated (un-relaxed) and then annealed at 200 ◦ C
for 1 hour. Both the parameters change upon annealing in each of
the damaged samples, and in particular the post-annealing values
of the high dose implanted amorphous silicon sample are similar
to those for as-implanted amorphous silicon annealed in the same
conditions. It demonstrates that it is possible to change in a reversible way the amorphous silicon state (relaxed or un-relaxed) by
thermal annealing and ion implantation respectively.
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1.4

Amorphous silicon relaxation: role
of point defects

1.4.1

Defects in amorphous silicon: dangling
and floating bonds

In this section, the nature of the defects in amorphous silicon
will be discussed [35, 36]. The system has been described as a
continuous random network of silicon atoms. The absence of long
range order means that many silicon atoms cannot form four bonds,
as expected: the dominant defect in amorphous silicon is universally believed to be a threefold-coordinated silicon atom (Si03 1 ),
invariably referred to as dangling bond, whose fourth atomic sp3
hybrid orbital remained un-bonded because of the lack of bonding
partners in a heavily distorted network such as amorphous silicon.
The strongest piece of evidence has been a correlation between the
Electron Paramagnetic Resonance (EPR) signals of this centre in
amorphous silicon and a centre in the Si-SiO2 interface. The latter was independently identified as a dangling bond. Figure 1.8
(a) shows the local structural geometries at a dangling bond site:
the canonical configuration consists of a central atom with nearest
neighbours at three of the possible four tetrahedral directions.
1

In the chemical notation adopted in this thesis to indicate the defects, after
the element symbol, the subscript number expresses the coordination number
of the defect, and the exponent expresses the charge status of the defect.
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Figure 1.8: Local structural geometries at (a) a dangling bond site and (b) a
floating bond site. [36]

This kind of defect is very similar to one of the primitive defect
of crystalline silicon, the vacancy: in fact even the vacancy can be
described as four Si03 about a vacant site. The others primitive
lattice defects in crystalline silicon are self interstitials: in this case
we have four Si05 about a central atom. It is therefore natural to
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take the possibility of the existence of a similar defect in amorphous silicon; it will be addressed as floating bond and its chemical
notation is Si05 . In this case the canonical configuration consists
of a central atom with four nearest neighbours at the tetrahedral
directions plus a fifth neighbour at a site directly across from one
of the other four, as depicted in figure 1.8 (b).
The electronic structure of dangling and floating bonds can
be examined in a symmetrical way: in both cases all the neighbours of the central atom (the defect) are tetrahedrally coordinated, allowing constructing four sp3 hybrid orbitals on each of
them. Electronic-structure calculations are performed with a nearest neighbours tight-binding model consisting of this minimal basis
(one s and three p silicon orbitals). In particular, the Chadi tight
binding model [37] has been extensively used to study structural,
electronic and vibrational properties of crystalline silicon and silicon surfaces. Incorporating the correct interatomic matrix element,
it can be successfully applied to an amorphous silicon model.
In the case of a dangling bond, the three hybrids form bonding
and anti-bonding states with three out of the four linear combinations that can be constructed by use of the four s and p orbitals
of the central atoms. The fourth linear combination remains unbonded. Within the Chadi model, neutral (Si03 , containing one
+
electron), negatively charged (Si−
3 ) and positively charged (Si3 )
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dangling-bond exist. The wave function of the dangling bonds is
very strongly localized: about 57% of the wave function is centred
on the defect. This type of defect is mostly p-like, and this is due
to the large bond-angle distortion of the sites.
In the case of a floating bond, four s and p orbitals on the
central atom form four bonding and anti-bonding states with four
out of the five linear combinations that can be constructed by use
of the five sp3 hybrids pointing toward the central atom. The wave
functions of the four bonding states are delocalized over all six
atoms, indicating that all five neighbours are truly bonded to the
central atom (eight electrons manage to take care of five bonds so
that each bond has, on the average, 1.6 electrons instead of the
normal two). The fifth linear combination of sp3 hybrids remains
largely un-bonded. When the defect is neutral, this state contains
one electron.
Both defects have an un-bonded hybrid orbital, so their electronic behaviour is similar.

It can be shown that the density

of states in the gap region of amorphous silicon arises from either dangling bonds, floating bonds and strongly disordered fourcoordinated sites.
The reciprocity between dangling and floating bonds reflects
the fact that they constitute a primitive excitation in a fourfoldcoordinated network: they can be considered the analog of a vacancy-
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interstitial or Frenkel pair in a crystal. A pair can be created simply
by bond switching, which is generally less costly than bond breaking. Continued bond switching allows the floating bond to move
away from the dangling bond. So floating bond can be considered
mobile, while dangling bond is certainly immobile [35]. Return to
the initial phase is possible by Si03 -Si05 pair recombination, which
is limited by defect migration. This model is supported by the
experimental evidence of a bimolecular reaction kinetics.
Table 1.2 summarizes the most important properties of dangling
and floating bonds.
Crystalline analog
Network mobility
Chemical notation
Coordination number
Orbital type
Localization

Dangling bond
Si vacancy
low
Si03
3
Atomic (sp3 )
strong

Floating bond
Si interstitial
high
Si05
5
Molecular
weak

Table 1.2: Comparison of the most important properties of the two primitive
defects in amorphous silicon, dangling and floating bonds. Adapted
from [38].

1.4.2

Conductivity measurements

It is important to understand the mechanisms of defects production and annealing in amorphous silicon. This aspect has been
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investigated using in situ conductivity measurements [39]: aluminium patterns were defined on the amorphous silicon sample
in order to make possible a two-point probe configuration for measurements performed during ion irradiation. Conductivity in amorphous silicon is due to variable range hopping in which carriers hop
from one defect state to another which is sufficiently close in both
space and energy. Conductivity measurements in amorphous silicon are hence sensitive to those defects introducing deep states in
the band gap. In fact the value of conductivity is indeed related to
the density of states g(EF ) at the Fermi level, which is proportional
to the density of this class of defects. The possibility to make the
measurements in situ allows to monitor the defect evolution upon
heating from 77 to 800 K (the crystallization temperature). Once
reached the wanted temperature, the conductivity was measured
after waiting for times of 1 hour in order to achieve an equilibrium value. Each conductivity value was converted in g(EF ) for
the actual temperature using the following equation:
−(

σ = σ0 e

T0
T

1

)4

(1.3)

where σ and σ0 are the experimental values and
T0 =

16a3
k · g(EF )

(1.4)

being a the localization of the electron wave function and k the
Boltzmann’s constant.
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The results are shown in the upper plot of figure 1.9. These

Figure 1.9: (a) Equilibrium density of states at the Fermi level vs. annealing
temperature. (b) Activation energy spectrum for defects in amorphous silicon. [39]

data show two important characteristics of the relaxation process.
First of all, it is evident a continuous decrease in the value of the
density of states: it means that temperature annealing induces a
continuous defect reduction in the system. In particular, only a
small fraction of them are annihilated above room temperature
(this is the range usually investigated in the experiments): most of
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the structural relaxation occurs well below room temperature. The
second important result is the presence of a different equilibrium
value of g(EF ) at each temperature: it demonstrates the presence
of defects with a continuous spectrum of activation energies. This
fact has been confirmed by other works, and means that in the
amorphous silicon phase there is a large amount of different kinds
of defects; only those defects with accessible activation energy at
the processing temperature are annealed out: in other words, for
each temperature a well-defined limited number of defects exist in
an active status. The others remain frozen until their activation
energy is reached.
Transforming the temperature value in activation energy (according to the equation
Ea = kB · T · ln(ν0 t),

(1.5)

being kB the Boltmann constant, T the annealing temperature, t
the processing time and ν0 the attempt frequency, which typically
has the value of 1 · 1013 s−1 ), experimental data are plotted against
energy in the lower graph of figure 1.9. We can deduce that two
main different defect structures exist: the first one is annealed with
activation energy in the range between 0.3 and 1 eV, below room
temperature, and it involves the most relevant defects concentration. The second one describes a Gaussian-like distribution peaked
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at 2.2 eV and can be associated to the structural relaxation observed by calorimetric evidences.

1.5

Modeling of the properties of amorphous silicon

The reported data give a clear picture about the properties of
amorphous silicon, its different states (relaxed and un-relaxed) and
the relationship between defects concentration and structural properties. It is necessary now to understand the kinetics of relaxation,
i.e. the kinetics of defect production and annihilation in the case
of preparation through ion implantation.
The commonly accepted model is not very complex [32, 39]. Ion
entering amorphous silicon produces within its collision cascade a
variety of defects distributed into different activation energies, according to the data showed in figure 1.9. The process is intracascade
and in the time interval between the arrival of two successive ions
in the same region (τ0 ), the defects will move and will recombine.
According to their activation energy, and depending on the substrate temperature during the process, defects can be divided into
three classes. Defects having activation energy well below the energy accessible to the system kB · T · ln(ν0 t) will be so mobile that
they are fully recombined within τ0 : at that temperature they will
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not play any role. Defects having activation energy much higher of
the available energy are practically immobile and their population
remains unchanged within τ0 . Defects with activation energy similar to the available energy will partially recombine within τ0 . At
the arrival of the next ion these defects will therefore accumulate
until their maximum concentration is reached. Above this limit a
balance between generation of new defects and annihilation of the
last class of defects is obtained. The maximum concentration will
critically depend upon temperature.
Defects annihilation can be explained in two different ways: especially at elevate temperatures, defects may be considerate mobile
and disappear at traps, leading to unimolecular reaction kinetics
characterized by an exponential decay with a single time constant.
This model does not agree with the experimental data which indicate that the decay is not unimolecular.
The second possible explanation consists in a bimolecular reaction kinetics (mutual defect annihilation): there are two kind of
defects, and they can annihilate only in couple, when a defect of the
first kind and a defect of the other kind meet together. Under this
assumption, the defect density n decays according to the following
equation rate:
dn
= −kn2
dt
where k is a constant.

(1.6)
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The dependence by the second power of the concentration is

due to the necessity to have two defects to decrease the defect
population. The solution of this equation is:
n(t) =

n0
1 + kn0 t

(1.7)

being n0 the starting (t = 0) defect concentration. Experimental
data agree with this model, but this can be considered true only
in a first approximation. In fact structural relaxation has to be
described by a spectrum of processes, each of those has its own
equation rate (and in particular a different value of the parameter
k).

