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Abstract

Ion implantation technology has become economically competitive for solar cell doping in about
2012. The decisive reduction in production costs was achieved by using plasma implantation
tools, which allow a throughput of more than 2000 wafers per hour. Implantation technology
now opens the door for sophisticated cell concepts with high conversion efficiencies. The present
thesis clarifies key questions in the simulation of the associated annealing processes. This is
achieved by developing models for the reaction and diffusion kinetics of implanted phosphorus,
implanted boron and implantation-induced dislocation loops. These models are based on concep-
tual ideas that originate from the field of microelectronics but have hitherto not been applied to
the considerably different fabrication conditions of solar cells.

Compared to standard solar cell doping using POCl3 diffusion, ion implantation allows a much
better control of the doping process. Besides its immediate advantages though, it comes with the
drawback of inevitable implantation damage. This work investigates the question of how implan-
tation damage, in particular dislocation loops, has to be annealed to obtain high-performing solar
cells. To address this question, a model for the reaction kinetics of dislocation loops has been
developed and shown to be viable for characteristic situations of solar-cell processing. This model
is the first one to capture the late stages of Ostwald ripening and the transition from faulted to
perfect dislocation loops.

The two primary dopant species of interest for solar-cell doping by implantation are phospho-
rus and boron. Due to the complexity of the diffusion and segregation behavior of phosphorus,
its annealing behavior is still under debate today and no generally predictive models exist. In
this thesis, a predictive model for phosphorus annealing suitable for the particular requirements
of solar cell processing has been developed, calibrated and applied. As part of the model de-
velopment, a general strategy for an efficient calibration of models describing impurity diffusion
via two species has been found. The annealing behavior of boron, on the other hand, is well
understood and highly predictive models exist. The plasma implantation tools of the solar cell
industry though usually implant BF3 instead of atomic boron. The diffusion behavior of boron in
presence of fluorine differs fundamentally from that without fluorine and no generally valid model
for this situation has been available previously. In the present thesis, a comprehensive model for
this problem has been implemented and successfully tested.

Finally, the models for the annealing behavior of implantation damage, phosphorus and boron
were studied with respect to their relevance for the electronic properties of solar cells. In par-
ticular, simulated predictions of the dislocation-line density and its associated recombination
activity have been compared with recombination-current measurements from a large-scale exper-
imental study performed at the University of Hannover and the ISFH Hameln. The quantitative
agreement obtained provides, for the first time, strong evidence that dislocation loops are respon-
sible for implantation damage-related degradation of solar cells. Combining futhermore process
simulation with device simulation, main factors that influence solar-cell performance could be
investigated. This allowed to verify assertions from the literature as well as suggesting processing
options.





Kurzfassung

Um das Jahr 2012 wurde die Ionenimplantationstechnologie für die Solarzellendotierung durch
starke Kostensenkung konkurrenzfähig. Die Kostensenkung wurde durch den Einsatz von Plas-
maimplantationsanlagen ermöglicht, die einen Durchsatz von mehr als 2000 Siliziumscheiben
pro Stunde erreichen. Die Ionenimplantation öffnet nun die Tür für die industrielle Fertigung
von hocheffizienten Solarzellen. Die vorliegende Arbeit klärt Schlüsselfragen in der Simula-
tion der dazu benötigten Ausheilprozesse. Dies geschieht durch die Entwicklung von Modellen
zur Beschreibung der Reaktionskinetik von Versetzungsringen und des Ausheilverhaltens von
Phosphor und Bor. Dabei wird wird meist auf Konzepten aufgebaut, die ursprünglich aus der
Mikroelektronik stammen, aber bisher nicht auf die Herstellungsbedingungen von Solarzellen
angewendet wurden.

Im Vergleich zum Standarddotierverfahren von Solarzellen über Diffusion mit POCl3 als Dotier-
stoffquelle ist die Ionenimplantation ein erheblich kontrollierterer Prozess. Sie hat jedoch den
unvermeidbaren Nachteil der Schädigung des Siliziumsubstrats. In dieser Arbeit wird unter-
sucht, wie Siliziumscheiben mit implantationsinduzierten Versetzungsringen prozessiert werden
müssen, um verlustfrei funktionierende Solarzellen zu erhalten. Dazu wurden bestehende Mo-
dellierungsansätze für die Ausheilkinetik von Versetzungsringen zu einem neuen Modell weiteren-
twickelt. Dies ist das erste Modell, das den Übergang von stapelfehlerbehafteten zu stapelfehler-
freien Versetzungsringen und deren anschließende Auflösung beschreibt. Es konnte erfolgreich auf
die charakteristischen Anforderungen der Solarzellenfertigung angewendet werden.

Die zwei wichtigsten Dotieratome für die Solarzellenimplantation sind Phosphor und Bor. Zur
Beschreibung des Ausheilverhaltens von Phosphor gibt es keine allgemein gültigen Modelle. Das
liegt zum einen daran, dass der schnell-diffundierende Phosphor für die Mikroelektronik uninter-
essant ist, und zum anderen an der Komplexität seines Diffusions- und Segregationsverhaltens. In
dieser Arbeit wurde ein vorhersagekräftiges Modell zur Beschreibung des Ausheilverhaltens von
Phosphor für die besonderen Anforderungen der Solarzellenprozessierung entwickelt, kalibriert
und angewendet. Dabei wurde eine allgemeine Strategie für die effiziente Kalibration von Mod-
ellen erarbeitet, die die Diffusion über zwei Arten von Punktdefekten beschreiben. Das Ausheil-
verhalten von Bor ist dagegen sehr gut verstanden und vorhersagekräftige Modelle existieren.
Die Plasmaimplantationsanlagen der Solarzellenindustrie implantieren jedoch nicht atomares Bor,
sondern BF3. Die Diffusion von Bor in Anwesenheit von Fluor unterscheidet sich stark von der
Diffusion ohne Fluor. In der vorliegenden Arbeit wurde zum ersten Mal ein umfassendes Modell
für dieses Problem entwickelt und erfolgreich getestet.

Schließlich wurden die neuen Versetzungsring-, Phosphor- und Bormodelle bezüglich ihrer
Relevanz für die elektronischen Eigenschaften von Solarzellen untersucht. Insbesondere wur-
den simulierte Vorhersagen für Versetzungsliniendichten und ihre assoziierten Rekombinationsak-
tivitäten mit Messungen von Rekombinationsströmen verglichen, die an der Universität Hannover
und dem ISFH Hameln durchgeführt wurden. Die erhaltene quantitative Übereinstimmung von
Simulation und Experiment ist der erste starke Hinweis darauf, dass Versetzungsringe, und keine
anderen Defekte, für die Degradation von Solarzellen durch Implantationsschäden verantwortlich
sind. Diese Übereinstimmung bestätigt weiterhin die Gültigkeit des entwickelten Versetzungsring-
modells. Durch die Kombination der neuen Prozesssimulationsmodelle mit Bauteilsimulation
konnten darüber hinaus mehrere Behauptungen der Literatur überprüft und Hauptfaktoren für
die Prozessoptimierung identifiziert werden.





Acknowledgements

I wish to thank my doctoral supervisor P. Pichler for many valuable discussions. His precise
criticism fundamentally contributed to interpretation and presentation of the results of this thesis.

Not less important was the support by my supervisor at Bosch Corporate Research, A. Martinez-
Limia. His positive way of thinking and his invaluable comments were crucial to both the scientific
success of this thesis and the fun I had working on it.

During my travels to Bosch Solar Energy in Arnstadt, I used to be looking forward to meeting
several people. I am grateful for elucidating discussions with D. Stichtenoth and T. Boescke.
In particular, D. Stichtenoth pointed out the relevance of dislocation loops and by that moti-
vated me to study them. I would like to thank D. Grote and M. Braun for discussing their
experiments with me, A. Grohe for being a great motivator and establising the contact with the
University of Hannover and the Institut für Solare Energie Forschung Hameln (ISFH), and K.
Meyer for providing me with an introduction into device simulation.

I want to thank my collaborators at the University of Hannover and the ISFH. J. Krügener
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1. Introduction

The manufacturing steps of purifying silicon to a very high level, growing it into single-crystal
ingots, sawing the very hard material into wafers, making solar cells out of the wafers where
each cell produced less than half a watt, and finally stringing these together and encapsulating
them into modules, was deemed hopelessly expensive. In fact it was quite expensive then. In
1978, the module price was around 70 $/W in current dollars. Perhaps the biggest surprise
today is that 30 years later, crystalline silicon still dominates, being responsible for 91% of the
power module market ...

Swanson (2006)

Since the discovery of the direct conversion of solar radiation to electricity (Becquerel, 1839)
and the first realization of a silicon (Si) solar cell (Chapin et al., 1954), crystalline-silicon (c-Si)
solar cells have become a mass product within the past decade. Today, they contribute with an
increasing fraction of a few percent to Germany’s total electricity production. This development
was mainly triggered by Germany’s financial support program, in particular the so called feed-in
tariff, which stimulated a high demand for solar cells. In recent years, suppliers assumed this
artificially high demand in the largest market Germany to still grow further and further, and in
this belief built up enormous production overcapacities. These overcapacities are the main reason
for the present crisis of the solar cell industry. Although this crisis is unlikely to be resolved in
the short term, there is few doubt that in the long term, the continuously growing global solar
cell market will allow to make profits again. In combination with appropriate energy storage
technologies, it is generally believed that solar cells will then contribute at a significant fraction
to the world’s supply with renewable energy.

The path to a working solar-cell market free of financial support programs requires solar cells
to compete with conventional energy sources. Within the recent years of crisis, solar cell prices
have already fallen by several tens of percent. Grid parity, i.e. the match of prices for photovoltaic
and conventionally produced electricity, is now likely to be achieved in some regions of the world
within only a few years. But decreasing the price, which demands decreasing production costs,
is only one path to grid parity. The other path is increasing the efficiency of current cells.

The present thesis follows this second path. It investigates annealing processes associated
with the ion-implantation technology, which opens doors for sophisticated cell concepts with
high conversion efficiencies. More concretely, in the intermediate term, these cell concepts will
comprise passivated emitter and rear structures, n-type wafers with B emitters, selective emitters
and interdigitated back contacted cells (Hieslmair et al., 2012a). But also in the short term,
ion-implantation improves solar cell emitters through better dopant uniformity at higher sheet
resistances and tailoring of dopant profiles to reduce charge carrier recombination. Beneath these
improvements on the cell side, production processes become more efficient, as ion-implantation
allows for passivation with a thin oxide, the elimination of the phosphorus silicate glass etch step
and edge isolation (Hieslmair et al., 2012a).

The ion-implantation technology has become economically competitive for solar cell doping in
2012. Given this and the just mentioned perspectives of the ion-implantation technology, one
should now study its application to solar cell doping. The fact that to date, research on c-Si
solar cells has been quite disconnected from research on micro- and power electronics, the fields
in which implantation has traditionally been used, suggests to build on existing knowledge from
these fields to solve problems in solar cell processing (Poortmans et al., 2012). The extension
and application of strategies from these fields is nevertheless not straight forward. Problems in
solar cell research are different from most of the rest of the electronics industry, as solar cells are
strongly influenced by minority carrier recombination (Altermatt, 2011). Research in micro- and
power electronics therefore often omitted to treat the relevant questions for solar cells. Important



2 1. Introduction

parts of the present thesis therefore consist in making the vast body of information from these
fields usable for solar-cell related questions.

Structure of the thesis

Chapter 2 presents fundamentals about defects in semiconductors, ion-implantation and photo-
voltaics. Chaps. 3, 4 and 5 describe predictive models developed for the annealing behaviors of
dislocation loops, phosphorus and boron. Chap. 6 discusses the predictions of these models for
the electronic properties of solar cells. Chap. 7 concludes the thesis.



2. Fundamentals

Unfortunately, [...] many defect-related problems disappear due to “good housekeeping”. That
is, the adoption of the best practice based on experience, especially in the mature Si industry,
solves many defect-related problems without these ever being studied or understood. Moreover,
if the problem does not “disappear” quickly, the process or device is often abandoned for some
alternative rather than fund the time-and-money-consuming research needed to solve it.