1.6

Metals diffusion in amorphous silicon

The study of the mechanisms of dopant diffusion in amorphous
silicon has attracted much interest in the scientific community. In
the crystalline phase these mechanisms are well understood, and
one can think to apply the same models in the case of the amorphous phase. But there are several reasons why this is not possible:
we know that the local order in crystalline and amorphous silicon
is basically the same, but there are many differences in the longrange order, related to the presence of defects. While it is not clear
which is the role of these defects on the diffusion mechanisms, it
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is well known that defects play generally a key role in transport
phenomena.
One of the clearest study about this topic is related to the transition metals diffusion [40]. It is known that most of them (M n,
F e, Co, N i, Cu, P d) behave as fast diffuser in crystalline silicon (their diffusivity is ∼ 10 nm2 /s at the temperature of 400 ◦ C):
they reside in interstices and diffuse by hopping from interstitial
site to interstitial site. A few transition metals (Zn, P t, Au) diffuse at intermediate rate via the kick-out mechanism (in this case
the diffusivity measured at 400 ◦ C is ∼ 10−2 nm2 /s).
In order to clarify their behaviour in amorphous silicon, the
interesting ions were implanted in a layer of amorphous silicon
obtained by self-ion implantation in crystalline silicon at 77 K.
Diffusion annealing were performed in vacuum at temperatures
between 150 and 600 ◦ C; the as-implanted and the diffused profiles were measured by Rutherford Back-scattering Spectrometry
(RBS). These measurements clearly show that the large density
of defects is related to the trapping and gettering of metals: it
leads to a diffusion coefficient about four orders of magnitude lower
than in the crystalline phase and to an extremely high solubility of
these elements. In other word, in this case the impurities can not
move easily because they form a stable bond with the defects of
the matrix. In order to clarify this model, the diffusion coefficient
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of one of these elements (palladium) has been measured in crystalline silicon, in as-implanted (un-relaxed) amorphous silicon and
in thermal annealed (relaxed) amorphous silicon. In particular, the
relaxed amorphous silicon was prepared by annealing at 500 ◦ C for
1 hour before implanting P d. The figure 1.10 clearly shows that

Figure 1.10: Comparison of the diffusion coefficient of P d in crystalline silicon,
thermally relaxed amorphous silicon and un-relaxed amorphous
silicon. [40]

the diffusion coefficient in amorphous silicon is about four orders of
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magnitude lower with respect to the coefficient calculated for the
crystalline phase. This difference is enhanced in the low temperature regime: at 350 ◦ C it is seven orders of magnitude lower. But it
is evident that there is also a difference of the diffusion coefficient
in the two phases of amorphous silicon: in the relaxed one (where
the density of defects is lower) it is about a factor of 5 higher with
respect to the coefficient measured for the un-relaxed matrix: this
fact can be related to the different density of defects.
Data are presented in an Arrhenius plot, so the angular coefficient obtained with a linear fit of the experimental data can be
related to the activation energy of the diffusion processes. The plot
suggests that the activation energy is the same for the diffusion in
both phases of amorphous silicon, but it is higher with respect to
the value for the diffusion in crystalline silicon. The following model
for the transition-metal elements diffusion has been proposed: they
diffuse interstitially in amorphous silicon, just in a similar fashion
to what happens in crystalline silicon. But in amorphous silicon,
they become trapped temporarily by the defects intrinsic to the
amorphous structure, so their effective diffusivity is reduced. According to this model, the effective activation energy is the sum of
the migration energy for the interstitial atoms (this value can be
assumed the same for crystalline silicon and amorphous silicon) and
the binding energy between P d and defects. Obviously the density
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of defects around the diffuser has to be considered too, and this
value can be introduced as a multiplicative factor that can explain
the experimental differences between the amorphous silicon phases.
Fitting the experimental data with this model, it is possible to
calculate the trap concentration values: the results are in very good
agreement with the estimated defects concentration of amorphous
silicon.

In conclusion, metals diffuse in amorphous silicon with a trap
limited mechanism which reduces its diffusivity by several orders
of magnitude with respect to diffusivity in crystalline silicon. Nevertheless, the basic process of diffusion in the amorphous remains
similar to the one observed in crystalline silicon. This is not necessarily true in the case of others impurities. In this thesis, we will
investigate the mechanism of boron diffusion in amorphous silicon.
Indeed, trough boron is by far one of the most important dopant in
silicon technology, the very existence of boron motion in the amorphous phase was completely unknown until very recently [14–19].
In this thesis, for the first time, the boron diffusion mechanism in
amorphous silicon is investigated. It will be shown that, differently
from metal impurities, defects in the amorphous phase are not traps
but vehicles for the diffusion process.
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Chapter 2. Experimental techniques
This chapter is devoted to a short description of the
experimental procedure adopted to study boron diffusion and clustering in amorphous silicon. In particular,
the experimental design and the main preparation and
characterization techniques will be presented.

2.1

Experimental design

Aim of this work is to study boron clustering and diffusion in
amorphous silicon.
In previous works [14–19] this topic has been investigated and
a clear evidence of boron diffusion in amorphous silicon has been
presented, as shown in figure 2.1. As an example, Duffy et al. introduced boron in a pre-amorphized silicon layer through the ion
implantation process. The energy of the implanted boron ions was
very low (0.5 keV) in order to obtain a very shallow concentration
profile. Diffusion was induced by thermal annealing at a temperature of 500 ◦ C for 40 minutes. After this process a clear boron
diffusion can be observed in a very limited concentration range
(∼ 5 · 1018 ÷ 2 · 1020 cm−3 ). The higher concentrations appear to
be immobile, while at lower concentrations diffusion is not evident.
This work presents a very interesting result, i.e. the first evidence
of boron motion in the amorphous silicon phase, but it is extremely
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Figure 2.1: Boron concentration profiles as implanted (line) and after a thermal annealing at a temperature of 500 ◦ C for 40 minutes. The
substrate is amorphous silicon. [17] It is clear that boron diffusion can be observed only in a limited concentration range
(∼ 5 · 1018 ÷ 2 · 1020 cm−3 ): for higher concentration values the
immediate clustering prevails, for lower concentration values the
diffusion is not appreciable because of a tail with low concentration gradient.

preliminary. The investigated concentration range is very small and
the thermal annealing was performed only in a very limited temperature and time range, being the Solid Phase Epitaxy Regrowth
the limiting process to study diffusion in an amorphous matrix.
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Moreover, no evidence to elucidate the diffusion mechanism was
reported.
In order to deeply investigate the process, we have to realize
an amorphous matrix of silicon with a high boron concentration
gradient for a wide concentration range and we need to stop the
crystallization processes for complete diffusion studies.

2.1.1

Advantages of the Molecular Beam Epitaxy growth technique

Dopants are usually introduced into matter through the ion
implantation technique. This method has great advantages, such
as an excellent spatial and dose control, but even some important
limitations. The range distribution of implanted ions is described,
as a first approximation, by a symmetrical Gaussian distribution
characterized by two moments, the projected range and the straggle. Both moments depend on the implanted ion species and on its
energy. To describe more accurately the depth distribution, more
phenomena should be take into account. In particular, when the
slowing down of the ions in the matter is dominated by the nuclear
stopping power, a certain penetrating exponential tail extending to
the right to relative large depths appears. It means that dopant
concentration profile vanishes with a very low concentration gradient. This tail reduces a lot the concentration range available for
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diffusion studies.
Our purpose is to obtain a box-like initial concentration profile,
with a very high concentration peak over the whole concentration
profile and with a steep gradient: by this way it should be possible
to study both boron diffusion in a wide range of concentrations and
boron clustering under the same conditions. This is necessary for
a full comprehension of the mechanism. The best way to reach the
mark is using Molecular Beam Epitaxy as preparation technique.
This method allows to grown epitaxially doped crystalline silicon
on a crystalline substrate. We prepared samples with two boxes
of boron-doped material embedded in un-doped layers. We chose
two different peak-concentrations: the first one just above the concentration limit of precipitation while the second one is lower with
respect to this limit. Moreover, the initial concentration profile of
boron can be centred at a depth far from the surface. By this way
diffusion can be observed both on the left and on the right of the
box-like centre, thus avoiding surface effects.
Experimental details are described in section 2.2.1. Amorphization was performed after samples deposition.

52

Chapter 2. Experimental techniques

2.1.2

Advantages of a Silicon On Insulator substrate

Thermal annealing is necessary to induce diffusion and clustering processes, but it is well known that thermal treatments induce
also silicon crystallization. This phenomenon is competitive with
the study of dopant diffusion in amorphous silicon, so thermal treatments have to be carefully planned.
The limit is especially represented by Solid Phase Epitaxy: it
happens at relatively low thermal budgets, so after the early stages
of diffusion, boron will be embedded in a crystalline matrix. We
adopted this solution to avoid the problem: the MBE layer is grown
on top of a Silicon On Insulator structure. This substrate has been
recently widely used in semiconductor manufacturing. It consists of
a layer of single crystal silicon above an electrical insulator, silicon
dioxide in our case. A scheme of the designed sample is represented
in figure 2.2. Samples will be amorphized from the surface to a
depth well beyond the silicon oxide layer, as shown in the upper
part of the figure.
When thermal treatments are performed on this sample, Solid
Phase Epitaxy will start from the crystal/amorphous interface present
in the substrate; the velocity of the motion will be in accord to the
activation energy of the process. When the interface reaches the
silicon oxide layer, which is in the amorphous phase but it has a
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Figure 2.2: A scheme of the designed sample is represented: MBE layer is
grown on top of a Silicon On Insulator structure. It consists of
a monocrystalline silicon layer above an electrical insulator, silicon dioxide in our case. The substrate is crystalline silicon again.
The upper scheme shows that the amorphization process will be
performed from the surface to a depth well beyond the silicon
oxide layer. Silicon dioxide will represent a barrier for the crystal/amorphous interface motion during the Solid Phase Epitaxy
process (lower scheme of the figure).

totally different crystalline structure, the process will be blocked.
Silicon dioxide hence will represent a barrier for this crystallization
process, as schematically represented in the lower part of figure 2.2.
The MBE layer will remain amorphous until the Random Nucleation Growth occurs. This process leads to a poly-crystalline
structure and does not require a crystalline seed. Temperatures
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and duration of the thermal treatments have to be chosen in the
range before this process starts. Figure 2.3 summarizes experimen-
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Figure 2.3: Experimental values obtained from literature data [41–43]: for each
temperature, the minimum time after which nucleation has been
observed is reported. Line represents a linear fit of the experimental
data.

tal values obtained from literature data [41–43]: for each temperature, the minimum time after which nucleation has been observed
is reported. Line represents a linear fit of the experimental data.
It is clear that at low temperature, even after long-time (∼ hours)
thermal treatments, the matrix is still amorphous; at temperatures
higher than 700 ◦ C, the nucleation starts after ∼ 100 s or less. It is
very important to check that the thermal budget of the process is
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much lower then the one required for the activation of this process,
as obtained by this graph.

In figure 2.4 a scheme of the designed sample is reported.

Figure 2.4: Scheme of the designed sample for the study of boron diffusion and
clustering.

2.2
2.2.1

Samples preparation
Molecular Beam Epitaxy growth

Molecular Beam Epitaxy growth was developed in the early
1970s as a means of growing high-purity epitaxial layers of compound semiconductors. Since that time it has evolved into a popular technique for growing III-V compound semiconductors as well
as several other materials, like doped crystalline silicon. High pu-
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rity epitaxial growth can be achieved only if the material sources
are extremely pure and the entire process be done in an ultra-high
vacuum environment (∼ 10−10 mbar). Another important feature
is that growth rates are typically on the order of a few Å/s and
the beams can be shuttered in a fraction of a second, allowing for
nearly atomically abrupt transitions from one material to another.
Many experimental parameters have to be carefully checked
during the deposition: the substrate temperature, the deposition
rate, the pressure of the chamber, the cleanliness of the substrate
surface [44]. The molecular beams are typically from thermally
evaporated elemental sources. Near the substrate, we have three
different phases: the crystalline ordered substrate surface, the gaseous
phase of the atoms coming from the source, and a transition region.
The last one is the most important for the epitaxial growth. Atoms
belonging to this region (called ad-atoms) are not bonded with the
substrate (their position is not strictly ordered), but they are not
totally free because they interact with the ordered solid surface.
Figure 2.5 schematically shows the processes near the surface. In
particular, impinging atom beams can be adsorbed by the surface
and then a surface diffusion begins, but they can be inversely desorbed coming back to the gas phase. The epitaxial incorporation
is obtained when the ad-atom remain fixed in a lattice site where
its free energy has a minimum. This condition can be easily ob-
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Figure 2.5: Scheme of the processes near the surface substrate during the
Molecular Beam Epitaxy grown. [44]

tained in the proximity of lattice kink, where three bonds can be
formed. Substrate temperature has a fundamental role because it
controls the surface diffusion of the ad-atoms. At low temperature,
ad-atoms cannot move and reach an incorporating site, so they are
blocked on the arrival position: the final effect is an amorphous
layer full of structural voids. Increasing the temperature, ad-atoms
gain the possibility to diffuse. Two competing parameters can be
found: the characteristic time of reaching an incorporating site,
and the characteristic time of desorption from the surface. The
ratio between these parameters takes the name of sticking factor.
MBE growth is obtained when the value of the sticking factor is
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much smaller than one. It means that there is not a thermodynamic equilibrium in the transition region between the solid and
the gaseous phase, because more atoms are incorporated in the
solid with respect to the desorbed atoms. MBE Growth is a high
non-equilibrium process. The very low deposition rate is the last
condition to obtain a layer by layer epitaxial growth under nonequilibrium conditions.
The ultra-high vacuum environment is required for two reasons:
first of all under these conditions the concentration impurities in
the chamber can be controlled and minimized; moreover, under
these conditions the atoms are subjected to a molecular regime:
they have a free mean path higher than the chamber dimension,
so they do not interact each other before reaching the substrate
following a linear path. As a consequence, the beam can be easily
interrupted with a shutter near the source.
Figure 2.6 shows a scheme of a typical MBE apparatus. In the
scheme four effusion cells are depicted. In this kind of source, ultrapure elements are heated in separate quasi-knudsen effusion cells
until they begin to slowly evaporate. The cell temperature is varied to control the flux of evaporated atoms. This method is usually
used for dopant atoms sources, boron powder in our case. Indeed,
silicon atoms were evaporated from a solid source through a high
energy electron beam focused just on the source, while controlling
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Figure 2.6: Scheme of a typical MBE apparatus.

the flux of evaporated silicon atoms. A shutter can intercept the
flux of evaporated atoms avoiding its arrival to the substrate. Using both the silicon and boron source, and controlling their fluxes
with the shutters, doped crystalline silicon layers can be obtained.
In particular the shutter of the boron cell was opened during the
deposition of doped crystalline silicon, while it was closed during
the growth of un-doped silicon layer.
The growing rate is obtained measuring the intensity of the
evaporated atomic beam: low-energy (∼ 100 eV) electrons are focused on the atomic beam. Atoms are excited and their electrons
are promoted into a higher energetic level. When they come back
to the ground level, a photon with an energy characteristic of the
atom is emitted. The intensity of the emitted photons is detected,
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having a perfect control of the flux of the evaporated atoms and as
a consequence of the growth rate.
During deposition, Reflection High Energy Electron Diffraction
technique (RHEED) was used to monitor the surface reconstruction; for this reason an electron beam is present within the chamber. Electrons with an energy of about ∼ 10 keV are focused on
the sample with and incident angle of 4◦ and then are revealed
through a fluorescent screen. The diffraction images of the surface
can be seen to monitor the crystalline quality of the growing layer.
The Molecular Beam Epitaxy DCA600 apparatus was used to
prepare samples studied in this thesis. In particular, they were
grown on 4 inches, (100)-oriented Silicon On Insulator substrates,
(2x1) surface reconstructed. The silicon oxide thickness was 120 nm.
The base pressure of the chamber was ∼ 5 · 10−11 mbar, and it increased up to ∼ 5 · 10−9 mbar during deposition; the substrate was
kept at a temperature of 500 ◦ C.
Schematically, the procedure was the following: first of all a silicon buffer layer with nominal thickness of 100 nm was grown with
a deposition rate of 1 Å/s; the first boron doped box-like layer with
an expected concentration peak of ∼ 1 · 1020 cm−3 (in the following addressed as “LD box”) was obtained after rising the boron
cell temperature up to 1900 ◦ C, opening the shutter of the cell
and decreasing the flux of the evaporated silicon atoms, allowing
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to reduce the growth rate up to 0.3 Å/s and incorporate a higher
boron concentration. Then the cell temperature was decreased and
the shutter closed, so an un-doped silicon layer (100 nm thick) was
grown. On the top of this layer, the second box (addressed as “HD
box”) was deposited. The procedure is similar to the first one,
but now the deposition rate was reduced to 0.1 Å/s to ensure a
concentration peak of ∼ 1 · 1021 cm−3 . A final layer of un-doped
crystalline silicon, 75 nm thick, was deposited. The nominal thickness of both boron boxes is ∼ 15 nm.
Table 2.1 summarizes the most important experimental paramthickness [nm]
rate [Å/s]
Shutter B
T(B) [◦ C]

Si
100
1
Closed
1000

LD box
15
0.3
Open
1900

Si
100
1
Closed
1000

HD box
15
0.1
Open
1990

Si
75
1
Closed
0

Table 2.1: Nominal thickness of the deposited layer, deposition rate, boron cell
temperature and position of its shutter are indicated for each of the
deposition step.

eters of the deposition. In particular the nominal thickness of the
deposited layer, the deposition rate, the boron cell temperature and
the position of its shutter are indicated for each of the deposition
steps.
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2.2.2

Amorphization by ion implantation

After deposition, samples were cut into several pieces, which
were then amorphized from the surface to a depth of ∼ 1 µm by
implanting silicon ions (this process is usually addressed as PreAmorphization Implant, PAI).
Figure 2.7 shows the calculated DPA (displacements per atom)
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Figure 2.7: Calculated DPA as a function of depth in the case of a double
self-ion implantation: one (blue line) with an energy of 250 keV
and a fluence of 3 · 1015 at/cm2 and the other (green line) with an
energy of 40 keV and a fluence of ∼ 2 · 1015 at/cm2 . The red line
represents the total DPA calculated for the process: it is well above
the known amorphization fluence in silicon (0.3 DPA, reported with
the black line).

as a function of depth in the case of a double self-ion implan-
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tation: one (blue line) with energy of 250 keV and a fluence of
3 · 1015 at/cm2 and the other (green line) with an energy of 40 keV
and a fluence of ∼ 2 · 1015 at/cm2 . Even if the DPA obtained with
the first implantation process is above the critical value for a complete amorphization, it is necessary to remember that this calculation is based on a Monte Carlo software, where the sample temperature is considered fixed at 0 K and the surface effects are neglected.
A second implant was made to ensure the complete amorphization
especially near the surface: this is a very important point because
if the surface is not completely amorphized, it can represent a seed
for Solid Phase Epitaxy. The red line in the figure represents the
total DPA calculated for the process: it is well above the known
amorphization fluence in silicon (0.3 DPA, reported with the black
line).
These processes were performed with a 1.7 MV High Voltage
Engineering Europe (HVEE) Tandetron accelerator, equipped with
a negative ion source. The silicon ion beam was extracted from a
caesium sputter source, accelerated and changed in positive ions,
by a stripper gas, receiving a further acceleration. For low energy
implants, the silicon ions were injected in the tandem terminal with
the stripper off, in such a way that the tandem is used as a large
Einzel lens focusing the beam through acceleration and deceleration. The use of a negative beam allows a high purity implan-
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tation, avoiding, in particular, any nitrogen mass contamination.
Silicon implants were performed at the liquid nitrogen temperature
(T = 77 K).

2.2.3

Thermal annealing

We want to study the kinetics of boron diffusion: it is necessary to carefully control the temperature and the duration of the
thermal treatments. We used two different equipments: long-time
thermal annealing have been performed in a horizontal furnace. It
consists of a cylindrical tube where the flux of the wanted gas, N2
in our case, flows. The furnace is heated through six resistances
mounted in a symmetrical configuration around the axis of the
cylinder. Samples are inserted in a heat resistant quartz support
and are introduced in the furnace through a quartz rod. The furnace is kept at a pressure of ∼ 10−3 mbar and during the process a
continuous flux of N2 at 2 LPM is maintained. Temperature rises
up to the desired value Tann with a growing rate of 10 ◦ C/min.
This kind of furnaces has a great disadvantage: because of the
very long temperature rise up rate (it can eventually be longer than
the process itself, especially when the annealing duration is of the
order of a few seconds), it could be impossible to study some physical mechanisms. For example at high temperature the amorphous
silicon relaxation is completed in a few minutes or seconds, just dur-
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ing the heating ramp, before the annealing temperature has been
reached. For these reasons, some annealings have been performed
with a rapid thermal annealer capable to raise the temperature
with a rising ramp of ∼ 150 ◦ C/s. In this case samples are put on
a silicon wafer. They are heated using some high power halogen
lamps. At the end of the process, samples are rapidly chilled using
a system of air and cooled water. The entire process is controlled
by software.
All the annealing treatments have been executed under N2 atmosphere.

2.3

Secondary Ion Mass Spectrometry

Secondary Ion Mass Spectrometry (SIMS) [29, 45] is the most
sensitive characterization technique to obtain the chemical concentration depth profiles in the samples. It is based on the erosion of
the solid surface under low energy (0.5 ÷ 20 keV) heavy ions bombardment: the relative abundance of the sputtered species provides
a direct measure of the composition of the layer that has been removed. Sputtered species are emitted as neutrals in various excited
states, as ions both positive and negative, simply and multiply
charged and as clusters of particles. The positive (or sometimes
negative) secondary ions enter an energy filter and then are col-
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lected in a mass spectrometer, where they are separated according
to the mass-to-charge, m/q, ratio. The mass-separated secondary
ions are detected and the signal fed to a computer. The upper part
of figure 2.8 shows schematically this process.