Holt and Yacobi (2007)
— The present work shall be a counterexample.

2.1. Equilibrium properties of defects in semiconductors

The crystalline Si (c-Si) material used for mainstream PV applications usually contains a much
higher density of defects than the c-Si material used in highlevel microelectronics (Swanson, 2006).
Nevertheless, in particular advanced solar cell concepts are very sensitive to defects (Altermatt,
2011). Furthermore, crystal defects play a fundamental role in dopant diffusion and other physical
phenomena that occur during annealing. The motivation of the present section is therefore clear.
The following discussion is based on Ashcroft and Mermin (1976), Pichler (2004) and Föll (2012).

2.1.1. Point defects

Fig. 2.1 shows a schematic drawing of the the point defects discussed in the following: impurities,
native point defects and pair complexes of impurities with native point defects.
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a)

d) g) h)

c)b)

e)

f)

Figure 1.5: Schematic representation of point defects in silicon: a) vacancy, b) divacancy, c) self-interstitial,
d) interstitialcy, e) interstitial impurity, f) substitutional impurity, g) impurity-vacancy pair, h) impurity-self-
interstitial pair.

cally more favorable configurations. Averaged with respect to time, the relative concentrations of the
coexisting configurations will reflect their energetics.

Because of the very open structure of silicon, many impurities reside predominantly on interstitial
positions in the host lattice(Figure 1.5 e). Among them are oxygen and many alkali and heavy metals.

Most important for semiconductors are atoms of the groups III and V of the periodic system
which reside predominantly on substitutional lattice sites (Figure 1.5 f). Atoms from group V, the so-
called donors, have one positive charge too many for their share of the four valence bonds. The extra
electrons neutralizing the positive charges behave much like free electrons. Similarly, atoms from
group III, the so-called acceptor impurities, have one positive charge too few for the bonding structure
of silicon. In analogy to the electrons, holes are introduced and postulated to behave like positively
charged particles in free space. Both types of charge carriers determine the electrical characteristics
of devices and the prediction of the spatial distribution of donors and acceptors after processing is
one of the main goals of process simulation. Because substitutional impurity atoms are assumed
to be immobile in most diffusion theories, an interaction with intrinsic defects has to be taken into
consideration. Such an interaction can lead to impurity-vacancy pairs (Figure 1.5 g) and impurity-
self-interstitial pairs (Figure 1.5 h).

With interstitial impurity atoms (Figure 1.5 e) and impurity-self-interstitial pairs (Figure 1.5 h),
two very similar concepts were introduced for an extrinsic interstitial defect. The important difference
between the two is not the atomic arrangement in the energetically most favorable configuration. It
is rather the question whether the silicon atom and the impurity involved perform a correlated walk.
When they do, the silicon atom may be a tracer atom and the correlated diffusion may accelerate self-
diffusion (see Section 2.3). When they do not, as it is certainly the case for interstitial impurity atoms
but also when the impurity atom in the pair moves by interacting with continuously changing silicon

Fig. 2.1.: Point defects. a) vacancy, b) divi-
cancy, c) interstitial, d) interstialcy, e) impurity
in interstitial position, f) impurity in substitu-
tional position, g) impurity vacancy pair, h) im-
purity interstitial pair. We note that in general
we will in most cases not distinguish interstitial
and interstialcy. Taken from Pichler (2004).

Dopants and other impurities

The theory for semiconductor doping can be found in any standard reference,1 and we only briefly
recapitulate it. n-type dopants like P have five valence electrons only four of which can participate
in the sp3 hybrid bonds with the four neighboring tetrahedral Si atoms. The fifth electron is left
in a weakly bound localized state with almost zero entropy. This localized single electron level
is therefore very close to the conduction band and the electron becomes delocalized already for
very low temperatures. Another popular picture is based on analyzing the differences in the
electron affinity of dopant atoms as compared to Si atoms. These pictures have only recently
been reconciled by Schwingenschlögl et al. (2010).

1For example Ashcroft and Mermin (1976), Kittel (1996) or Sze and Ng (2007).
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In Fig. 2.2, we show the electron levels that are introduced by impurities on substitutional Si
lattice sites. The levels of the dopants P and B are seen to be close to the conduction and valence
band, respectively. Other impurities than dopants usually degrade solar cells. When discussing
different recombination mechanisms in Sec. 2.4.3, we will see that impurity atoms like Fe, which
can in Fig. 2.2 be seen to introduce a level close to the band gap center, are most deleterious for
the charge carrier lifetime.

Fig. 2.2.: Single electron levels introduced by
various impurities on a substitutional Si lattice
site. Taken from Sze and Ng (2007).

Native point defects — vacancies and interstitials

Native point defects, vacancies (Vs) and self-interstitials (Is), play a prominent role in this work as
they are both relevant for the diffusion of impurities and for the annealing of large-scale defects.
A V is an empty lattice site and an I is an Si atom situated in between the ordinary lattice
sites. Native point defects are a thermal equilibrium phenomenon, which means that for a given
temperature, there is a macroscopic number of thermally generated point defects. This number
is one of the most fundamental parameters of the models in this work and we shall briefly derive
it.

Picture a perfect lattice described by its Gibbs free energy

G0 = U − TS + PV. (2.1)

Consider now e.g. the process of V generation at the surface of the crystal (see e.g. Ashcroft and
Mermin, 1976; Cowern, 2007). By increasing the number n of Vs from zero to a finite value,2 the
N atom lattice gains a configurational entropy

Sconfig(n) = k ln
(N + n)!

n!N !
, (2.2)

where (N+n)!
n!N ! is the microcanonical partition function, and k the Boltzmann constant. It hence

reduces its free energy. In doing so, we make the realistic assumption that the Vs created at
the surface can reach any lattice site in the crystal. The process of V generation increases the
volume V by nv0, where v0 approximately equals the volume per Si atom. It furthermore costs
an internal energy ε to remove an atom from the perfect lattice, e.g. due to splitting up bonds.
Finally, besides the large gain in entropy due to configuration, disorder will increase the entropy
by a comparably smaller amount Ts, where s is a disorder entropy per V. Inserting these terms
and Sconfig,3 assuming n� N , one obtains

G = G0 + n(ε− Ts)− TSconfig + pnv0 thus ∂nG = ε− Ts− kT ln(N/n) + pv0,

2Increasing the number of Vs at an imperfectly configurated surface costs almost no energy as the surface config-
uration is not affected.

3Approximated by the Sterling formula, lnN ! ' N lnN for N � 1.
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where p is the pressure in the system and k is the Boltzmann constant. From this, the number
of Vs that minimizes G is readily obtained by setting ∂nG = 0 as

n = Nes/ke−(ε+pv0)/kT . (2.3)

The concentration of Vs, CV, is obtained by normalizing with the lattice volume. We see that the
higher the energy cost ε of removing an Si atom from its site and the larger the volume v0 that
has to be created against the pressure p, the smaller the density of vacancies n. The exponent
ε + pv0 of the Boltzmann factor in Eq. (2.3) is the formation enthalpy of a vacancy, and s is
refered to as the formation entropy .4

As ε and s are difficult to calculate, one usually uses empirical values for the concentration
of point defects. See Pichler (2004) for a comprehensive overview of references on that. One
of the standard references, Bracht et al. (1995), gives C∗I = 3.12 · 1023e−2.932 eV/kT cm−3 and
C∗V = 1.533·1024e−2.34 eV/kT cm−3 for intrinsic conditions. C∗I is around three orders of magnitude
lower than C∗V for temperatures in between 500 ◦C and 1200 ◦C, which confirms the intuitive fact
that the formation enthalpy for an I should be much higher than for a V. On the other hand,
the values for the diffusivities found by Bracht et al. (1995), DI = 51e−1.77 eV/kT cm2/s and
DV = 0.03e−1.80 eV/kT cm2/s, have approximately the inverse relative orders of magnitude, which
reflects the fact that the diffusion of V by exchange costs much more energy than diffusion of an I.
Is have such a high diffusivity that they are mobile even at room temperature (Kyllesbech Larsen
et al., 1996).

Fig. 2.3.: Interstitial configuration in Si.
The two configurations with highest symmetry.
Taken from Fahey et al. (1989).

Finally, Fig. 2.3 shows the two configurations with highest symmetry in which an I can be
placed into the Si primitive cell, while Fig. 2.4 shows possible configurations for a V. The different
possibilities to saturate the four dangling bonds left around a V introduce different charge states
of the V. Charge states of Is and Vs will be discussed in Sec. 2.2.2.

Fahey, Griffin, and Plummer: Point defects and dopant diffusion in silicon

comprehensive overall picture. %'e shaH attempt
throughout the paper to make it clear when controversy
still exists about conclusions we draw. There is a great
deal that remains to be done in this field; it is our hope
that this paper will help in providing the overall perspec-
tive needed to guide this future work.

II. POINT DEFECTS IN SILICON

Point defects can be separated into two categories: na-
tive point defects and impurity-related defects. Votive
point defects exist in the pure silicon lattice. Impurity
related defects arise from the introduction of foreign im-

purities into the silicon lattice. Group-III elements B,
Al, Ga, and In and group-V elements P, As, and Sb are a
special class of impurities known as do@ants. Their most
important properties in silicon are that they are highly
soluble compared to other impurities (with the exception
of Ge), dissolve almost exclusively on substitutional sites,
and are easily ionized.

If a native point defect is far enough away from a
dopant that all of its properties are the same as if the
dopant atom were not present, the point defect will be
said to be isolated or unassociated. Otherwise, a point de-
fect that exists in a state such that it is interacting with a
dopant atom will be said to be associated with the
dopant.

III. DEFINITIONS OF POINT DEFECTS

A. Native point defects

There are three native point defects of interest for sil-
icon: the vacancy, interstitial, and interstitialcy. The ua-
cancy is defined simply as an empty lattice site and will
be designated V. Figure 1(a) shows three examples of
how the resultant unsatisfied bonds have reconfigured
themselves to accommodate the vacancy defect in the lat-
tice. A si/icon- or self interstitia/ is a silicon atom that re-
sides in one of the interstices of the silicon lattice. The
dark spheres in Fig. 1(b) indicate the two possible inter-
stitial positions with the highest symmetry. The silicon-
or self interstitialcy is distinct from the interstitial. An
interstitialcy defect consists of two atoms in nonsubstitu-
tional positions configured about a single substitutional
lattice site. The term interstitialcy was first used by Seitz
(1950). In analogy to the vacancy formed by removing
an atom from a lattice site, an interstitialcy is formed by
placing an extra atom about a lattice site. Two possibili-
ties are shown in Fig. 1(c), where the two dark spheres
represent the silicon atoms that make up the silicon-
interstitialcy defect.

Because both are extra silicon atoms, a distinction be-
tween the silicon interstitialcy and silicon interstitial
often is not made in the literature. Both are commonly

(a)

+

Tetrahedral
Interstitial

Hexagonal
Interstitial

(c)

(Al), acceptor
I+

(Al), acceptor
IQ

(AI) +, donor

FIG. 1; Vacancy, interstitial, and interstitialcy point defects. (a) Vacancy in the +, 0, and —charge states. Darkened bonds indi-
cate orbitals with unpaired spins, which make V+ and V visible in electron paramagnetic resonance experiments. After Watkins,
Troxell, and Chatterjee (1979). (b) Dark spheres indicate atoms in two different interstitial positions. (c) Interstitialcy defects. These
represent silicon interstitialcy defects if both of the dark spheres are silicon atoms, and dopant interstitialcies AI if one of the spheres
is a dopant atom.

Rev. Mod. Phys. , Vol. 61, No. 2, April 1989

Fig. 2.4.: Vacancy configuration in Si. Differ-
ent configurations of the vacancy with different
charging. Taken from Fahey et al. (1989).

Impurity-interstitial and impurity-vacancy pair

Impurity diffusion in metals is mediated by Vs, while dopant diffusion in semiconductors can be
mediated by Vs or Is. In particular, pair complexes of dopant atoms A with native point defects
X have been found to be mobile (Cowern et al., 1990b; Pichler et al., 1992). B, e.g., diffuses via
BI pairs, whereas P diffuses via PI and PV pairs. For the example of PI pairs, we show different
energetically favorable configurations in Fig. 2.5. We will treat AX pairs in more detail, when
considering pairing and charging reactions in Sec. 2.2.2.