Figure 2.8: The upper part shows schematically the SIMS apparatus: incident
ions, energy filter, mass spectrometer and secondary ion detector
are reported. The fact that the beam is usually swept across a
large area of the sample and the signal detected from the central
portion of the sweep in order to avoid crater edge effects is shown
in the lower part. [45]

Sputtered particles are originated from the first monolayer of
the sample; the bulk composition is obtained by eroding the sample via continuous sputtering and by recording simultaneously the
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mass spectrum at various depths. Fixed a particular m/q ratio, i.e.
a selected peak, and recording the intensity as a function of bombardment time, a depth profile of the chosen species is obtained.
The beam is usually swept across a large area of the sample (the
dimension of the crater is about 100 µm) but the signal is detected
only from the central portion of the sweep, as shown in the lower
part of figure 2.8. This is to avoid border effects and to reduce the
mixing of secondary ions emitted at different depths (increasing the
resolution of the measurements).
The measured signal I + , generally given in counts/s, of a monoisotopic element of mass A at a concentration CA in the target is
given by
I + = CA ip βT α+ (E, θ)Y (E, θ)∆Ω∆E

(2.1)

where ip is the primary beam current; θ and E represent the angle
and the pass energy of the detector system; ∆Ω and ∆E are the
solid angle and the width of the energy filter; β and T are the
detector sensitivity and the transmission of the system for the ion
species measured; Y (E, θ) is the sputtering yield and α+ (E, θ) is
the ionization probability. Both these parameters are dependent
on the sample composition. This characterization technique gives
a relative measure of the concentration, because a calibration with
an absolute technique is needed to convert the current measurement
in a concentration value. The calibration of the instrument is a very
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delicate part of the measurement.
SIMS analyses presented in this thesis were performed with a
Cameca IMS-4f instrument. A 300 nA O2+ analyzing beam was
used, rastered over an area of 250 x 250 µm2 , while collecting B +
ions from a central area of 60 µm2 of diameter, in order to avoid
crater edge effects. A low primary beam impact energy of 3 keV
was used, to improve the depth resolution and reduce the initial
transient region. In these conditions the detection background is of
about 1 · 1015 B/cm3 . The depth resolution is 5 ÷ 8 nm and the
transient region is of about 15 nm (consequently, the quantification
of the SIMS signal is not possible within the first 15 nm). The measured signal is converted into concentration values by normalizing
the total boron dose in the sample, after a calibration made with
a reference sample. At the end of the process, the crater depth is
measured through a profilometer and this value is used to convert
the abscissa into depth.
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Chapter 3. Boron diffusion in a-Si: experimental data
A detailed description of the experimental evidences of
boron diffusion in amorphous silicon is presented in this
chapter. Two main characteristics of boron diffusion are
demonstrated: transient and non Gaussian behaviour.
Boron diffusivity values are extracted from the data and
the correlation between boron diffusion and defects evolution in amorphous silicon is showed.

3.1

Boron diffusion features

In this section SIMS measurements on samples annealed at different temperatures and for different annealing times will be presented in order to show the main features of the boron diffusion
mechanism in amorphous silicon.
We have chosen five different temperatures (500, 600, 650 and
700 ◦ C) and for each one a diffusion kinetic has been extracted.
Higher temperatures are not accessible because the sample would
undergo to Random Nucleation and Growth, while lower temperatures are useless because the diffusion would not be appreciable.
The longest annealing times were also planned to be shorter than
those needed for the Random Nucleation and Growth to start.
Some preliminary considerations can be made by analyzing as
an example the SIMS measurements presented in figure 3.1. The
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Figure 3.1: Boron profile of the as amorphized (black line) and annealed samples at the temperature of 650 ◦ C for 250 seconds (red line).

black line refers to the boron concentration profile of the as amorphized sample, i.e. the initial boron concentration profile: it will
represent a sort of reference to observe the boron diffusion. A similar sample was annealed at a temperature of 650 ◦ C for 250 seconds
(red line).
First of all, focusing the attention on the HD box (which has a
concentration peak of ∼ 8 · 1020 cm−3 ), we can observe that the
boron profile does not change for concentrations higher than a
critical value of ∼ 1 · 1020 cm−3 (this value appears to be inde-
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pendent from the duration of the thermal process): boron atoms
above this concentration are clearly immobile, despite the thermal
budget felt by the sample. Probably this part of the total boron
amount present in the sample is clustered. Below this concentration
value, boron atoms diffuse, as demonstrated by the broadening of
the detected profile. It is very important to note that diffusion can
be observed in a wide range of concentrations (over three orders
of magnitudes, between 1 · 1017 and 1 · 1020 cm−3 ) without overlap
between the two boxes.
The LD box (which has a concentration peak of ∼ 5 · 1019 cm−3 )
does not show the clustering process, which is confirmed to be
concentration dependent. The first box gives us the possibility
to study both the diffusion and clustering processes, but the two
phenomena cannot be separated in this case. In contrast, in the case
of boron atoms belonging to the second box, we can clearly monitor
the diffusion of the whole concentration profile without taking care
of the clustering phenomenon: we can observe the enlargement of
the profile and also a decrease of the concentration peak of the box.
An important feature of the boron diffusion mechanism can be
extracted from this graph. If we choose a fixed concentration value,
for example ∼ 1 · 1019 cm−3 , we clearly note that the enlargement
of the boron profile changes in the two boxes: in fact in the HD
box the boron atoms have covered ∼ 16 nm with respect to the
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as amorphized sample, while boron atoms belonging to the LD box
have covered just ∼ 6 nm. The boron diffusivity clearly depends on
the total amount of boron in the box, and in particular we observe
a difference by about a factor of two in these values.

3.1.1

Time dependence

In order to better highlight the properties of the boron diffusion mechanism in amorphous silicon, in figure 3.2 a focus on the
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Figure 3.2: Focus on the boron profile in the LD box of the as amorphized and
the annealed samples at 650 ◦ C for 50 and 100 seconds.

boron profile of the LD box in the as amorphized (black line) and
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the annealed samples at 650 ◦ C for 50 (red line) and 100 seconds
(blue line) is plotted. The absence of the clustering process in this
box helps us to understand the diffusion mechanism features. In
particular, it should be noted that after an annealing time of 50 seconds the boron atoms clearly diffuse (the profile represented with
a red line is larger than the reference one - black line - and the
concentration peak of the box decreases). But if we double the annealing time (up to 100 seconds), as showed with the blue line, the
final concentration profile has not the expected broadening (which
√
should be 2 times the previous one): the blue line is only slightly
larger, i.e. the diffusivity is transient and decreases with annealing
time. Indeed, most of the diffusion occurs at the early stages of the
annealing process. A similar Transient Enhanced Diffusion during the initial part of the annealing process has been observed in
the boron diffusion in crystalline silicon [46]. The boron diffusion
mechanism in crystalline silicon requires the presence of interstitial defects. If boron is introduced through ion implantation and
a subsequent annealing is performed to incorporate dopant atoms
and recrystallize the matrix, the presence of an excess of pointdefects, especially self-interstitials, has been demonstrated. Boron
then suffers a transient enhanced diffusion with respect to thermal
diffusion, that lasts until the damage has completely dissolved and
whose entity depends on implant dose and annealing temperature.

3.1 Boron diffusion features

75

It is not possible to directly extend the same consideration to our
system, because of the peculiar properties of the amorphous silicon phase, but we have demonstrated the presence of a transient
enhanced diffusion in our case too. Later on we will give an explanation of this feature.

3.1.2

Non Gaussian diffusion

Figure 3.3 shows a focus on the HD box boron profile in the
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Figure 3.3: Focus on the boron profile of the HD box of the as amorphized and
the annealed at 700 ◦ C for 100 seconds samples.

as amorphized (black line) and in the sample annealed at 700 ◦ C
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for 100 seconds (red line). Apart the boron clustered amount, the
diffused profile shows an interesting feature.
According to the Fick’s laws, if diffusivity is not dependent on
the space, the key parameter of the diffusion process is the concentration gradient and we observe a Gaussian-like broadening of
the profile. Before an in-depth analysis, we can observe that in our
case, where the diffusion occurs, the distance between the profile of
the annealed and the reference samples is larger for higher concentration values. In particular, the profile tail of the annealed sample
seems to diffuse less than the remaining part of the profile. A clear
confirmation of this property is given by the increase of the concentration gradient after the annealing treatment: the slopes of the
diffused boron profile are clearly steeper than in the as amorphized
sample.
We can deduce another important characteristic of the diffusion mechanism: profile does not evolve with a Gaussian shape,
and in particular boron atoms diffusivity is higher where the boron
concentration is higher. It means that diffusivity depends on the
space.
Two possible explanations can be inferred from this experimental evidence: boron diffusion mechanism is trap limited (boron
atoms diffuse after traps are saturated, leading to a box like profile) or the boron diffusivity depends on the boron concentration.
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In the first case we have to suppose a trap concentration of about
∼ 8 · 1019 cm−3 , exactly the same value where we found the shoulders of the boron experimental profile. Under this concentration
value, boron atoms found a trapping defect remaining substantially immobile; above this value boron can diffuse. This conjecture is clearly false because the LD box has a concentration peak
of ∼ 5 · 1019 cm−3 , below the trap concentration, so we should not
observe any diffusion in this case. On the contrary, the observed diffusion of boron atoms belonging to the LD box makes this hypothesis senseless. As we will better understand in the next chapter,
the non Gaussian behaviour of the diffusion means that diffusivity
depends on boron concentration.
It is useful to underline that this effect is clearly visible in the
case of the HD box, while it seems to be negligible in the other
box, because of the smaller concentration range investigated. In
the following of the chapter the diffusivity value is extracted from
the experimental spectra using a simple model applied only the LD
box, thus neglecting the non-Gaussian property of the diffusion.
Indeed, this topic will be discussed in details in the next chapter.

In conclusion, experimental data show that in amorphous silicon, clustering occurs above a concentration value of ∼ 1 · 1020 cm−3 ,
diffusion process has a transient and non-Gaussian behaviour and
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that boron atoms diffuse faster where boron concentration is higher.

3.2

Boron diffusivity values

The diffusion processes are generally governed by Fick’s laws,
derived by Adolf Fick in the year 1855. They define the diffusion
coefficient D, a macroscopic value usually referred to as the key
parameter to describe this kind of mechanisms.
Fick’s first law is used in steady-state diffusion, i.e. when the
concentration within the diffusion volume does not change with
respect to time and is expressed by the equation (3.1):
J~ = −D∇φ

(3.1)

where J~ is the diffusion flux, φ is the concentration of the diffusing
species and D is the diffusion coefficient or diffusivity.
Fick’s second law is used in non-steady or continually changing state diffusion, i.e. when the concentration within the diffusion
volume changes with respect to time. It is obtained from the relationship which expresses the concervation of the total number of
particles during the diffusion:
∂φ
~
= ∇J,
∂t

(3.2)

∂φ
= ∇ (D∇φ) .
∂t

(3.3)

so its expression is:
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In the case of impurity diffusion in semiconductors, if the initial
impurities distribution has a δ-like function profile, after a thermal treatment a gaussian-like profile is obtained. The analytical
function can be expressed in the form:
(x−x0 )2
1
C0 (x, t) = √ e− 2σ2
σ 2π

(3.4)

where the standard deviation σ contains the dependence by the
diffusivity D:
σ=

√

2Dt.

(3.5)

The extension of this model to the case of a box-like initial profile
is easy: the box-like profile can analytically be described as a sum
of n delta-like functions, each one centred in a different position, in
the range defined by the width of the box and with an amplitude
coefficient αi related to the diffuser concentration in that point:
C(x, t = 0) =

n
X

αi δ(xi ).

(3.6)

i=1

If n → ∞ we have a full analytical description of our experimental
profile. Using the superposition principle and thanks to the linearity of Fick’s equation (it is an ordinary differential equation),
the final profile is inferred to be described as a sum of Gaussian
profiles, centred in different spatial positions:
C(x, t) =

n
X
i=1

αi Ci (xi , t)

(3.7)
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being Ci (xi , t) the same expression of the equation (3.4) written for
a generic centre position xi . By this way it is possible to calculate
the diffusivity of an impurity having a whatsoever initial profile.
Once fitted the final concentration profile with a Gaussian function,
the obtained standard deviation value is related to the interesting
parameter D through the annealing time.

3.2.1

Fitting procedure

Despite these limitations, we have focused our attention on the
LD box only, which has a concentration peak of ∼ 5 · 1019 cm−3 ,
and we have performed a simple analysis of the experimental data
using the model presented in the previous section. Two main reasons are in support of this choice: first of all, this box does not
show the clustering process, the total boron amount is mobile and
as a consequence, the whole concentration profile diffuses. Moreover, in this box the investigated concentration range is smaller
with respect to the other box, so the deviation from the Fick’s law
is much less important, and we will neglect it.
By fitting the experimental values with a gaussian function
we deduce an important parameter, the standard deviation of the
curve: the standard deviation of the boron profile detected on the
as amorphized sample will be denoted as σi , while the standard
deviation obtained with the fit of the boron profile in an annealed
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sample will be denoted as σf . Figure 3.4 shows as an example the
experimental data (red dot) and the Gaussian fit (blue line) in two
cases: the upper graph refers to the as amorphized sample, while
the lower one to the sample annealed at the temperature of 600 ◦ C
for 10 seconds. Despite the limits of the adopted model, the curves
fit the experimental data very well in both cases.
The fit procedure gives us the standard deviation in each of the
sample, and we used it to estimate the diffusivity value D thanks
to this relation:

σf2 − σi2
D=
2t

(3.8)

being t the annealing time.
In the subsequent section the results of this analysis are presented and discussed.

3.2.2

Results

In the figure 3.5 we presents four different graphs, each of these
reports diffusivity values obtained by experimental data of samples
annealed at different temperatures. Boron diffusivity is plotted
against annealing time, so each plot describes the diffusion kinetics
in the whole range of available time before the crystallization sets
in. The higher graph reports with red dots the boron diffusivity
measured at a temperature of 700 ◦ C in the time range between
0 and 100 seconds; blue squares are relative to the temperature
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Figure 3.4: Experimental data (red dot) and the Gaussian fit (blue line) in two
cases: the upper graph refers to the as amorphized sample, while
the lower one to the sample annealed at a temperature of 600 ◦ C
for 10 seconds.
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Figure 3.5: Boron diffusivity is plotted against annealing time; each plot describe the diffusion kinetic in the whole range of available time
before the crystallization sets in for a fixed annealing temperature
(700, 650, 600 and 500 ◦ C).
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of 650 ◦ C and the investigated time reaches 250 seconds; green
triangles refer to the temperature of 600 ◦ C until 10 minutes and
black points to the temperature of 500 ◦ C until 8 hours.
Many features can be extracted from this figure. Despite the
great differences between the investigated duration ranges, we can
always observe that boron diffusivity in the silicon amorphous matrix shows a higher value in the early stages of annealing. The
diffusivity values decrease with increasing the annealing time. The
rate of the decrease depends on the annealing temperature. We can
confirm a first important milestone: the diffusion shows a transient
enhanced effect, i.e. at the beginning boron diffusivity is higher
than during the subsequent annealing stages. The characteristic of
time transient effect strongly depends on the annealing temperature.
It is interesting to note that boron diffusivity strongly depends
on temperature. In fact, taking into consideration the point at
the longest time, after the transient effect, diffusivity value is of
the order of ∼ 10−14 cm2 /s in the case of the highest temperature (700 ◦ C) and it decrease with decreasing the temperature until ∼ 10−18 cm2 /s, which is observed in the case of the annealing
at the temperature of 500 ◦ C. Note that we observe a diffusivity
range of four orders of magnitude in a temperature range of 200 K.
As a consequence, an energy activated process has to be proposed.
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It is useful to underline at this point that these values are about
four orders of magnitude higher with respect to the boron diffusivity in crystalline silicon [47]. This is a very interesting point: boron
atoms diffuse much faster in the matrix where we have a high density of defects.
Finally, all of the data present a common characteristics, the
diffusivity enhancement observed for small annealing time with respect to the longest process seems to be similar at all the investigated temperatures: the enhancement is always by about a factor
of 3 ÷ 5.

3.2.3

Relaxation effect on boron diffusion

Until now we have described the main properties of the boron
diffusion process in amorphous silicon. The next step consists in the
investigation of the correlation between the boron diffusion mechanism and the properties of the amorphous silicon matrix.
Figure 3.6 reveals an interesting feature. In the upper graph a
focus on the boron concentration profile detected on the LD box is
plotted for the as amorphized sample (black line) taken as reference
and for the sample annealed at 500 ◦ C for 4 hours (blue line). In
the lower graph the boron concentration profile in the same spatial
region is plotted considering as a reference the sample annealed at
650 ◦ C for 100 seconds (green line); red line represents the profile
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Figure 3.6: In the upper graph, a focus on the boron concentration profile detected on the LD box is plotted for the as amorphized sample (black
line) taken as reference and for the sample annealed at 500 ◦ C for 4
hours (blue line). In the lower graph the boron concentration profile in the same spatial region is plotted for the sample pre-relaxed
at 650 ◦ C for 100 seconds (green line), while red line represents the
profile of a sample on which a second annealing treatment has been
performed (500 ◦ C for 4 hours).
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of a sample on which two different annealing treatments have been
performed: the first process was done at 650 ◦ C for 100 seconds,
while the second one at 500 ◦ C for 4 hours.
The aim of this experiment is to understand the effects of the
relaxation status of amorphous silicon in boron diffusion. In the
case of the upper graph, boron atoms diffuse in consequence of the
annealing at 500 ◦ C. In this sample before the diffusion annealing
the matrix can be considered almost totally un-relaxed1 and some
relaxation occurs during the diffusion annealing itself. Differently,
the lower graph refers to boron diffusion after the same annealing
process (500 ◦ C for 4 hours), but the matrix conditions are dramatically changed: it was pre-relaxed with the annealing process
at a temperature of 650 ◦ C for 100 seconds. Here we have reached
a more complete relaxation status, and the defect concentration in
the matrix is sure much lower than in the first case. This has a
dramatic consequence on the diffusion process.
A first qualitative analysis can be made observing the figure:
boron atoms diffused a lot in the first case, while the curves appear
to be only slightly separated in the second case. In order to make a
quantitative analysis, we have extracted the boron diffusivity with
1

We neglect the relaxation processes that occur below room temperature,
even if it represents the most important amount of defect annihilation, because
all the samples have been stored in ambient conditions, so the initial status
can be always considered the relaxed at room temperature.
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exactly the same method described in the previous section taking
as a reference the as amorphized sample for the upper graph, and
the sample annealed at 650 ◦ C for the lower graph. The results
are presented in table 3.1. A significant difference in the diffusivity
initial status
as amorphized
pre-relaxed

B diffusivity [cm2 /s]
2.71 · 10−18
7.28 · 10−19

Table 3.1: Boron diffusivity calculated for an annealing treatment at 500 ◦ C
for 4 hours considering as a reference the as amorphized sample
(first row) and the sample annealed at the temperature of 650 ◦ C
for 100 seconds (second row).

values can be observed: when the matrix is relaxed at 650 ◦ C, the
diffusivity is about a factor of 4 lower with respect to the case in
which the matrix is substantially un-relaxed.
This experiment clearly demonstrates the existence of a correlation between the boron diffusivity and the relaxation status of the
amorphous silicon matrix. Therefore boron diffusion is assisted by
the defects of the amorphous matrix (boron atoms need a defect
to move). This contrast with metal diffusion in amorphous silicon,
where the defects represent a trap instead of the vehicles for diffusion. In order to better understand the diffusion mechanism is
necessary to study the relaxation properties of our matrix in presence of boron atoms. The experimental evidences about this topic
will be reported in the next section.
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Amorphous silicon relaxation: effect of boron

This section is devoted to the study of the relaxation process
of amorphous silicon in presence of boron atoms. The group of
Müller reported in some papers [23, 48] several experimental evidences about the fact that the presence of high density dopant impurities (3 · 1019 ÷ 3 · 1021 cm−3 , a concentration range similar to
our samples), both substitutional (boron, phosphorus, arsenic and
gallium) and interstitial (potassium), in amorphous silicon films has
an evident effect in the relaxation process. Samples were prepared
by self-ion implantation of crystalline silicon specimen. Impurities
were eventually ion implanted at room temperature, and subsequently crystallization of the sample and electrical activation of the
implanted dopant were achieved by high temperature annealing.
Thereafter samples were subjected to the same self-ion bombardment treatment in order to obtain a full reproducible amorphous
state, the un-relaxed sample. The relaxed state was obtained after a thermal annealing at the temperature of 400 ◦ C for 30 minutes. They performed X-ray Absorption Fine-Structure (XAFS),
photothermal deflection spectroscopy and electronic transport measurements to monitor the integral defects density introducing levels
in the band-gap of the material. They were able to show that the
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bonding constraints associated with the impurity sites retard the
structural relaxation process of amorphous silicon films and the
crystallization of the amorphous silicon network in the immediate
neighborhoods of these sites by an excess of dangling-bond densities. In particular this effect seems to depend on the atomic size of
the dopant impurities, with boron leading to the largest, phosphorus to moderate and gallium and arsenic to very marginal enhancements only. They made a quantitative analysis of the experimental
data extracted from optical absorption analysis obtaining the integral defect density of the samples. The results are summarized
in the table 3.2. These measurements clearly confirm that low-

undoped
B doped

Defect density [cm−3 ]
un-relaxed
1 · 1020
5 · 1020

Defect density [cm−3 ]
relaxed
5 · 1019
5 · 1020

Table 3.2: Integral defect density calculated in un-doped and boron doped
amorphous silicon, both in the un-relaxed and in the relaxed at
400 ◦ C for 30 minutes status. Adapted from [48].

temperature annealing has the effect to reduce the defect density
of undoped amorphous silicon (by about a factor of two in the case
of their thermal process), but at the same time they showed that
in presence of boron impurities the defect density does not change
after the low-temperature annealing. The explanation given is the
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following: naturally bonded dopant impurities can only be accommodated at the expense of significant bond-angle distortion in the
vicinity of the individual impurity sites. As the conversion into
tetrahedral coordinated dopant sites requires breaking and rearrangement of a relatively large number of covalent bonds in the
vicinity of impurities, a considerably enlarged kinetic barrier for
the relaxation is expected which can explain the retardation of the
process in presence of impurities.
This is a very important question, especially for a clear understanding of the boron diffusion mechanism. Indeed, we decided to
better investigate this aspect: we observed through SIMS measurements the copper gettering in order to detect the defect concentration.