2.1.2. Carrier densities

The charge carrier concentration is another fundamental parameter of the models in this thesis,
and its properties are briefly rederived based on Ashcroft and Mermin (1976). This is useful as

4We note that, if the V has an additional internal degree of freedom Θ, the increase in the number of possibilities
in generating defects enters the micropartition function as a factor Θn, which leads to an additional factor Θ
in Eq. (2.3). A more detailed treatement is provided by Pichler (2004) or Fahey et al. (1989).
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of the SiI. We label it as Pi
X. Pi

X has onlyC1 symmetry. The
structure in Fig. 1~b! has approximateC2 symmetry, can be
viewed as Pi

X with a local structural distortortion. We label it
as Pi

X2. These two structures are the lowest energy structures
for the neutral charge state with degenerate energies~with a
very small migration barrier between Pi

X0 and Pi
X20 that is

<0.1 eV!. The formation energy of Pi
X0 and Pi

X20 with re-
spect to the lowest-energy P charge state, Ps

1 is
3.5 eV2EF , whereEF is the Fermi level. This results in a
binding energy of 1.2 eV relative to dissociation products
Sii

X0 and Ps
0, or 0.8 eV relative to more stable dissociation

products Sii
X0 and Ps

1 at midgap.
In Fig. 1~c!, the structure is a P interstitial in the hexago-

nal ~H! interstitial site, labeled as Pi
H. Pi

H hasD3d symme-
try. The last P–I defect is a dumbbell-like interstitial ori-
ented in@100# direction, shown in Fig. 1~d!. This structure
was previously found to play a central role for boron diffu-
sion in Si.12 It’s labeled as Pi

S, which has approximatelyC1h

symmetry. Both Pi
H and Pi

S were identified to be the lowest-
energy structures for the11 charge state. They differ in en-
ergy by only 0.1 eV. The binding energies of Pi

H1 and Pi
S1

relative to dissociation products Sii
X0 and Ps

1 are 0.6 and 0.5
eV, respectively. For the21 charge state, we found that the
lowest-energy structure is Pi

X22 with binding energy of 0.8
eV at midgap relative to dissociation products Sii

X0 and Ps
1.

The Fermi-level dependence of formation energies of P–I
pairs in their lowest-energy structures with different charge
states is plotted in Fig. 1~e! with respect to reference state
Ps

1. Near midgap, the most popular P–I pairs are the neu-
tral pairs (Pi

X and Pi
X2) and the21 pair Pi

X2, followed by
the 11 pairs Pi

H and Pi
S. We also note in our calculations

that structures may transform into other structures upon re-
laxation, depending on their charge states. For examples, Pi

T

can relax into Pi
X2 in the neutral state; Pi

X2 can relax into Pi
H

in the 11 state; and Pi
X can relax into Pi

X2 in the 21 state,
etc.

For diffusion migration in the neutral case, we found a

migration path Pi
X0→Pi

H0→Pi
X0→Pi

X0→Pi
H0→Pi

X0 with a
migration barrier of 0.6 eV. This is shown in Fig. 2~a!. The
first H site is within the local diffusion range while the sec-
ond H site is out of the local diffusion range~long-range
diffusion!. In between, there are two local transitional states
of Pi

X0 in different orientations. TheH site is the saddle point
in migration. Since for Pi

H configuration, the11 charge state
is lower in total energy than the neutral state, the migration
barrier is reduced to 0.2 eV with charge variation allowed
during migration ~one electron lost during migration pro-
cess!. Another competing migration process in the neutral
case involves Pi

S0 with a slightly higher migration barrier of
0.7 eV~or 0.3 eV when charge variation is allowed!. For the
11 charged case, we find the diffusion migration path Pi

H1

→Pi
X81→Pi

H1 with a small migration barrier of 0.3 eV.
This migration path is shown in Fig. 2~b!. Pi

X8 is the saddle
point configuration that has P atom and Si atom symmetri-
cally placed in@110# dumbbell positions. Finally, for the21
charged case, the migration path is Pi

X22→Pi
H2→Pi

X22,
with a high migration barrier of 1.4 eV. Such a high migra-
tion barrier would eliminate the role of the21 charged P–I
pair in the diffusion process.

Taking the formation energy and migration energy val-
ues, the directly computed overall activation energies for
P–I are 3.1 and 3.5 eV for the neutral case with and without
charge variations in migration, and 3.4 eV for the11 charge
case. From formation energies, P–I pairs are dominated by
neutral and21 charge states inn-type materials. Neverthe-
less, for neutral pair migration with charge variation, P–I
diffusion is dominated by the11 charged pairs. This predicts
a DP

01(n/ni)DP
2 diffusion behavior whereDP

0, DP
2 are the

diffusivities in intrinsic materials due to diffusion via neutral
~relative to the P ground state Ps

1, therefore, positively
charged pairs! and negative defects. Experimentally, at in-
trinsic conditions, the activation energy values measured are
2.81 eV ~low temperature!,14 3.61 eV ~high temperature!,14

and 3.55,15 3.30,16 and 3.69 eV.17 Our P–I diffusion results
are in close agreement with the experimental data shown,
confirming the interstitial assisted mechanism for P diffusion
at intrinsic conditions.

For vacancy mediated P diffusion in Si, we studied both
a direct exchange mechanism where a dopant atom ex-
changes with a neighboring vacancy and a ring migration

FIG. 1. ~a!–~d! Lowest energy structures of P–I pairs in various charge
states. In~a!, ~b!, and ~d!, the small ball is P atom, the large balls are Si
atoms. In~c!, the ball is P atom. All other Si atoms are shown as a stick-only
network. ~e! Fermi level dependence of the P–I pair formation energetics.
Reference state is11 charged substitutional P.

FIG. 2. Diffusion paths of the P–I pair ~a! in the neutral charge state,~b! in
the 11 charge state. The small balls are P atoms, the large balls are Si
atoms. All other Si atoms are shown as a stick-only network. In some cases,
only P atom is shown as a ball.

1840 Appl. Phys. Lett., Vol. 82, No. 12, 24 March 2003 Liu et al.
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Fig. 2.5.: Different PI pair configurations.
Taken from Liu et al. (2003).

concepts and formulas will reappear in more complicated applications later on.

The density of electrons in a conduction band and of holes in a valence band is given in their
dependence on the Fermi function as

n(T ) =

∫ ∞
εc

dε gc(ε)
1

e(ε−µ−qφ)/kT + 1
, (2.4a)

p(T ) =

∫ εv

−∞
dε gv(ε)

1

e(µ+qφ−ε)/kT + 1
, (2.4b)

respectively, where φ is the electrical potential for electrons, which in a semi-classical picture, can
simply be added to their chemical potential µ. gc/v denotes the density of electron/hole states and
εc/v the conduction/valence band edge, which at least for not too high doping concentrations,5

is almost unaffected by doping such that Eqs. (2.4) are also valid in the presence of dopants.
Dopants can be accounted for by a non-zero value of φ. With the assumption ε− µ− qφ� kT ,
the approximation 1

e(ε−µ−qφ)/kT+1
' e−(ε−µ−qφ)/kT applies, and one obtains

n(T ) = Nc(T )e−(εc−µ−qφ)/kT where Nc(T ) =

∫ ∞
εc

dεgc(ε)e
−(ε−εc)/kT , (2.5a)

p(T ) = Pv(T )e−(µ+qφ−εv)/kT where Pv(T ) =

∫ εv

∞
dεgv(ε)e

−(εv−ε)/kT . (2.5b)

The prefactors Nc(T ) and Pv(T ) only weakly depend on temperature.6 Applying the usual
harmonic approximation to the band extrema one obtains the density of states of free electrons,

but with an effective mass mc,v: gc,v(ε) = (2
∣∣ε− εc/v∣∣)1/2m

3/2
c,v

~3π2 . By that one has

Nc(T )
Pv(T )

}
= 2.5

(mc,v

m

)3/2( T

300K

)3/2
1019 cm−3. (2.6)

For room temperature Green (1990) obtained Nc = 2.86 · 10−19 cm−3 and Nv = 3.1 · 10−19 cm−3.

Intrinsic carrier concentration

In the intrinsic case, for which φ = 0 and the chemical potential is at midgap, the electron density
must equal the hole density: n = p. This is a consequence of the conservation of charge: electrons
excited to the conduction band must be accompanied by holes produced in the valence band. Via
the relation n = p one obtains the intrinsic value of n and p, ni = pi by use of Eq. (2.5) as

ni =
√
nipi =

√
NcPve

−(εc−εv)/2kT . (2.7)

This relation has been measured by Morin and Maita (1954), who fitted their data by

ni ' 3.87 · 1016(T/K)3/2e−Eg/2kT cm−3, (2.8)

where Eg = εc − εv = 1.21 eV is the Si band gap. The formula only gives satisfactory results for

5Smaller than ∼ 1018 cm−3.
6This can be seen by noting that for the highest-weight contributions in their integral expressions, the dependence

on T vanishes.
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temperatures below 430 ◦C. For higher temperatures, the attractive interaction of electrons and
holes becomes relevant and leads to an effectively narrower band gap. This leads to an implicit
formula that can be approximated by the following expression (Pichler, 2004)

ni = 2.16 · 1016(T/K)3/2e−(0.592 eV−5.12·10−8T 2 eV/K2)/kT cm−3. (2.9)

Thurmond (1975) and Green (1990) presented similar expressions.

Extrinsic carrier concentration

We already stated that doping merely acts as an effective change of the Fermi level and is mirrored
in Eq. (2.5) by a finite value of φ. A positive value of φ decreases the distance of the Fermi level7

to the valence band edge εc in εc − µ− qφ and thus exponentially increases the electron density.
At the same time, it increases the distance µ+ qφ− εv of the Fermi level to the valence band and
thus decreases the hole density. This leads to the fact that the product np as expressed through
Eq. (2.5) does neither depend on the chemical or electrical potential, such that

np = const thus np = n2
i = p2

i = nipi (2.10)

is independent of doping. The intrinsic carrier density (2.7) can thus be used to obtain the
electron density n if the hole density p is given, and vice versa

n =
n2
i

p
or p =

n2
i

n
. (2.11)

Let us now in addition use the conservation of charge. For doping with a donor atom A, the
number of electrons in the system is given by the sum of donated electrons and thermally excited
electrons. The latter equals the number of generated holes. The charge balance equation therefore
reads

n = CA+ + p. (2.12)

Eliminating p and inserting the obtained expression in Eq. (2.11), one obtains the total number
of electrons as

n = (CA+ +
√
C2
A+ + 4n2

i )/2. (2.13)

An analogous argumentation can be made for acceptor doping.

2.1.3. Dislocations and stacking faults

We treat dislocations for two reasons. First, they strongly interact with point defects: They
can emit and trap native point defects or impurities. Via this interaction, dislocations influence
dopant diffusion. Second, dislocations can lead to electronically active defects in the material,
which influence carrier recombination. Both effects are fundamental aspects for the further course
of this work. Here we provide a brief introduction, based on Föll (2012) and Hull and Bacon
(2011).

Other than point defects, dislocations and stacking faults are line and planar defects, respec-
tively, and are not an equilibrium phenomenon. This is because in general, the energy cost for the
formation of dislocations and stacking faults is not over-compensated by a gain in configurational
entropy. In the production process of a solar cell several non-equilibrium processes are likely to
occur. Already the crystal growth process, if not performed adiabatically, can lead to disloca-
tions. But more important for us, also impurity diffusion and in particular ion implantation can
lead to dislocations.