3.3.1

Experimental

The samples prepared for the diffusion and clustering studies
is not ideal for the measurements needed in this section. In fact
the detection of the defects concentration through copper gettering
requires a uniform doped layer. For this reason we have decided
to prepare a sample having a boron concentration plateau at the
value of 8 · 1020 cm−3 , just the same of the HD boron box studied
before. As a substrate we have used the same Silicon On Insulator substrate used for the MBE growth process: it consists of a
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340 nm layer of single-crystal silicon on top of a silicon oxide layer.
The amorphization process was exactly the same described in section 2.2.2 on page 62. A piece was left un-doped as a reference
while others were implanted with boron. The best method to obtain a uniform doped amorphous silicon layer is the introduction
of the boron atoms through ion implantation into an amorphous
silicon sample. In particular multiple implantation processes with
different energies are required for our purpose. The dose of each
process was chosen in order to obtain a final uniform concentration
profile. TRIM simulations [30] have been performed in order to obtain the details of each implantation process. Table 3.3 reports the
Energy [keV]
12
18
26
43
68
90

dose [cm−2 ]
2.17 · 1015
1.22 · 1015
3.65 · 1015
5.38 · 1015
4.89 · 1015
9.67 · 1015

Table 3.3: Energy of the implantation processes, and for each of this, the
dose required to prepare a sample with a boron concentration of
8 · 1020 cm−3 . Data are obtained through TRIM simulations.

energies of the implantation processes, and for each of them, the
dose required to prepare a sample with a boron concentration of
8 · 1020 cm−3 We need six implantation processes having energies
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in the range between 12 and 90 keV in order to prepare a uniform
doped layer from the surface to a depth of 340 nm.
As an example, figure 3.7 shows the simulated boron concentra-
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Figure 3.7: Simulated boron concentration profiles for the single implantation
process, and the sum of these curves (red line).

tion profiles for the single implantation process, while the red line
is the sum of these curves.
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3.3.2

Detection of defect concentration through
copper gettering

We need a characterization technique able to detect the role of
boron atoms on the defect concentration of the amorphous matrix.
Copper is a transition metal whose behaviour in amorphous silicon
is very similar to the behaviour of Palladium, described in section 1.6 on page 42 [40, 49]: its diffusion is trap-limited. It means
that it is stopped in the motion by the presence of defects, which
act as traps because copper tends to form strong covalent bonds
with the point-defects of the matrix, being this process competitive
with the diffusion process.
Experiments on copper decoration of defects have been successfully performed to make a profilometry analysis of the open
volume defects, such as nanovoids obtained for example through
He implantation on silicon samples [50–52]. Due to unsaturated
chemical bonds present in the void internal surface, open volume
defects are known to be very strong traps for metals. In particular, it was demonstrated that the ratio between gettered atoms
and dangling bonds on the available void surface (as measured by
Trasmission Electron Microscopy analyses) is 1:1 for monovalent
metals like copper [53]. It means that the mechanism of copper
decoration can be usefully applied to the detection of point-defects
in our matrix.
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We measured the dangling bonds concentration through copper
gettering in a couples of samples maintained as amorphized, when
the matrix is still un-relaxed, while another one was relaxed at a
temperature of 500 ◦ C for 1 hour. Copper was introduced through
a shallow ion implantation process: the energy of the ions was
15 keV in order to have a projected range of ∼ 20 nm with the tail
extending up to ∼ 80 nm. The implanted dose was 1 · 1016 cm−2 .
The black line of the figures 3.8 and 3.9 represent the SIMS profile
of the copper as implanted (it has been plotted as a reference). A
thermal annealing is required in order to induce copper diffusion
over all the investigated depth. The thermal budget transferred to
the system has to be low enough to avoid a silicon relaxation during
the copper diffusion; in contrast it has to be high enough to observe
a complete copper distribution. We have chosen the temperature
of 200 ◦ C for an annealing time of 1 hour: the temperature is well
below than the one used for the relaxation of our sample, but it
should ensure a complete copper distribution over all the sample,
as confirmed by the work of Polman et al. [49].
Figure 3.8 presents experimental data relative to the un-relaxed
samples. The red line shows the concentration profile in the undoped amorphous silicon and the blue line in the boron doped
plateau, in both cases after a diffusion process induced by a thermal annealing at 200 ◦ C for 1 hour. In the superficial part of the
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Figure 3.8: The black line refers to the copper concentration profile
implanted; the red line shows the concentration profile in the
doped and un-relaxed amorphous silicon and the blue line in
boron doped plateau, after a diffusion indeced by a thermal
nealing at 200 ◦ C for 1 hour.

asunthe
an-

sample (up to a depth of ∼ 40 nm) the copper concentration profile
remains substantially unchanged before and after thermal annealing. It should be noted that this depth corresponds to the projected
range of the copper implantation process, and it is well known that
the implantation damage extends over a depth of about 2 times
the projected range. In particular, it is clear that in this region
copper atoms find a high dangling bond concentration, so they are
gettered just here. When all of these defects are saturated, the rest
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of copper atoms can diffuse over the sample, and in fact we observe
a flat concentration profile at a lower concentration value: it corresponds to the dangling bond concentration of the sample. The
comparison between this value in the un-doped and in the boron
doped sample is really interesting: we observe that in the sample
containing boron atoms, we have a higher dangling bond concentration with respect to the un-doped amorphous silicon. The result
of this experiment is clear and it is in agreement to the investigations of Müller et al.: the presence of boron atoms introduces in
the un-relaxed amorphous silicon an excess of defects.
Figure 3.9 is relative to the samples relaxed at 500 ◦ C for 1
hour. The black line is the copper initial profile, taken again as
a reference. The red line is the SIMS profile of the copper in the
un-doped sample; the blue line refers to the sample containing the
boron plateau. Also in this case copper diffusion has been induced
with a thermal annealing at 200 ◦ C for 1 hour. The difference with
respect to the previous plot is the relaxation status of the matrix.
As in the previous graph, we observe a copper gettering related
to an excess of defects in the superficial part of the sample just close
the damage induced by the copper implantation process. Focusing
the attention to the rest of the sample, we note that in the un-doped
sample the copper profile saturates at a concentration value lower
than in the sample containing boron atoms: the outcome of the
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Figure 3.9: Copper concentration profile in the as implanted sample (blackline), the un-doped sample (red line) and the sample containing
the boron plateau (blue line) after the diffusion at the temperature
of 200 ◦ C for 1 hour (red line). All the sample were relaxed at the
temperature of 500 ◦ C for 1 hour before the copper implantation.

second part of this experiment is that the presence of boron atoms
in the sample maintains an excess in the defect concentration even
after the relaxation process performed at 500 ◦ C for 1 hour.
Thanks to the strict correspondence between the copper gettered atoms and the dangling bonds, it is possible to make a quantitative analysis starting form these measurements. In particular it
is reasonable to declare that the observed copper saturation value
corresponds to the defect concentration in the sample. Indeed, we
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are able to understand the trend of the defects concentration after thermal relaxation of the amorphous silicon, and the role of
the boron atoms in the matrix. Table 3.4 reports the defect con-

un-doped
B plateau HD

Defect density [cm−3 ]
un-relaxed
1.7 · 1020 cm−3
2.9 · 1020 cm−3

Defect density [cm−3 ]
relaxed
1.6 · 1019 cm−3
4.5 · 1019 cm−3

Table 3.4: Defect concentration as obtained by the copper concentration, in the
case of un-relaxed and relaxed sample (500 ◦ C for 1 hour), doped
or not.

centration as it is obtained by the copper concentration value of
saturation, in the case of un-relaxed and relaxed at a temperature
of 500 ◦ C for 1 hour, with and without boron atoms.
A first consideration can be made observing the un-doped sample. We clearly have a partial relaxation as demonstrated by the
decrease of the defect concentration by about one order of magnitude. These values are in perfect agreement to those reported by
Stolk et al. [34]. In contrast, Müller et al. observed only a decrease
by a factor two (see table 3.2 on page 90 where their data are reported). This difference can be explained considering that we have
relaxed at a temperature of 500 ◦ C for 1 hour, while they did an
annealing at 400 ◦ C for 30 minutes. These results ensure us that
this technique is suitable to detect the defect concentration in the
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samples and to monitor its evolution.
For our purpose, the most important feature is revealed by the
comparison between the samples with and without boron. In fact
we always observe a higher defect concentration in the samples
containing boron atoms with respect to the un-doped ones, both
in the un-relaxed and the relaxed matrix. By this way we have
demonstrated that the presence of boron in the matrix introduces
an excess of defects and retards the relaxation process.

3.4

Conclusions

In this section the main evidences of boron diffusion in amorphous silicon obtained by our experiments are summarized:
• when boron doped amorphous silicon is subjected to a thermal treatment, boron atoms immediately cluster if the concentration is higher than 1 · 1020 cm−3 and these clusters do
not have any appreciable time evolution: they remain immobile despite the subsequent thermal treatments, at any annealing time or temperature;
• diffusion mechanism shows a transient enhanced effect: the
diffusivity value is higher in the early stages of annealing and
it decreases when the annealing time increases. Moreover,
diffusivity values are clearly related to the relaxation status
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of the matrix: diffusivity decreases with increasing the relaxation of the amorpous silicon;
• concentration profiles after the diffusion show a non-Gaussian
diffusion mechanism: boron atoms diffuse faster where the
boron concentration is higher;
• the presence of mobile boron atoms increases the defect concentration of the matrix both in the un-relaxed sample and
in the relaxed state at 500 ◦ C for 1 hour and it retards the
relaxation process.
These results will be the basis of the next chapter, where a
microscopical model of boron diffusion and clustering in amorphous
silicon able to explain the experimental results will be constructed.
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Chapter 4. Boron diffusion in a-Si: microscopic mechanism
In the previous chapter two fundamental features of the
boron diffusion mechanism in amorphous silicon were
clarified: boron diffusivity has a transient behaviour
and it increases with the boron concentration. In this
chapter these features will be better investigated with
the aim of simple modeling and the experimental data
will be fitted with appropriate equations.

4.1

Introduction

Amorphous silicon is a very complex system, and boron diffusion surely involves a complex microscopical mechanism. We observed, in the previous chapter, through SIMS measurements the
macroscopical broadening of the boron concentration profile, and
we want to understand the motion of the single boron atom in the
matrix. In order to describe this system, we need to simplify the
framework, and in particular we need to separate and individually
analyze the experimental features.
In order to investigate the transient behaviour of the boron diffusivity, in this chapter we will focus our attention on the LD box,
which allows us to neglect the concentration dependent diffusivity.
In fact, this box has been satisfactorily fitted in the previous chapter by a gaussian function, underlying that a homogeneous diffu-
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sivity can be assumed. Moreover, in this case we have no evidence
of boron clustered atoms, so the whole profile can be considered
mobile. In this way we will focus on the time evolution of the
boron diffusivity and the analysis could be very useful to attempt
a comprehension of the transient enhanced effect.
Focusing the attention on the HD box at annealing times well
after the transient, we are allowed to neglect the time dependence
and we can analyze the concentration dependence of the diffusivity. Indeed, in this case we can better understand the clustering
phenomenon too.

4.2

Transient behaviour of boron diffusion

4.2.1

Boron diffusion and defects in amorphous
silicon

We have shown in figure 3.5 on page 83 the kinetics of the
boron diffusivity at annealing temperatures of 500, 600, 650 and
700 ◦ C. Moreover, we have highlighted a clear correlation between
the diffusivity values and the relaxation status of the matrix. In
fact, boron atoms diffuse faster if the matrix is un-relaxed, and the
diffusivity decreases while the relaxation process goes on. Thus, we
propose a boron diffusion mechanism mediated by point defects. In
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particular we suggest that a boron atom has to interact with a point
defect to become mobile. After a certain diffusion path, it comes
back to its ground state, immobile, by stopping the interaction with
the defect.
In absence of point defects, boron occupies its ground state in
amorphous silicon. Some evidences about the ground state of impurities in amorphous silicon are reported in literature [23, 48, 54, 55].
It is well known that impurities do not act as dopants (four-fold
coordinated) in hydrogen-free amorphous silicon. Indeed, X-ray
Absorption Fine Structure (XAFS) and Nuclear Magnetic Resonance (NMR) have been performed in samples where impurities
were first introduced in the crystalline phase and subsequently the
matrix was amorphized. Measurements indicate that the coordination number of boron atoms changes during the amorphization
process of the matrix. In particular the ground state in the crystalline phase is electrically active and fourfold coordinated. After
the amorphization process, the electrically inactive, threefold coordinated state prevails, especially in the case of high boron dose.
This state is usually referred to as B03 and we can assume that it is
immobile in amorphous phase.
The interaction with a point defect can modify the state of
boron atom, making it mobile. We are not able to discriminate the
exact mechanism at the basis of this interaction, but two scenarios
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can be reasonably proposed. One can think that a boron atom in
its stable configuration can interact with a defect giving rise to a
fourfold coordinated boron atom, being this state the mobile one,
even if for a very short distance:
B03 (immobile) + D ↔ B04 (mobile)

(4.1)

where the symbol D generically indicates a point defect. The fourfold coordinated boron atom will move for a minimum lattice parameter, and immediately after a defect/boron bond is broken and
boron atom comes back to its immobile condition. It should be
noted that this proposed mechanism satisfies the conservation of
the total number of bonds in the matrix. Otherwise, one can think
that the defect is required because only the boron-defect couple is
mobile, according to the subsequent mechanism:
B(immobile) + D ↔ (B − D)(mobile).

(4.2)

From an experimental point of view the two mechanisms are perfectly equivalent and no measurable feature can distinguish between
them.
Independently from the exact mechanism, it is clear that the
chance for a boron atom to diffuse is strongly related to the defects
concentration. Thus we will try to relate the boron diffusivity with
the defect density.
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Boron diffusion model: kinetics

The defects recombination in amorphous silicon is explained by
means of a bimolecular reaction - see equation (1.6). According to
our model, boron diffusivity should follow a similar rate equation.
We tried to fit diffusivity values with the subsequent model: the
transient enhanced feature is related to the excess of defects in
the un-relaxed state, so the diffusivity decreases following the same
equation rate used for the bimolecular recombination mechanism.
At the end of the transient effect, diffusivity value will assume a
saturation value, which will be referred to as Dsat . In this way,
diffusivity should be expressed by the subsequent equation:
D(t) = Dsat [1 + f (t)] ,

(4.3)

where the adimensional f (t) function reflects the excess defect density and follows the bimolecular reaction kinetic:
∂f
= −kf 2
∂t

(4.4)

being k proportional to the rate of the defect recombination. This
equation can be analytically solved once fixed the initial value f0
(which represents the diffusivity excess at t = 0):
f (t) =

f0
.
1 + kf0 t

(4.5)

4.2 Transient behaviour of boron diffusion

109

1
kf0

this function is halved.

It is interesting to note that when t =

This parameter has an important physical meaning too, representing the half time of the transient effect.
The complete function which expresses the boron diffusivity will
be:

·
D(t) = Dsat [1 + f (t)] = Dsat

¸
f0
.
1+
1 + kf0 t

(4.6)

The equation (4.6) expresses the boron diffusivity in amorphous
silicon as a function of time. This function cannot be directly
applied to our data. In fact, we observe the diffusion at the end of
each annealing process, thus we measure the averaged diffusion on
the whole duration of the process. Experimental data can be fitted
by the time integral of equation (4.6). Performing the integration,
the result is:
¸
·
ln(1 + kf0 t)
< D(t) >= Dsat 1 +
.
kt

(4.7)

Figure 4.1 shows with coloured symbols the diffusivity values
extracted from the LD boron box using a Gaussian fit. The same
data were discussed in figure 3.5 on page 83. In this plot we superimposed over the experimental data a continuous line which has
been obtained through the fit with equation (4.7). In particular
red colour refers to the sample annealed at 700 ◦ C, blue to 650 ◦ C,
green to 600 ◦ C and black colour refers to the kinetics at 500 ◦ C.
Fits show a very good agreement with experimental data. The
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Figure 4.1: Experimental data (symbol) and best fits according to the equation
(4.7) (continuous line) of the diffusivity kinetics: red colour refers to
the sample annealed at 700 ◦ C, blue to the temperature of 650 ◦ C,
green to 600 ◦ C and black colour refers to the kinetic at 500 ◦ C.
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modeling is very satisfactory, describing at the full extent the time
dependence of the boron diffusivity.
Table 4.1 reports the values of Dsat , k and f0 obtained by the
fit procedure.
◦

C
500
600
650
700

k [s−1 ]
(1.12±0.01) · 10−4
0.15±0.01
0.64±0.02
0.19±0.01

2

Dsat [ nm
]
s
(1.03±0.01) · 10−4
(2.20±0.01) · 10−2
0.12±0.01
0.1±0.6

f0
8.04±0.09
46±4
390±60
700±200

Table 4.1: Values of Dsat , k and f0 obtained by the fit procedure.

4.2.3

Boron diffusion model: results

Through the fitting procedure, we have obtained the saturation
value of diffusivity and the half time of the transient effect as a
function of temperature. In this section we will extract some useful
information from these data.
Dsat represents boron diffusivity at the end of the transient
behaviour. Red dots in figure 4.2 report this parameter in an Arrhenius plot. Data alignment in the plot is a clear evidence that
boron diffusion is an energy activated process with a single activation energy. The continuous line represents the fit of these data
using the typical expression for this kind of process:
− kEaT

0
Dsat = Dsat
e

B

(4.8)
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Figure 4.2: Arrhenius plot of the saturation value of the boron diffusivity (red
dots). The continuous line represents the fit of these data using the
typical expression for an energy activated process. As a reference
the blue line of the figure represents the temperature dependence
of the boron diffusion in crystalline silicon, as taken by [47].

0
where Dsat
is the pre-exponential factor and Ea represents the ac-

tivation energy of the diffusion process when the amorphous silicon
relaxation process is concluded. The fit is in good agreement with
the experimental data, and an activation energy of Ea ∼ 2.5 eV
has been extracted. This energy should be associated to the energy barrier the mobile boron or the boron-defect couple has to
overcome to diffuse.
As a reference, the blue line of the figure represents the tem-
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perature dependence of the boron diffusivity in crystalline silicon,
as taken by [47]. We observe that boron diffusivity is much higher
(about four orders of magnitude) in amorphous silicon with respect
to the crystalline matrix. This result together with the different
activation energy point out that boron diffusion in the two silicon phases should occur via two different mechanisms, as it can be
expected.
It is interesting to compare the pre-exponential factor too, which
is related to the atom vibrational strength. We have found a not
so different value for both silicon phases, thus according to the
evidences of a similar local structure.
The parameter f0 is proportional to the excess of diffusivity
at t = 0 with respect to the Dsat value. We have found that this
value increases with the increasing of temperature, and this result
is in agreement to our knowledge on amorphous silicon properties.
Mobile defects concentration is higher at higher temperatures and,
as a consequence, we have an higher boron diffusivity.
The fitting procedure gives us also the parameters k and f0 . A
physical meaning can be associated to τ =

1
kf0

(the half time of

the transient effect). Table 4.2 shows the calculated value of this
parameter.
Red dots of figure 4.3 represent in an Arrhenius plot the half
time of the transient enhanced diffusion process. Continuous line
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◦

C
500
600
650
700

τ = kf10 [s]
1200 ± 20
0.13 ± 0.01
(2.63 ± 0.08) · 10−3
(1.21 ± 0.08) · 10−4

Table 4.2: Values of τ , the half time of the transient effect, as obtained by the
fit procedure.

Temperature [°C]
4

700

650

600

550

500

10

3

10

relaxation time [Stolk et al.]
diffusion half time

2

10

1

10

time [s]

0

10

0

t = t

-1

10

E

-2

a

10

t

0

=

E /k T

e

a

B

5.0 eV
-31

= 9.6 10

s

-3

10

-4

10

-5

10
11,5

12,0

12,5

13,0

13,5

14,0

14,5

15,0

15,5

-1

1/k T [eV ]
B

Figure 4.3: Arrhenius plot of the half time of the transient enhanced diffusion
process (red dots). Continuous line represents the fit of these data
using the expression for an energy activated process. As a reference,
blue dots are the times for a complete relaxation of the amorphous
silicon at these temperatures obtained by Stolk and coworkers [34].

in the figure represents the fit of these data with the equation
Ea

t = t0 e kB T .

(4.9)
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(in this case we have a positive exponent because data values decrease with increasing the temperature). We obtained a data set
full aligned over seven orders of magnitude. We are observing an
energy activated process too, with a single activation energy of
Ea ∼ 5 eV. This energy can be attributed to the energy barrier for
defect recombination which can be limited by defect diffusion. As
a reference, blue dots are the times to obtain a complete relaxation
of the amorphous silicon at these temperatures according to the
paper by Stolk et al. [34] (continuous line is a guide to eye). It
should be noted that Stolk et al. report only for the lower temperature (500 ◦ C) the exact value, while for the others temperatures
(600 and 700 ◦ C) they give only an upper bounded value. It is important to underline that their data refer to the relaxation process
of amorphous silicon, while our data are extracted from the boron
diffusivity in amorphous silicon. Despite the intrinsic difference of
the phenomena, data at 500 ◦ C are in full agreement, and at higher
temperatures our values are lower than the upper bound indicated
by Stolk et al..
The outcome of this graph is clear: transient behaviour of boron
diffusion exactly follows the same characteristic time of the relaxation process of the matrix. It confirms again that defects of
amorphous silicon have a fundamental role in the boron diffusion
mechanism.
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Concentration dependence of boron
diffusion

The second important feature of the boron diffusion mechanism
is the presence of a non-Fickian diffusion, as shown in figure 3.3 on
page 75: the low concentration profile diffuses less than the higher
part of the profile. This effect can be better highlighted in the HD
boron box, because of the high concentration range available.
In this section we will investigate these evidences, thus neglecting the time evolution of the diffusivity analyzing only the diffusion after the relaxation (investigating for each temperature only
the couple of samples with longest annealing times). We will try
to explain the concentration dependent diffusivity as well as the
clustering phenomena.