7The Fermi level is defined as the energy up to which electron states are occupied at aboslute zero temperature:
EF = µ+ qφ at T = 0. At higher temperature µ+ qφ still is very close to the Fermi level.
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Edge and screw dislocations

The two basic types of dislocations, edge and screw disloctions, are illustrated in Fig. 2.6.
The edge dislocation is also known as 90 ◦ dislocation. It is formally obtained by introducing an
additional halflattice plane into the crystal. The line that terminates this plane is the dislocation
line or the dislocation core. Only in its direct vicinity, the lattice is massively deformed and suffers
from dangling bonds. Already after a few lattice spacings, the deformation is so slight that it
can be described by classical elasticity theory. Dislocations tend to form in a way so that the
superimposed stress fields cancel. In the worst case when dislocations are arranged at random,
stress fields cancel at around half the average dislocation spacing (Hull and Bacon, 2011). From
the topological properties of the dislocation line one sees that it cannot terminate within the
crystal but must either terminate at the surface or form a dislocation loop.

Fig. 2.6.: Edge (a) and screw (b) dislocation
in a cubic primitive lattice. Taken from Messer-
schmidt (2010).

Screw dislocations are also known as 0 ◦ dislocation. To explain the terms 0 ◦ dislocation and
90 ◦ dislocation, define the vector that characterizes the direction of the dislocation line to be l.
Furthermore define the Burger’s vector b as the vector which closes the mismatch gap obtained
when closing a path around the dislocation core. Edge dislocations have l perpendicular to b, and
are thus termed 90 ◦ dislocation, and screw dislocations parallel or antiparallel, thus 0 ◦ dislocation.
Mixed dislocations are characterized by an angle in between 0 ◦ and 90 ◦.

The dislocation density (cm−2) is usually defined as the sum of lengths of dislocation lines (cm)
per unit volume ( cm3). We will also frequently consider the number density of dislocation loops
(cm−2) per unit area (cm2).

Dislocations in the diamond structure

In diamond structure lattices, the lattice form of Si, the most frequent dislocations are 30 ◦ and
60 ◦dislocations. These are energetically favorable as they can be formed without a stacking fault .
As we will see, other relevant types of dislocations have an associated stacking fault. The presence
of a stacking fault is only possible in lattices that have a non-trivial stacking of lattice plains. A
diamond lattice, e.g., is obtained by stacking planes of Si atoms in three different positions over
each other, leading to a sequence ABCABC. As seen in the left part of Fig. 2.7, the removal of a
half lattice plane then leads to the stacking fault ABCACABC. The picture shows a Frank partial
dislocation with its associated stacking fault.

Hull, Derek. Introduction to Dislocations (5th Edition).
: A Butterworth-Heinemann Title, . p 106
http://site.ebrary.com/id/10480744?ppg=106
Copyright © A Butterworth-Heinemann Title. . All rights reserved.
May not be reproduced in any form without permission from the publisher,
except fair uses permitted under U.S. or applicable copyright law.

Fig. 2.7.: Frank partial dislocation. Taken from
Hull and Bacon (2011).

We can now distinguish dislocations by a further category. We call a dislocation a perfect
dislocation if the stacking of atomic planes around the dislocation in some distance away from the
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core is the same as in the perfect lattice. A faulted dislocation, like the Frank partial disolaction,
is characterized by the contrary case.

We note that dislocation loops appearing as implantation damage will be discussed in Sec. 2.3.2
and Chap. 3. Finally, Martsinovich (2004) is a good reference for detailed calculations on dislo-
cations in diamond structure lattices.

{311} defects

Due to their specific relevance for an ion implanted Si sample, we briefly discuss another type
of topological defect: {311} defects. {311} defects are macroscopic rodlike defects with a length
of up to 1µm as shown in Fig. 2.8. In an unfaulting reaction the detailed nature of which still
remains obscure, {311} defects can transform to dislocations (Salisbury and Loretto, 1979).

implant region throughout TED. Figure 2 shows a typical
defect observed in the implant region after 15 s annealing at
815 °C. The identify of these defects can be deduced either
from high-resolution images in cross section, or from‘‘g–b’’
analysis of plan-view dark-field images. Cross-section im-
ages, such as Fig. 2, clearly show a$311% habit plane and
also exhibit image appearance consistent with the well-
known ‘‘rodlike defects’’ or ‘‘$311% defects.’’11 Plan-view im-
ages using different diffracted beams show that defects dis-
appear only forg parallel to the line direction of the defect.
This criterion is likewise characteristic of$311% defects,12

and provides greatly improved statistics. In contrast to stud-
ies for higher-temperature anneals5,13,14 and higher-voltage
ion implants,15 we do not observe hexagonal perfect disloca-
tion loops.

The $311% defects observed in Fig. 2 have an illustrious
history and are known to occur under conditions of
oxidation16 and electron irradiation12 as well as ion

implantation.17 There were several decades of debate on their
structure and consensus only emerged recently.16 It is now
generally accepted11,18 that $311% defects consist of conden-
sates of interstitials forming five- and seven-membered
rings:19 These structures can also be described in terms of
one monolayer of hexagonal Si.16,19This atomic arrangement
provides a way to insert planes of self-interstitials without
dangling bonds, hence the remarkable stability of these de-
fects.

One obvious way to explain the time dependence of
TED is that ion damage produces stable clusters that emit
interstitials during annealing. The$311% defects observed at
an early stage of the transient in Fig. 2 clearly provide one
possible source of interstitials.4,20,21 At least one previous
study has attempted to estimate the interstitial content of
$311% defects for comparison with damage formation
models.20 In order to link evaporation of$311%s to the diffu-
sion transient, our measurements differed in several respects.
In particular, we have used anneal times much shorter than
the total transient, but at typical temperatures for TED~rather
than initial 500 °C anneals20!; we also have maintained a
temperature below 950 °C for annealing~since$311% defects
can unfault at high temperature to form perfect
dislocations!.12 In addition, we used plan view as opposed to
cross sections for quantitative statistics, and measured the
anisotropic defect shape~the earlier estimate20 assumed cir-
cular defects!. The development of the defect microstructure
during annealing was determined using a series of plan-view
micrographs such as those shown in Fig. 3. Two conclusions
are obvious. First, the density of the$311% defects falls away
rapidly during TED. Second, the defects increase greatly in
size over the same period. We will show that these defects
undergo Ostwald ripening and evaporation during the anneal,
and cause TED by the emission of interstitials.

Figure 4~a! shows the deduced development of the de-
fects during RTA. The defect density, measured directly from
plan-view images~Fig. 3!, is decreasing over the course of
the anneal, following a roughly exponential time depen-
dence. The defect size involves two measurements for each
temperature: a length from plan-view weak-beam images
~Fig. 3!, and a width from high-resolution electron micros-
copy ~HREM! cross sections such as Fig. 2. The width was
found to be independent of anneal time, so that the size
variations in Fig. 4~a! are length increases only. The increase
in length represents coarsening~Ostwald ripening! of the de-
fect population. In addition, there is a net flux of interstitials
away from the damage region. Figure 4~b! shows the total
areal density of interstitials associated with extended defects
visible in TEM. If $311% defects are the source of interstitials,
these observations should be complementary to experiments5

that measured the total numbers of interstitials emitted after
the transient has passed, using dislocation loops as detectors.
The decay in interstitial content can be fitted with an expo-
nential@Sii#5C0 exp$2kt%, whereC055.060.531013 cm22

and k50.02460.003 s21. The total number of interstitials
emitted from$311% defects over a,300 s period@C0 , Fig.
4~b!# correlates well with the best estimate of the emitted
number in the absence of surface recombination.5 These den-

FIG. 1. TED in B delta-doped superlattice. 815 °C, 10 and 30 min, showing
enhanced broadening, particularly near the shallow, 531013 cm22 40 keV Si
implant.

FIG. 2. Cross-section HREM showing$311% defect habit plane, and typical
image contrast of$311% defects.
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Fig. 2.8.: High resolution electron microscopy
(HREM) showing a {311} defect in its habit
plane with an atomic resolution. Taken from
Eaglesham et al. (1994).

The name {311} defect indicates the observed habit plane in which the defects exists: the
{311} plane formed by the perpendicular 〈011〉 and 〈233〉 directions.8 The width along the 〈233〉
direction ranges from 1 nm to 100 nm. Using tight-binding Hamiltonian calculations, Kim et al.
(1997) found that I chains along 〈011〉, the building blocks of {311} defects, are stable with
respect to isolated Is, the former displaying a formation energy of 2 eV and the latter of 3 – 5 eV.
The typical areal I density in {311} defects is 5·1014 cm−2 (Kim et al., 1997).

2.1.4. Precipitates and clusters

We will now briefly present the two explanations, precipitation and clustering , which are usually
invoked to explain the observation that often only a fraction of the chemical concentration of
a dopant in an Si host is electrically active. For example, in equilibrium, upon doping Si with
a dopant A, no further enhancement of the electrical conductivity can be reached upon further
doping, when the chemical concentration of A reaches the solid solubility CssA . The solid solubility
measures the ability of a dopant to homogeneously dissolve in the Si lattice.

Precipitates and clusters show the following fundamental differences. Precipitates contain many
thousands of dopant atoms, occupy regions of a crystal where they form a new phase and lead
to a saturating charge carrier concentration for CA > CssA . Clusters are specifically configured
complexes of a few atoms, which are usually found in equilbrium with unclustered dopant atoms.
This means that for any concentration CA there is a clustered dopant fraction Cclus

A /CA and no
saturation for the charge carrier concentration occurs.

Dopant precipitates

If the concentration of an impurity exceeds its solid solubility limit, the configuration of an Si
lattice with homogeneously dissolved impurities is no longer the phase with the lowest free energy.

8Remember that [] denote a specific direction, 〈〉 denote a family of equivalent directions, ( ) denote a specific
plane and { } denote a family of equivalent planes.
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Fig. 2.9.: SiP precipitates. Si has been im-
planted with a P dose of 1.5·1017 cm−2 lead-
ing to a peak concentration above 1022 cm−3.
The figure shows a TEM micrograph taken after
30 min annealing at 1000 ◦C. Taken from Solmi
et al. (1996).

Picture a Si lattice where half of the Si atoms are replaced by P atoms. The configuration stable
for the four valence electrons of Si cannot be stable for the five valence electrons of P. The novel
phase that forms in this case is SiP, see Fig. 2.9. For very high O concentrations, the stable phase
is SiO2. Similar considerations apply also to boron. For phosphorus, the formation of precipitates
is generally accepted to be the dominating deactivation mechanism (Nobili et al., 1982).

Clusters

A prominent example for dopant clusters in the discussions that will follow is the boron inter-
stitial cluster (BIC), as sketched in Fig. 2.10. BICs exist in different sizes, configurations and
compositions and are denoted as BmIn (see e.g. the review by Pichler, 2002). One of the most
important consequences of BICs has been observed by Haynes et al. (1996), who measured the
density of {311} defects for different values of B background doping. As will become clearer later
on, for increasing B background concentrations more Is bind to B in form of BICs. This then
affects the density of {311} defects and other large-scale implantation-induced defects (Bonafos
et al., 1997). This will be thoroughly discussed in Chap. 3.

presence of two Bs atoms. An alternative view is that BI
pairs represent a strain-free addition to a lattice, favoring
BnI n clusters. In addition, comparing this result to the lowest
formation energy of B2BI I 2(Ef56.5 eV), we found that the
formation energy of the structure shown in Fig. 5~b! is 0.9
eV lower. Analysis of the bond lengths in the two structures
showed that B3I 3 has 12 out of 14 bonds unstrained, as men-
tioned above, while B2BI I 2 has only two out of 15 bonds
unstrained.

C. Results for B 4I3

The most stable structure found for this kind of cluster is
shown in Fig. 6. This structure is very symmetric: all three
self-interstitials are bonded with only three boron atoms. The
four outer bond lengths in the upper two four-atom rings are
all the same: 2.47 Å. The bond length of the bond shared by
the two upper rings is 2.39 Å. Two inner bond lengths are
both 2.36 Å. The other two bond lengths in the lower four-
atom ring ~outer bonds in the lower ring! are both 2.53 Å.
This highly symmetric structure has a formation energy of
5.4 eV.

Let us summarize our analysis of the results of
BmI 3(m52,3,4). The lowest formation energies of these bo-
ron clusters are 6.8, 5.6, and 5.4 eV for B2I 3 , B3I 3 , and
B4I 3 , respectively. Thus, as for the BmI 2 clusters, the system
tolerates the presence of excess boron atoms in a cluster
better than excess interstitials.