4.3.1

Modeling

The evidence that boron atoms diffusivity is higher where the
boron concentration is higher can be explained by assuming a diffusivity which depends on the boron concentration. Still, we have
demonstrated that diffusivity is strictly related to the defects concentration of the matrix and experiments of copper gettering allow
us to confirm that in the spatial region where boron concentration
is higher, we found a higher defect concentration, and this excess is
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maintained during low temperature thermal annealing. These two
experimental observations can be related together: we can image
that defect concentration in the matrix is modulated by the boron
concentration and for simplicity we can assume this dependence as
linear:
n(x) = n0 (1 + γCB (x))

(4.10)

being n0 the defect concentration value of the un-doped region,
CB (x) the boron concentration profile and γ a factor which relates
the defect density enhancement to boron density.
Since we have demonstrated the relation between boron diffusivity and defects concentration, we can assume that diffusivity is
modulated by the boron concentration with a similar dependence:
D(x) = D0 (1 + γCB (x)).

(4.11)

The same concentration dependence of diffusivity can be obtained following a different microscopical model, which is reasonable too. It is possible to assume that the presence of boron atoms
modifies the matrix from a thermodynamically point of view, and
in particular the defects chemical potential is lower where boron
concentration is higher because of a pressure effect related to the
presence of the impurities. This fact means that the system will
reach the thermodynamic stability thanks to a defects accumulation
in the region with lower chemical potential, i.e. with high boron
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concentration; moreover the different chemical potential acts as a
driving force which opposes defects diffusion, so their accumulation persists during thermal treatments until boron atoms diffuse
and their concentration is lowered. As a consequence, we have to
take into account this chemical potential effect as a sort of baseline
variation for the diffusivity value, and in particular diffusivity will
assume a linear dependence from the boron concentration, just as
expressed by the equation (4.11). Once again, we are not able to
discriminate between the two microscopical mechanisms, but we
have an equation for the macroscopical boron diffusivity which will
be compared to the experimental data.
Focusing the attention on the HD boron box, we have to take
into account also the clustering mechanism. According to the experimental data, we suppose that during the early stage of annealing all boron atoms above a certain concentration value will be
clustered and these clusters do not have time or temperature evolutions. This concentration threshold is related to the mean distance
between two boron atoms, so we are assuming that under a critical distance, an immobile and stable couple boron-boron is formed.
The starting experimental profiles have been divided into two parts:
boron atoms above the concentration value of 1.2 · 1020 cm−3 does
not move. The remaining boron amount is considered mobile and
it will move with a diffusivity as in equation (4.11).
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Simulation code for boron diffusion

We realized a software simulation code which takes as input the
initial boron concentration profile and calculates the boron profile
after a certain time evolution, once fixed the D0 and γ parameters.
The simulated profile will be compared to the final experimental
profile.
In detail, we have interpolated the initial profile with a spatial
step of 1 nm. The immobile boron profile was extracted, and the
simulation was performed only on the mobile profile. The time
step was chosen to let the diffusion length at each step be about
∆x ∼ 0.1 nm. Diffusivity is a function of space, and in particular
D(xi ) = D0 (1 + γCB (xi , t))

(4.12)

being CB (xi ) the boron concentration in the point labeled as xi .
As a consequence, we have a motion of the boron profile according
to the following equation:
∂
∂CB
=
[D(x)CB (x, t)] .
∂t
∂x

(4.13)

It represents the Fick’s law for a 1D system. We solved it numeri-
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cally by adopting the subsequent recursive formula:
CB (xi , t + ∆t) = CB (xi , t)+
h¡
¢
+ D(xi+1 )CB (xi+1 , t) − D(xi )CB (xi , t) +
¡
¢i ∆t
.
+ D(xi−1 )CB (xi−1 , t) − D(xi )CB (xi , t)
∆x2
(4.14)
It expresses the Fick’s law in the case of finite interval, but diffusivity is concentration dependent. This procedure will give us the
values of D0 and γ for which we have the best agreement between
experimental and simulated boron profile.
The stability and the convergence of the code is assured by
a check of the total boron amount after each step: this quantity
maintained constant during all the simulations.
As an example, figure 4.4 reports for the temperature of 650 ◦ C
the experimental initial boron concentration profile (sample annealed for 100 s - red dots), the experimental final boron concentration profile (sample annealed for 250 s - grey dots), while the
continuous black line represents the simulated profile. We have obtained a very good agreement between experimental and simulated
profile. In fact, we succeeded to simulate the experimental data
in the clustered component, in the kink where boron atoms start
to diffuse and in the tails, with a concentration range extension
by about four orders of magnitude. Similar agreements have been
obtained for all the others temperatures, thus indicating that our
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Figure 4.4: Red dots: experimental initial boron concentration profile (sample annealed at 650 ◦ C for 100 s); grey dots: experimental final
boron concentration profile (sample annealed at 650 ◦ C for 250 s);
continuous black line: simulated profile.

model well describes the macroscopical evidences of non-Fickian
boron diffusion.
Table 4.3 reports the values of D0 and γ obtained by the simulations. There results will be analyzed in the next section.

4.3.3

Boron diffusion simulation: results

First of all, it is interesting to note that the values of γ are
substantially similar for all the investigated temperatures. This is
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◦

C
500
600
650
700

2

D0 [ nm
]
s
6.58 · 10−5
1.45 · 10−2
5.50 · 10−2
1.56 · 10−1

γ [cm3 ]
3.72 · 10−20
2.75 · 10−20
2.88 · 10−20
4.91 · 10−20

Table 4.3: Annealing time expressed in seconds of the sample which will be
referred as initial and final profile for each annealing temperature.

a very useful information, because we are allowed to confirm that
the observed non-Fickian diffusion effect is related to the properties
of the matrix and it does not require the overcoming of an energy
barrier. In particular the microscopical boron diffusion mechanism
is always the same, but it is enhanced by the presence of a high
boron concentration.
Our analysis was performed after the end of the relaxation of
the amorphous silicon, so D0 expresses the boron diffusivity when
the matrix can be considered fully relaxed; moreover it represents
the diffusivity of a boron atom without the effect of surrounding
boron atoms. We can study the temperature dependence of this
parameter: figure 4.5 is an Arrhenius plot where red dots represent the values extracted through the simulation. Continuous line
is the fit of these data using the same expression used before or
the parameter Dsat - see equation (4.8). Now we obtain a single
activation energy for the isolated boron diffusivity of Ea ∼ 2.5 eV.
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Figure 4.5: In an Arrhenius plot, red dots represents the boron diffusivity values extracted through the simulation. Continuous line is the fit of
these data using the expression of an energy activated process. For
comparison, blue dots represents the values of Dsat plotted in the
figure 4.2 on page 112.

This value, together with the pre-exponential factor, is in full
agreement with the one extracted for the parameter Dsat . For comparison, we have reported with blue dots the values of Dsat plotted
in the figure 4.2 on page 112. Even if the procedure of the data
analysis is very different, even if Dsat was extracted from the LD
boron box and D0 from the HD boron box, we have very similar
results with the same temperature dependence. Despite we have
simplified the study of a complex mechanism, we succeeded to ex-
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tract the temperature dependence of the simplest process, i.e. the
diffusion of a boron atom without the effect of surrounding boron
atoms in a completed relaxed matrix.

Summary and conclusions

The present work characterized the diffusion and clustering of
boron in amorphous silicon and proposed a microscopical model to
relate such phenomena to the properties of the amorphous matrix.
First of all, we evidenced that boron atoms diffuse in the amorphous silicon with a transient feature. In fact, boron diffusivity
is quite higher during the first annealing stages and reaches a saturation value after a temperature dependent transient. The enhancement factor is about 3 ÷ 5 times for any investigated range,
between 500 and 700 ◦ C. Moreover, the saturation value strongly
depends on temperature. In fact it increases with increasing the
temperature, and we observe a diffusivity range of four orders of
magnitude in a temperature range of 200 K. As a consequence, an
energy activated process has to be proposed.
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We showed that boron diffusion strongly depends on the relaxation status of the matrix. In fact diffusivity is much higher if the
matrix is totally unrelaxed, i.e. with a high defect concentration.
At the same temperature and annealing time diffusivity is about a
factor of 4 lower if the matrix was pre-relaxed with an annealing
process at a temperature of 650 ◦ C for 100 seconds.
In addition we experimentally found that the clustering process
occurs during the early stages of annealing for boron atoms with a
concentration value above ∼ 1 · 1020 cm−3 , and the clustered boron
amount does not have any time or temperature evolution.
Moreover, we have shown that boron diffusivity exhibits a concentration dependent behaviour: boron atoms diffuse faster where
boron concentration is higher, so the profile tails of the annealed
sample diffuse less than the remaining part of the profile. Indeed,
the slopes of the diffused boron profile are clearly steeper than in
the as-amorphized sample.
In order to explain such experimental evidences we proposed a
simple model, and we succedeed in fitting the experimental profiles.
According to literature data, a boron atom in amorphous silicon
and in its ground state is three-fold coordinated and we assume it
is immobile. We imagine that boron diffusion is assisted by a point
defect, i.e. a silicon atom with a dangling bond. In particular the
formation of a bond between a boron atom and a point-defect can
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create a four-fold coordinated boron atom which is able to move,
even if for a very short distance. After the motion, a bond between
the mobile boron and a defect is broken, and the boron atom comes
back to its immobile condition. As a consequence, diffusivity should
be strongly dependent on defect concentration and on its time evolution (it follows a bimolecular equation rate). According to this
model, we described boron diffusivity with a simple equation:
D(t) = Dsat [1 + f (t)] .
At the saturation value we sum a time dependent function which
expresses the excess of diffusivity related to the excess of defects in
the un-relaxed matrix.
The evidence of a non-Gaussian behaviour of the diffusion has
been successfully explained by demonstrating that the presence of
high dose boron impurities introduces in those regions of the matrix an excess of defects. Moreover, this excess is maintained even
after low temperature annealing. We related this feature to a thermodinamical effect, i.e. the presence of boron atoms could modify
the chemical potential which acts as a driving force opposing to
defect diffusion. We assumed a linear enhancement of diffusivity
with the boron concentration and even in this case we have been
able to reproduce the experimental boron profile.
Finally, boron diffusivity in amorphous silicon at the investi-
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gated temperatures is about four orders of magnitude higher than
in the crystalline phase at the same temperature. We were able
to extract the temperature dependence of the simplest process, the
diffusion of a boron atom in a completed relaxed matrix. Analysis
reveals an energy activated process, with a single activation energy
of Ea ∼ 2.5 eV. This is the activation energy of solid phase epitaxy
and the highest activation energy ever observed for the annihilation of defects in amorphous silicon. It is tempting to propose that,
among the large variety of defects with different energies present in
amorphous silicon, after annealing a single simple defect with a migration energy of Ea ∼ 2.5 eV survives and this is the responsible
of a variety of different phenomena comprehending both epitaxy
and boron diffusion.
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