VI. BORON CLUSTERS WITH FOUR INTERSTITIALS

A. Results for B 3I4

Limited searches were performed for this kind of cluster
starting from the same initial structure but changing the start-
ing random displacement of the atoms. The lowest energy
structure of this specific combination of boron clusters is
shown in Fig. 7. The formation energy of this structure is 7.8
eV. As expected, based on the smaller clusters, there is a
four-atom ring in this structure formed by two boron atoms
and two self-interstitials. The four B–I bond lengths com-
prising this ring are almost identical: 2.4260.02 Å. Despite
the common bond lengths, this structure is not very sym-
metric.

B. Results for B 4I4

Twenty three runs were performed to search for the pre-
ferred structures for this our largest cluster. Two low-energy
structures were found. One is shown in Fig. 8~a! with a for-
mation energy of 7.6 eV. In this structure, all the self-
interstitials are only bonded with boron atoms. EachI atom
is bonded with two B atoms. TwoI and two B atoms again
form a ring. In this ring, the four bond lengths are 2.43
60.02 Å.

The formation energy of the second structure is 6.9 eV,
which is 0.7 eV lower than the first one. However, the four
bond lengths in the ring in the second structure@Fig. 8~b!#
are not roughly equal to each other. The range of bond
lengths is from 2.32 to 2.54 Å, almost a 10% difference.

Given that relaxed bond lengths near 2.35 Å seem to be
preferred in general by BmI n clusters, this low energy struc-
ture does not fit the mold.

VII. DISCUSSION OF BmIn CLUSTERS

Now that we have described all the structures and for-
mation energies of the BmI n clusters we studied, we can
discuss the general principles that seem to be involved. From
the structures of the clusters, we found that when clusters
involved more than two self-interstitials and two boron at-
oms, these four atoms readily form a ring structure and the
B– I bond lengths in the ring are around 2.42 Å. In general,
symmetric structures have lower formation energy than
asymmetric ones. Short B–B bond lengths~2.0 Å! and a
value of 2.35 Å for B–I and B–~Si!s bond lengths out of the
ring are energetically favored.

The lowest formation energy for each kind of cluster is
shown in Table II. The data in brackets are the average en-
ergy per interstitial in the cluster. From the data in the table,
we can see that, for clusters with the same number of boron
atoms, the formation energy increases when the number of
self-interstitials in the cluster increase. But if we calculate
the formation energy per interstitial, we can see that when
the number of self-interstitials and boron atoms are the same,
the formation energy per self-interstitial is a minimum (B2I 2

is 1.9 eV/interstitial; B3I 3 is 1.9 eV/interstitial, and B4I 4 is
1.7 eV/interstitial!. So the energy penalty for adding an extra
self-interstitial is minimized when the number of self-
interstitials and boron atoms equal each other. From here, we
can conclude that, from the point of view of an energy pen-
alty, BnI n clusters are energetically favored if there are
enough self-interstitials for the boron clusters to capture.

The formation energies were also shown to depend criti-
cally on the fraction of unstrained bonds in the cluster~see
Table III!. The larger the fraction of unstrained bonds, the
lower the formation energy. As a rough estimate, we show
here that when the bond length is between 2.32 and 2.38 Å
(2.3560.03 Å), we consider it to be an unstrained bond. The

FIG. 6. Structure of the most stable B4I 3 cluster located. Key as in Fig. 1.
Ef55.4 eV.
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Fig. 2.10.: Structure of a B4I3 cluster. Si
lattice atoms are shown in gray, substitutional
B atoms are large and dark, white atoms are
interstitial B, and small dark atoms are Si
self-interstitials. Taken from Luo and Clancy
(2001).

2.2. Diffusion and reaction of defects in semicondutors

We briefly review general statements on diffusion-reaction equations and then carry on discussing
the foundations of dopant diffusion, in particular charging and pairing reactions of point defects.

2.2.1. Diffusion-reaction equations

We start by discussing Fick’s law of diffusion and the continuity equation.

Fick’s law of diffusion

Mobile particles that are spatially inhomogeneously distributed, move in order to equilibritate
this spatial inhomogenity and, by that, increase the entropy of the system. If the magnitude of
a concentration gradient ∇C, which characterizes the degree of inhomogenity, is small, the flux
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J(∇C) created as a response to the gradient can be well approximated by the first term of a
Taylor expansion J(∇C) =

∑
n αn∇C. This leads to Fick’s law (Fick, 1855)

J = −D∇C, (2.14)

where the constant D is called the diffusion coefficient of the particle.

The continuity equation

Conservation of mass can be reformulated in the continuity equation

∂tC = −∇J, (2.15)

stating that any change in the particle concentration in an infinitly small volume element must
be due to a flux through its surface. Inserting Fick’s law into the continuity equation we obtain

∂tC = ∇(D∇C) and ∂tC = D∆C if D = const, (2.16)

which is sometimes called Fick’s second law .

In general, we are interested in particles that can, beneath diffusing, be annihilated and created
by chemical reactions. To account for this, we introduce a reaction term Ri for a species i in
Eq. (2.16)

∂tCi = −∇Ji +Ri. (2.17)

This equation is part of a set of differential equations of a set of reacting species {i}. Ri is often
written as Ri = Gi − Ai where Gi is a generation and Ai an annihilation (recombination) term.
Eq. (2.17) defines a diffusion-reaction equation.

2.2.2. Charge states of point defects and dopant-point defect pairs

We saw before that if a dopant atom A is substitutional As, it is in general immobile, and if it
forms a pair complex with a point defect AX, it can migrate. Thus, to understand diffusion of
dopants, we must first understand the point defects I and V. In particular, we are interested in
the different charge states z of a point defect. Depending on its charge state, its density varies
with the electrical potential φ(x) present in the crystal. Just as we obtained the dependence of
the electron density φ(x) in Eq. (2.5), we will derive expressions for the density of charged point
defects. Much more extensive presentations of the following were given by Fahey et al. (1989)
and Pichler (2004).

Equilibrium concentration of charged point defects

Consider a point defect that is electrically neutral X0 and intrinsic doping, i.e. the Fermi level has
the intrinsic value Eintr

F . The concentration of X0 can then be obtained using the thermodynamic
considerations of the preceding section, see Eq. (2.3)

CX0 = κXe
−HX/kT , (2.18)

where HX is the formation enthalpy and κX = CSiΘXe
SX , where CSi is the concentration of

available lattice sites for X, ΘX the internal degree of freedom of X and SX its associated
formation entropy. All of these quantities have already been discussed in the context of Eqs. (2.3).

The energy levels of the point defect can be occupied with electrons or holes if the Fermi level
is changed from the value Eintr

F , as illustrated in Fig. 2.11. The probability for acquiring one
electron is determined by the probability e−(EXz−EF )/kT /Z of finding an electron in a higher
energy state. Here, EXz denotes the charged defect level of the point defect (Shockley and Last,
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A localized Qaw such as a vacancy-interstitial pair, gold atom, or small void is considered. It is found
that the charge situation can be described by a set of energy levels which are independent of the Fermi
level but which are temperature-dependent. If the Qaw is electrically neutral for a certain position of the
Fermi level, then as the Fermi level is raised from the neutral level successively above each higher-lying
level of the set, the fiaw acquires an additional electron unit of negative charge. These levels are called the
erst-acceptor level, second-acceptor level, etc. The energy levels are essentially equal to kT in(Z&/Zs),
where 2& and Z2 are the contributions of the Qaw to the state sum for the system for the two conditions
of charge. Similarly, as the Fermi level is lowered below the neutral point, it passes the 6rst-donor level,
second-donor level, etc. , and the Qaw acquires charges of plus one, plus two, etc. The statistics are derived
for the distribution for the various conditions of charge, referred to as 6rst-donor condition, neutral condi-
tion, 6rst-acceptor condition, etc.

1. INTRODUCTION
' 'T has now been well established that gold and copper
~ ~ impurities in germanium introduce a series of levels
in which the impurity center has charges which may
vary from +1 to —3 electronic charges. The most
elegant evidence has been published by Woodbury and
Tyler' and makes use of the fact that an impurity of
charge —2 contributes approximately twice as much
impurity scattering as two separated charges of —1
each.

The statistics of defects with several trapping levels
in semiconductors has been treated brieQy by Lands-
berg, ' and another treatment has been given by
Champness. ' However, a simplified and consistent
scheme which lends itself to incorporation in the
customary energy-level diagrams for semiconductors
has not apparently been published.

It is possible to develop such a scheme which is
applicable in much the same way as the simpler
diagrams for group V donors and group III acceptors
and this leads to a relatively simple conceptual structure

for describing and interpreting the changing charge on
the defect as the Fermi level and temperature vary.

For the purpose of distinguishing between imper-
fections with multiple possibilities for charge condition
and ordinary donors and acceptors, in this article they
shall be referred to as Qaws. The number of Qaws per
unit volume is then Ef. This eliminates difhculties with
subscripts tt (acceptor), d (donor), c (conduction),
i (intrinsic) which might arise from using center, defect,
or imperfection. The theory for Qaws discussed here is
probably applicable to any localized. imperfection, such
as a vacancy-interstitial pair, a small dislocation loop,
or an inclusion, provided that the dimensions are small
compared to a Debye length for the mobile carriers
present. No attempt will be made to ascertain the
limits of validity and the Qaws concerned can be best
thought of as substitutional or interstitial atoms.

The theory is also restricted to such low densities of
Qaws that interactions between them can be neglected.
No consideration is given to special eGects due to de-
generacy in the hole or electron gases.

2. PROPOSED ENERGY-LEVEL DIAGRAM
Ec.- t

I

I

0

I
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FiG. 1. Energy-level scheme for a Raw with possible charge
conditions 1, 0, —1, and —2. (a) The energy levels and their
notation; (b) the energy band diagram; (c)—(f) the dependence
of charge condition upon the Fermi level. [To be consistent with
the text, Ee should be replaced by E~e in (a).j

' H. H. Woodbury and W. W. Tyler, Phys. Rev. 105, 84 (1957).' P. T. Landsberg, Proc. Phys. Soc. (London) A65, 604 (1956).' C. H. Champness, Proc. Phys. Soc. (London) B69, 1335
(1956).

Figures 1 and 2 show the proposed energy-level
diagram and the relationship between Fermi level and
charge. For the particular example considered, it is
supposed that the Qaw may exist in four charge condi-
tions: +1,0, —1, and —2. These conditions are referred
to as the 6rst-donor, neutral, first-acceptor, and second-
acceptor states.

To a good, but not perfect, approximation a Qaw
with the energy-level scheme of Fig. 1(a) acts like a
group of three imperfections consisting of a donor and
two acceptors with ionization energies of E,—E~~ for
electrons and Ej,—8, and E2,—E, for holes, respec-
tively. The functional dependence of the charge upon
the Qaw is closely represented by the combined behavior
of the three separate imperfections.

As a preface to the exposition, it should be noted that
by definition a donor with energy level E~ has a net
charge of +1 when the Fermi level Zt is well below Ee,

392

Fig. 2.11.: Occupation of enery levels of a point
defect in dependence of the Fermi level. (a)
Charge state energy levels of the point defect
relative to valence and conduction band edges.
(b) The charge state has a donor level marked
by an o. (c) The donor level has donated an
electron to the valence band and is thus unoc-
cupied. (d) The point defect is uncharged as
the donor level is occupied. (e)-(f) The accep-
tor levels have captured electrons and become
charged. Taken from Shockley and Last (1957).

1957) and Z is a normalization constant. The concentration of charged point defects relative
to neutral point defects is thus determined by the distance of the levels from the Fermi edge
∆EXz(EF ), e.g. ∆EX− = EX−−EF , ∆EX= = EX−+EX=−2EF and so on (Shockley and Last,
1957).9 It is thus given by

CXz = CX0e−∆EXz (EF )/kT (2.19)

It is important to note that Eq. (2.19) not only means that relative concentrations of intrinsic
charged point defects depend on the doping level, but, at least in equilibrium, also the total
number of intrinsic point defects CX =

∑
cCXz . It is equally worth to mention that point defects

can be charged with two electrons or holes, although one might think that Coulomb repulsion
forbids this. Other effects, like the saturation of dangling bonds, can be energetically more
important (Watkins and Troxell, 1980).

Dividing Eq. (2.19) by its intrinsic value,10 the charge levels EXz drop out of the equation and
one obtains a simple expression for the relative occupation of charge level z

CXz/C intr
Xz = e−z(EF−E

intr
F )/kT . (2.20)

Since also (n/ni)
m = em(EF−Eintr

F )/kT , see Eq. (2.5),

CXz/C intr
Xz =

( n
ni

)−z
. (2.21)

As CX0 = C intr
X0 we can use Eq. (2.21) together with Eq. (2.19) to obtain via CXz

CX0
=

CXzC
intr
Xz

Cintr
Xz CX0

the

explicit and simple expression

CXz = kXzCX0

( n
ni

)−z
, (2.22)

where kXz = e−∆Eintr
Xz /kT only depends on temperature.11 CXz is thus the concentration of X

with an occupied level z.

Equilibrium concentration of charged dopant-point-defect pairs

If the system of a crystal with point defects and dopant atoms is in equilibrium, we can obtain a
simple expression for the density of dopant-point-defect pairs. Then, similarly to the thermody-
namic calculation of the expression for a single point defect in Eq. (2.3) for the assumption of a
dilute solute, the dopant-point-defect pair AζX0 concentration is obtained as (Lidiard, 1960; Hu,

9Note that the second expression is obtained by multiplying the probabilities for finding the point defect charged
with one electrons times the probability of finding it charged with two electrons.

10which can be obtained from Eq. (2.19) by inserting EF = Eintr
F .

11∆Eintr
Xz = ∆EXz (Eintr

F ).
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1969)

CAζX0 = ΘAζXz

CζAC
0
X

CSi
eEAζX0/kT , (2.23)

where EAζX0 is the binding energy which is gained when the pair is formed, ΘAζX0 is the number
of different ways of forming the pair. As in most realisitic cases CAζX0 � CA, the dilute solution
approximation works fairly well. The concentration of a charged pair, formed by the dopant atom
and a point defect in charge state z, is obtained (Fahey et al., 1989), using Eq. (2.22)

CAζXz = kAζXzCAζCXz , (2.24)

where kAζXz = ΘAζXzeEAζXz/kT /CSi is a constant depending only on temperature (Fahey et al.,
1989). For us only ζ = ±1 for donors and acceptors, respectively, is relevant. Usually then, due
to Coulomb repulsion, one will only find pairs in which the intrinsic point defect carries charge
z = −ζ − 1,−ζ,−ζ + 1, such that the total charge of the pair is z + ζ = −1, 0, 1. Eq. (2.24) can
further be reduced, using Eq. (2.22), and one obtains

CAζXz = kAζXzCAζkXz

( n
ni

)−z
CX0 . (2.25)

2.2.3. Dopant diffusion

The fundamental reactions of Is and Vs with a dopant atom A, which are the foundation for any
theory of dopant diffusion in Si, are

I +A
 AI (2.26a)

V +A
 AV (2.26b)

I +AV 
 A (2.26c)

V +AI 
 A (2.26d)

I + V 
 0. (2.26e)

The forward direction of Eq. (2.26a) is known as kick-out reaction (Gösele and Morehead, 1981),
and Eqs. (2.26c) and (2.26d) are called Frank Turnbull reactions (Frank and Turnbull, 1956).
In writing down these equations, we did not explicitely account for two further equations often
found in the literature, which refer to the dopant atom in an interstitial position Ai, where it is
mobile, too. These equations can be obtained from the above by replacing AI with an interstitial
dopant atom Ai. We keep in mind that throughout this work, Eqs. (2.26a) and (2.26d) are an
effective description of processes involving diffusion via AI and Ai.

Fick’s law for AI and AV now reads

JA =
∑

X=I,V

JAX and JAX = −dAX∂xCAX for n = ni, (2.27)

where dAX is the diffusion constant of AX.12 When dopants and thus charges are homogeneously
distributed n(x) = n, e.g. for intrinsic conditions, no electric potential is present that can addi-
tionally decelerate or accelerate a charged pair. Then, Eq. (2.27) gives the whole AX current.
Usually though, we are interested in extrinsic concentrations and inhomogeneous charge distri-
butions. Consider the case of a substitutional donor atom A+, which tends to form pairs with
charged point defects of charge states z, where z is likely to take values −2,−1, 0. The charge
state of the AX pair is then 1 + z and determines an additional drift current that is added to the

12Note that dAX is the actual diffusivity of AX. This is in contrast to an effective diffusivity DAX , introduced
later on.
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diffusion current of Eq. (4.20), giving

JA+Xz = −dA+Xz∂xCA+Xz︸ ︷︷ ︸
diffusion

+ (1 + z)MA+XzCA+XzE︸ ︷︷ ︸
drift

, (2.28)

where MA+Xz is the mobility of the A+Xz pair and E is the electric field in the wafer. We will
later see in Sec. 4.2 that the major contributions of drift and diffusion current cancel, such that
solving Eq. (2.28) is much simplified.

In this introductory part, we content ourself with rewriting Eq. (2.28) using the Einstein
relation MA+Xz = qdA+Xz/kT to obtain

JA+Xz = −dA+Xz

(
∂xCA+Xz︸ ︷︷ ︸

diffusion

− (1 + z)
q

kT
CA+XzE︸ ︷︷ ︸

drift

)
. (2.29)

We can now use Eq. (2.5) in the form n(x) = nie
qφ(x)/kT , where the finite φ(x) comes from

inhomogeneous doping with A+. Inverting this yields φ(x) = kT
q ln

(
n
ni

)
and allows to obtain the

electrical field E(x) = −∂xφ(x) as

E(x) = −kT
q
∂x ln

( n
ni

)
(2.30)

Inserting this in Eq. (2.29) one obtains

JA+Xz = −dA+Xz

(
∂xCA+Xz + (1 + z)CA+Xz∂x ln

( n
ni

))
. (2.31)

This holds true for any species carrying a charge z, in particular for point defects X

JXz = −dX
(
∂xCX + zCX∂x ln

( n
ni

))
. (2.32)

2.2.4. Oxidation and segregation

Having set up the diffusion equations for point defects and dopant-point-defect pairs, one needs
to specify boundary conditions to be able to solve them. Boundary conditions furthermore allow
to model interface segregation of dopants and chemical reactions at the surface like oxidation and
nitridation.

General boundary condition for point defects

At the Si surface or interface with a non-epitaxially grown material, a non-equilibrium concen-
tration of a native point defect can reach equilibrium without recombination. The reaction speed
of this process is characterized by the surface recombination velocity ksX , so that the associated
flux from the bulk through the boundary reads

JX |boundary = ksX(CX − C∗X). (2.33)

The flux through the boundary can strongly depend on a chemical reaction at the surface, dis-
cussed in the following.

Boundary condition for point defects during oxidation and nitridation of silicon

Both oxdiation and nitridation affect point defect concentrations in the crystal, which has to be
implemented as boundary conditions. These will depend on oxide growth, which will be modeled
in an additional equation, and the mere existence of a nitride. In the following, only oxidation
reactions shall be considered, for which sufficiently high O2 pressures prevail and stable SiO2
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grows in a controlled way. For lower pressures, volatile SiO would form in an uncontrolled way
(Lander and Morrison, 1962).13 Nitridation, on the other hand, was e.g. intensively studied by
Hayafuji and Kajiwara (1982). Here, the general observation is that a nitride film grows only to
a maximum thickness of a few nanometer as it acts as a very good diffusion barrier.

With an oxide or nitride on top of the Si crystal, stress occurs at the boundary due to the non-
epitaxially grown nature of the toplayer. Cowern (2007) gives a simple picture for the physics
involved in this situtation. During the formation of Is or Vs at the surface, the surface energy is
unchanged so that the energetics is completely determined by the energy cost of reducing (I) or
expanding (V) the crystal volume against the pressure p. In the case of thermal oxide growth,
the stress in the overlayer, i.e. the growing oxide, is compressive, i.e. negative. Consequently, a
supersaturation of Is and an undersaturation of Vs is predicted. Furthermore, also the chemical
reaction of oxidation produces itself additional Is. In the case of a nitride toplayer, the stress is
tensile and vacancies are injected. These effects have been e.g. studied by measuring the growth
of stacking faults, which is strongly influenced by point-defect densities.14

It remains to discuss a model for the actual growth of the material. The most prominent
one has been proposed by Deal and Grove (1965). They described the oxide thickness x by the
differential equation

ẋ =
B

2x+A
⇒ x =

1

2
A(

√
1 + 4

B

A2
t− 1), (2.34)

for x(0) = 0 and with fitting constants A and B. With this growth velocity ẋ, an appropriate
extension of Eq. (2.33) can be defined15

JX|bound = θkOx2ẋCSi
CX

C∗X
− (ks + kOx1ẋ)(CX − C∗X) (2.35)

where θ, kOx1 and kOx2 are constants that establish the relation to the growth velocity ẋ of the
oxide layer.

A specific boundary condition for dopants and interstitials: segregation

Finally, a boundary condition that models segregation shall be introduced. In brief, p-type
impurities such as boron, gallium and indium are usually observed to deplete from silicon and
segregate to SiO2 (Thurmond, 1960), while n-type impurities such as phosphorus, antimony, and
arsenic segregate in a pile-up at the interface (Lau et al., 1989).

The simplest boundary condition that describes flux between SiO2 and Si is given by

J = ktrans(C
a − Cb

m
) (2.36)

where ktrans is the transport coefficient, Ca and Cb are concentrations on either side of the
boundary and m is the segregation coefficient. In equiblibrium, i.e. for J = 0, m = Cbeq/C

a
eq. This

model can obviously not describe a pile-up phenomenon at the interface, which will be discussed
in Chap. 4.

2.3. Beamline and plasma ion implantation

The ion implantation technology is the most frequently used doping technology in micro- and
power electronics but has only recently become relevant for solar cells. In the following subsection,

13This is usually prevented by allowing for finite fractions of O2 also in inert processes, as e.g. done by Solmi et al.
(1996) or Downey et al. (1999).

14Early references on that were authored by Gösele and Strunk (1979), Francis and Dobson (1979) and Ahn et al.
(1988).

15The following equation is used in Sentaurus Process (SP, 2012), as employed in our calculations.
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we present its basic features.

2.3.1. Fundamentals

The physics of ion implantation can be summarized as follows. Starting from a source, a voltage
accelerates ions towards a substrate. After hitting and entering the substrate, an ion travels
through the crystal. This process can be approximated as a cascade of consecutive inelastic
collisions of the ion with atom cores. Such a process is chaotic (see e.g. Krauth, 2006, Chap. 2)
and can therefore be described statistically. A typical dopant concentration profile, which results
from ion implantation can therefore be well described by an analytical distribution, which often is
of modified Gaussian or Pearson type. One observation is that crystal symmetry typically leads
to a distribution with an attached exponential tail: The phenomenon that ions travelling along
axes of high symmetry suffer less collisions and thus penetrate deeper into the crystal than others
is called channeling . Channeling is usually undesired. It can be reduced using implantation into
tilted samples.16

Sometimes, it is advantageous to implant molecular species. The implantation of molecules
can be pictured as a seperate implantation of the constituting species of the molecule. This is
justified as the implantation energy is typically of the order of keV while the molecular binding
energy is only of the order of some eV. When hitting the Si surface, the molecule breaks up into
its constituents each of which travel indepently through the crystal. The only quantity one needs
to know is therefore the kinetic energy of each species. For the example of BF2 implantation, one
obtains for these energies in their dependence on the energy of the implanted molecule

EBF2 = mBF2v
2 = (mB + 2mF)v2

such that EB =
mB

mBF2

EBF2 and EF =
mF

mBF2

EBF2 (2.37)

The relevant atomic weights are mB h 11 u and mF h 19 u, which gives for BF2 mBF2 h 50 u.
Thus mB

mBF2
' 1

5 .

2.3.2. Implantation damage and amorphization

The much more interesting question than the mere form of the implanted doping profile is the
damage caused by the collision cascade of ions traveling through the crystal. If not properly
annealed, this damage degrades the electronic properties of the sample. If the damage exceeds a
certain threshold the crystal becomes amorphized.

General picture

During the collision cascade the kinetic energy of implanted ions is transferred to the Si lattice
atoms. If the energy transfer of a single collision is higher than around 15 eV (Jain et al., 2002),
the Si lattice atom is displaced and a V and an I are created, a Frenkel pair . The recoiled I
and the primary atom then travel through the crystal, generating new collisions and thus new
Frenkel pairs by the same process and so on till all initial kinetic energy has been absorbed by the
lattice. If the number of collisions exceeds a certain threshold, the crystal becomes amorphized.
In Fig. 2.12, the number of generated Is, Vs and the amorphous region are shown for a typical
example.

For practical purposes one usually does not invoke the microscopic picture of implantation
damage as consisting in a certain number of displaced Si atoms. One rather categorizes the
associated defects, which appear during subsequent annealing processes as e.g. done in the review
of Jones et al. (1988). These authors distinguish five categories: Category I defects occur for non-
amorphizing implantations. Category II defects refer to the end-of-range (EOR) damage beyond

16Typically, {100} planes are tilted by an angle of around 7 ◦.
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Fig. 2.12.: Implantation damage. Monte Carlo
Simulation using Sentaurus Process (SP, 2012)
for a phosphorus dose of 4·1015 cm−2 implanted
at 10 keV. The horizontal lines depict the amor-
ph/crystalline (a/c) boundaries. The dashed

yellow line depicts the value of
∣∣∣C impl

I − C impl
V

∣∣∣
beyond the amorphized region, which survives
solid- phase-epitaxial regrowth (SPER). The fig-
ure is similar to a depiction shown by Giles
(1991).

the amorph/crystalline (a/c) boundary. Category III defects are associated with the solid-phase-
epitaxial regrowth (SPER) of a simple amorphous layer, while Category IV defects result from a
buried amorphized layer. Category V defects arise from exceeding the solid solubility limit of the
implanted dopant.

Fig. 2.13.: Condensation of Is to form a dislo-
cation loop. Taken from Hull and Bacon (2011,
p. 57).

To conclude the general picture, it shall briefly be illustrated what happens to the implantation
damage of Fig. 2.12 during annealing. This provides a basic introduction to the results of Chap. 3.
Many of the implantation-generated Is and Vs recombine in the very early steps of the annealing
if Is and Vs are not seperated by a too large distance. For non-amorphizing conditions, therefore,
only approximately one I per implanted ion survives, which in common modeling approaches
is refered to as “+1 model” (Giles, 1991). This surviving macroscopically large number of Is
then undergoes, depending on thermal activation and other process conditions, diverse defect
formation processes. The most prominent example in the context of the present work is the
formation of dislocation loops as a result of ion implantation (Comer, 1978). Their formation can
be pictured in the simplest way as a condensation of the implantation-generated Is in form of two
attached disk-shaped extra {111} planes between two neighbouring {111} planes, as illustrated
in Fig. 2.13. The boundary of such a disk is then a Frank partial dislocation, as discussed in the
previous section.

Amorphization and solid phase epitaxial regrowth

Amorphization occurs when the number of generated Is exceeds a certain threshold, which can
be estimated to be around 10 % of the atomic density of Si 5·1022 cm−3 (Keys, 2001). A review
on amorphization has been authored by Pelaz et al. (2004), and here, we shall only discuss some
fundamental statements.

Suzuki et al. (2006) discussed the fundemental question whether and to which depth amorphiza-
tion occurs. They argued that the accumulated damage beyond the a/c boundary is proportional
to the ion dose dc that passed through the a/c interface, i.e. is found in the crystalline region.
This fraction of ions had a particularly high energy when travelling through the amorphized re-
gion. In terms of dc one finds a simple relation to the critical dose for amorphization: dcrit = 2dc.
For B, Suzuki et al. (2006) give dB

crit = 3·1016 cm−2 and for P, dP
crit ' 8·1014 cm−2. These are
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rough figures that have to be corrected for extreme temperatures. For BF2 implantation, one can
estimate dBF2

crit ' 1·1014 cm−2 (SP, 2012). In this case, the damage caused by the independently
moving B and F atoms is added.

During the initial phase of the annealing process, below 600 ◦C, the amorphized region recrys-
tallizes in a process called solid phase epitaxial regrowth (SPER). The main question about SPER
is how much and which kinds of defects survive after its termination. The so-called dynamic an-
nealing , i.e. defect evolution induced by implantation-induced heat, may produce extended defects
already before a defined annealing step (Chun et al., 2011). If this can be avoided, as claimed
by the producers of continuous flux plasma implantation devices, SPER can lead to an almost
defect free activation which potentially allows to omit a defined annealing step (Chun et al., 2011,
2012). This statement has to be critically questioned as the I oversaturation in the crystalline
region cannot be avoided by this method.

Modeling ion implantation

For the modeling of ion implantation, we rely entirely on the capability of Sentaurus Process
(SP, 2012). This tool is able to calculate implanted profiles by simulating the collision cascades
mentioned before using Monte Carlo sampling of particle trajectories. This modeling is predic-
tive. Resulting distributions can also be fitted by analyitcal expressions for most conventional
situations, as e.g. done in the model of Hobler and Selberherr (1988). In many situations, it
suffices to use such a fitted analytical expression from the data base of Sentaurus Process.

2.3.3. Plasma implantation for photovoltaics

As all potential implanters for solar cell production are not conventional beamline implanters,
but implant from a plasma source, we briefly outline general features. The advantage of plasma
implantation as compared to beamline ion implantation is the high implantation dose rate and in-
strument simplicity. Standard references on plasma immersion implantation, one of most popular
types of plasma implantation, were authored by Chu et al. (2000) and Anders (2002).

General features

In contrast to beamline ion implantation, plasma implantation involves the implantation of several
species at the same time as particles are not mass seperated. Furthermore, the energy distribution
of each of these species is not just a near-delta function as for beamline implantation, but a non-
trivial distribution that depends on the implantation conditions. The typical plasma implantation
profile is not just simply Gaussian shaped, but rather peaked close to the surface, as shown in
Fig. 2.14. The peak close to the surface is due to the fact that a high fraction of the implanted ions
undergo collisions in the dense Debye sheath close to the substrate electrode. These collisions
decelerate ions to an almost thermal distribution so that many atoms enter the substrate at
almost 0 keV. It will turn out that the detailed shape of the as-implanted profile is often not very
important for configurations subsequent to annealing. Also do the high diffusivities of typical
non-dopant constituents of plasma sources, as e.g. F and H, ensure them to rapidly escape (Chu
et al., 2000).

An example for the relative abundance of species in a BF3 plasma and their respective energy
distributions, which lead to profiles as shown in Fig. 2.14, is shown in Fig. 2.15. While estimates
for the relative abundance are frequently found in the literature (see e.g. Koo et al., 2004) and
given by the plasma implanter manufacturers, the resolution of the energy distribution for plasma
doping was first achieved by Godet et al. (2006) and Godet (2006). Current modeling approaches
for plasma doping do not account for the complicated structure of the energy distributions, as
shown in the right panel of Fig. 2.15, but assume an analytical, empirically found effective energy
distribution for only one species (Linder and Cheung, 2001; Burenkov et al., 2011). The profiles
of Fig. 2.14 can e.g. be obtained with a superposition of two exponential distributions (Burenkov
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the tail part of the implantation profile. The second term in (1) 
is also responsible for the reproduction of the channeling part 
of the boron profile that can appear at the initial stage of ion 
implantation, before the silicon amorphization dose is 
achieved. It should be noted that ion doses in the range of 1015 
to 1017 cm-2 considered here during BF3 plasma implantation 
all exceed the critical dose needed for silicon amorphization. 
In conventional ion implantation of BF2 a dose of 1·1015 cm-2 
already leads to silicon amorphization [5].   

Equation (1) for the energetic spectrum of the boron ions 
simplifies the actual rather complicated physics of the ion 
extraction from the plasma. From BF3 plasma, different 
positive ions containing boron, namely BF2, BF, and B are 
extracted. For the time being, interactions of different species 
in BF3 plasma are not well quantified and, therefore, we 
assume a simplified energetic profile described by Eq. (1). The 
energy distribution (1) has a peak at zero energy and 
continuously decreases with energy. Such a distribution with 
the peak of the energy distribution at zero energy qualitatively 
corresponds to the results of Linder et al. [6] obtained by 
means of numerical plasma simulation for the case of pulsed 
ion extraction. 

III. EXPERIMENTAL RESULTS, COMPARISON WITH 
SIMULATION 

In this work, we investigate boron profiles in silicon 
obtained for the same extraction voltage but for different 
implantation fluxes. The ion extraction was done using pulses 
of a negative voltage of 6.5 keV applied to the implantation 
target. The ion dose in a PIII machine with a periodically 
pulsed extraction is proportional to the total implantation time, 
if other parameters of the plasma and of the plasma reactor 
remain unchanged. Although the silicon target changes 
significantly on a microscopic scale due to ion implantation, 
essential properties of the target as a part of the PIII reactor 
remain unchanged. For low ion implantation doses, a 
proportionality of doping concentration to the dose is typical. 
Here, due to higher doses and a very high doping 
concentration at the surface, deviations from such 
proportionality can appear. 

 To check if the boron concentration increases proportional 
of the implantation dose, we compare the boron profile 
obtained at lowest implantation flux of 1•1015 cm-2 with the 
profiles obtained at 1•1016 cm-2 and 1•1017 cm-2. Boron 
implantation profiles after PIII were measured using the SIMS 
method. For a better comparability, we divide the 
concentration in the 1•1016 cm-2 profile by 10 and in the 
1•1017 cm-2 profile by 100 and overlay the profiles in one 
figure. If all three profiles normalized in this manner coincide, 
then the assumption of proportionality to the implantation flux 
is justified. Figure 1 shows that the normalized profiles do not 
completely coincide. For the two lower doses of 1•1015 cm-2 

and 1•1016 cm-2 the normalized distributions coincide at 
smaller depths below 15 nm, but differ at larger depths. For 
the highest implantation dose of 1•1017 cm-2, the maximum of 
the profile near the surface is wider and lower in comparison 

to lower doses. These deviations from the proportionality to 
the dose can be explained by three physical effects: swelling, 
sputtering and ion beam mixing. The simulation approach 
presented in Section II takes into account all these effects in 
terms of the theory of binary atomic collisions. To account for 
the swelling, sputtering and ion beam mixing, not only the 
trajectories of the primary ions have to be simulated, but also 
the movement of the recoils in the target including the recoils 
of implanted impurities. 

Fig. 2: BF3 plasma implantation: Comparison of the boron profiles measured 
for three different doses but normalized for a dose of 1·1015 cm-2

In Figure 2, the Maxwell-Boltzmann energy distribution with a 
mean energy of boron atoms of 6.5 keV in a combination with 
a uniform angular distribution was used. Such distribution is 
typical for high temperature plasmas. However, for the plasma 
implantation conditions used here, agreement is limited.  

 

Fig. 3: BF3 plasma implantation: Comparison of simulation assuming a 
Maxwell-Boltzmann energy distribution for boron ions (dashed line) and 

measurement (continous line) for a dose of 1·1016 cm-2 

The measured PIII profile has a much higher maximum and 
the location of the maximum is much closer to the surface in 
comparison to the result of the simulation based on the 
Maxwell-Boltzmann distribution of the boron ions. This 
means that the energetic spectrum of the boron ions from a 

Fig. 2.14.: Left panel: Typical PIII implantation profile, which is here obtained for BF3 implantation
at an extraction voltage of 6.5 keV and three different doses. All profiles are normalized to the 1015 cm−2

profile. Taken from Burenkov et al. (2011). Right panel: Comparison of profiles obtained after mass-
seperated (MA) and non-mass-seperated (NMA) implantations. The NMA implantation was done with a
continuous flux plasma implantation. Taken from Hieslmair et al. (2012a). Hieslmair et al. (2012a) uses
the term mass-analyzed equivalently to mass-seperated.

et al., 2011). In the following, we present the two concepts used for implantation and report on
their viability for the PV application.
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Fig. 9. Time-averaged ion mass spectra for pulsed BF plasma: 55 mtorr
and �1.0-kV pulsed bias. Bulk plasma data (top) show a BF -dominated
distribution, while the accelerated ion species distribution has increased BF
and B components.

the estimated pulse-on periods based on the ion transit time in-
side the Hiden EQP. Both Ar and BF signals peaked after
pulse-off (during pulse decaying period), which could be com-
pared to the time-resolved probe measurements shown in Figs. 4
and 5. Also, during the afterglow period, BF plasma decayed
faster than Ar plasma, and qualitatively corresponded to the
probe measurements shown in Figs. 4 and 5.

From the time-resolved IEDs shown in Figs. 7 and 8, we could
find a qualitative correlation between the probe data and the ion
energy distribution. First, Ar signal peaked during the pulse-
decaying period rather than at the end of the pulse-on period,
which could be compared to the probe measurements shown in
Fig. 4. Second, plasma did not decay out during the afterglow
period; rather, it always had some amount of cold plasma even at
the end of the afterglow period which was acting as seed plasma.

Fig. 9 shows the time-averaged ion mass spectra from pulsed
BF plasma at 55 mtorr and 1.0-kV wafer bias. The top graph
shows the bulk plasma data, where the plasma was generated
by the wafer bias while the anode plate and the EQP were
grounded. The bottom graph shows the mass spectra of ions
accelerated through the sheath, where the plasma was generated
by the negative bias voltages applied to the anode while the
cathode (wafer chuck) was grounded. The bulk plasma data
(top) show that BF is the dominant species, approximately

Fig. 10. Time-averaged ion ratios in BF plasma at different bias voltages.
Bulk plasma data at 0 V show a BF -dominated distribution, while the BF
and B components are increased in biased operations.

90% of the BF plasma. This observation was consistent for a
wide range of operating conditions, 11–55 mtorr of operating
pressures and up to 5 kV of cathode bias voltages. However,
the reversed bias setup showed increased signals of the BF
and B species.

Fig. 10 shows the relative abundances of BF , BF , BF ,
and B in BF plasma as the major ion species under var-
ious operating pressures and bias voltages. When the anode was
grounded and plasma was generated by cathode bias, the ratio
of different ions did not change much over a wide operating pa-
rameter range from 55 mtorr at 1.0 kV to 12 mtorr at 4.5 kV.
We expected a similar bulk plasma constituent in the anode bias
case because the major difference was the powered electrode
change from cathode to anode. As the anode voltage gradually
increased up to 4 kV, however, we saw the BF signal de-
creased from 90% down to 70%. Since there is no signifi-
cant change in the bulk plasma, we assume further molecular
fragmentation occurred during sheath acceleration. This is con-
sistent with the higher ratio of low-mass ions observed in mul-
tiple species ion implantation [14]. The other possibility for less
BF signal is related to ion transmission efficiency in the EQP
system. According to the signal intensity difference between the
bulk plasma data (top) and the accelerated ion species distribu-
tion (bottom), shown in Fig. 9, less than 4% of the bulk plasma
signal was observed in the reverse bias scheme. The reduction
ratio in signal may not be identical for all ion species.

IV. CONCLUSION

Plasma characterization in a pulsed plasma doping system
for semiconductor ion implantation has been carried out using

energy �500 eV�. The majority of these ions �91%� strike the
cathode with energy lower than 250 eV. The ion energy and
the lighter ion fraction slightly decrease with the pressure,
which should provide shallower dopant depth profile as con-
firmed by previous experiments.16 Figure 8 shows that BF2

+ is
the dominant ion reaching the cathode for all the different
process conditions and the fraction of BF3

+ is lower than 1%
of total ion flux. The increase of collisions inside the sheath
does not significantly affect the ratio between the different
ions.

IV. CALCULATION OF THE PREDICTED DOPANT
DEPTH PROFILE

The measured IED for all the boron and fluorine ions
implanted into the wafer was used as an input into an implant
simulation software. The SRIM was used to simulate and pre-
dict an implant profile and the results were compared to the
profiles measured by SIMS.21 Since SRIM only accepts
atomic ions, the BFx

+ �x=1,2 ,3� IEDs are converted into

equivalent boron IED Beq
+ and equivalent fluorine IEDs Feq

+

by using the following formulas:

E�Beq
+ � = E�BFx

+�
mB

mBFx
+
, �3�

E�Feq
+ � = E�BFx

+�
mF

mBFx
+
. �4�

Figure 9�a� shows the equivalent boron and fluorine IEDs
under the previous discharge conditions. As expected, the
majority of the boron and fluorine equivalent ion energies are
below 250 eV. Less energetic equivalent boron is obtained
for higher pressure, but the low energy tail is not signifi-
cantly affected �Fig. 9�b��. The equivalent boron and fluorine
energies are partitioned into energy bins with 10 eV incre-
ments. Each energy bin defines an ion dose fraction of the
total ion flux coming onto the wafer. The average energy of
each bin is used as the input energy for the SRIM simulation.
Then all the output depth profiles from SRIM are added up to
represent the predicted depth profile based on the IED of all
the ions striking the wafer. The predicted boron and fluorine
profiles are compared to the experimental boron and fluorine

FIG. 7. B+, BF+, BF2
+, and BF3

+ IED normalized to the total ion flux for
500 kV BF3 plasma at four different pressures: 100, 150, 200, and
250 mTorr.

FIG. 8. Ion ratio in a 500 V BF3 plasma with pressure ranging from
75 to 225 mTorr.

FIG. 9. �a� Boron and fluorine equivalent energies based on the 500 V,
100 mTorr IED of the ions reaching the wafer. �b� Boron equivalent energy
based on the 500 V IED of the ions reaching the wafer for a large range of
pressure �75–250 mTorr�.
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Fig. 2.15.: Left panel: Exemplary number ratio of dominant species in BF3 plasma. Taken from Koo
et al. (2004). Right panel: exemplary ion energy distribution (IED) of the same species. Taken from Godet
et al. (2006).

Plasma immersion ion implantation implantation

Plasma immersion ion implantation (PIII) was introduced by Conrad et al. (1987). Here, the
plasma is extracted by a pulsed voltage and the substrate is used as an electrode immersed in
the edge regions of the plasma heating chamber. Khánh et al. (1996), Barakel (2004), Torregrosa
et al. (2004) and Vervisch et al. (2006) studied extensively the viability of PIII for application
to PV processes, and reported proofs of concepts. Prinja et al. (2008) gave an overview about
plasma-implanted cells. Janssens et al. (2009), Perchec et al. (2012) and Lawerenz et al. (2012)
very recently produced good cells using PIII.
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Continuous flux implantation

An alternative to PIII is continuous flux plasma implantatation, which has become commercially
available in 2012. In Fig. 2.16, a mass production tool by INTEVAC Corp. is shown, which allows
PH2 implantation at a throughput of 2400 wafers per hour. In contrast to PIII, the architecture is
able to provide high implantation energies up to 100 keV. Hieslmair et al. (2012a) and Hieslmair
et al. (2012b) both reported well-performing solar cells produced with this tool.

Fig. 2.16.: Left panel: A commercialiced continuous flux plasma implanter by INTEVAC. Right panel:
Ion beam and substrate. Both panels were taken from Hieslmair et al. (2012a).

A relevant question for the further course of this work is whether the novel plasma implantation
concepts will amorphize or not. Fig. 2.17 shows the implant damage for the implantation of PH2

with the tool of Fig. 2.16. Comparing the amorphization depths with conventional beamline
implantations at the same dose and energy, obtained with Sentaurus Process (SP, 2012), we only
find neglibile differences. The plasma-implanted profile is though significantly shallower than the
beamline-implanted profile, as shown in the right panel of Fig. 2.14.
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Fig. 4. TEM images showing amorphization depths of various energies for doses of 1.5 to 3x1015 P/cm2. Also shown is TEM of the 
20keV sample after anneal with no observable defects in the re-grown amorphized layer. 

Fig. 4 shows TEM images of amorphized layers from NMA implantation of P at various energies. As 
the implant energy increases, the depth of the amorphized layer also increases. However, for energies less 
than 10keV, several effects need to be considered. One is an increase in sputtering rate of the surface. 
This becomes problematic for <2keV implants where the increased sputter rate begins to remove the 
implanted dose. Furthermore, during the anneal, some of the dose will be evaporated and/or lost in an 
oxide. This is exacerbated as the implant becomes shallower. An implant <5keV will require a 
significantly higher dose to maintain the same sheet resistance after anneal than a 20keV implant. 
Additionally, uniformity can become more difficult for low energy shallow implants if the final 
incorporated dose becomes more sensitive to local annealing conditions of the wafer and boat. 

4.2. Cell Results 

A group of 156mmx156mm pseudo-square mono-crystalline Si wafers were fabricated into solar cells 
using a standard cell line optimized for multi-crystalline wafers with 60 Ω/� POCl3 emitters and rear Al-
BSF. The line consisted of Centrotherm low pressure POCl3 furnace, Rena wet rear and isolation etch, 
Centrotherm PECVD SiNx, Baccini and Despatch printers and firing tools. One group of mono-crystalline 
wafers were passed through POCl3 diffusion for the emitter formation. The other group was implanted in 
the prototype implanter and annealed at Intevac. Both groups were then processed simultaneously through 
the rest of the line (post-POCl3). An efficiency improvement of 0.3% (absolute) was observed over the 
POCl3 emitters as shown in Table 1. The gain in efficiency was primarily due to an improvement in Voc to 
630mV with the NMA emitters. The prototype static implanter has a known dose loss near the corners of 
the wafers, which degrades the FF. When wafers from both groups were cut down to 125mm x 125mm, 
then the efficiency improvement of the implant over the POCl3 wafers widened to >0.5%. This non-
uniformity at the corners does not exist on the in-line high volume tool as can be seen in the sheet 
resistance map in Fig. 5a, demonstrating a uniformity of 2.2% (1 sigma/mean = 1 contour).  

Table 1. Improvement in cell performance by emitters from the prototype static implant tool vs a low pressure POCl3 diffusion.  

 
The IQE results from finished cells of this study are shown in Fig. 5b, and demonstrate improved blue 

light response over POCl3 emitter. Even with surface phosphorus concentrations suitable for Ag pastes 
(>3x1020 P/cm3), implanted homogenous emitters still tend to have better blue response for similar sheet 
resistances to diffused emitters as shown in Fig. 5b. The red IQE line is from the standard 60 Ω/� POCl3 
diffusion. The blue (NMA) and the gray (MA from [15]) IQE results are also 60 Ω/� and both show an 
improvement over POCl3 emitter. No discernable difference is observed between the NMA and the MA 
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Fig. 2.17.: Amorphization by plasma implan-
tation. TEM images showing amorphization
depths after implantation at various energies for
a dose of 1.5·1015 cm−2 to 3·1015 cm−2 and after
annealing for the 20 keV sample. Taken from
Hieslmair et al. (2012a).

2.4. Physics of solar cells

In order to understand the requirements on the solar cell material and its processing, one needs to
understand solar cells. The following brief introduction is based on Nelson (2007), Würfel (2000)
and Schumacher and Wettling (2001).

2.4.1. Performance characterisation and efficiency limit

The performance indicators of a solar cell are the short-circuit current Jsc, the open-circuit voltage
Voc, the fill factor FF and the efficiency η. After an explanation of these indicators, the theoretical
limit for η will be derived.

Characterisation

If a solar cell is exposed to light it develops a voltage or electromotive force. This voltage is
called open circuit voltage Voc if the contacts are isolated and no current flows. If, on the other
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hand, the contacts are directly connected, the short circuit current Jsc flows as response to the
electromotive force. Jsc depends on the spectrum of the incident light via the quantum efficiency
(QE), which is the probability that a photon of energy E delivers an electron to the external
circuit, via

Jsc = q

∫
dE bi(E)QE(E), (2.38)

where bi(E) is the spectral photon flux density due to illumination. In dark, most PV devices
behave like an ideal diode as described by the Shockley diode equation (Shockley, 1950)

Jdark(V ) = J0(eqV/kT − 1), (2.39)

where Jdark is the current flowing under the applied voltage V and J0 is the saturation current
density .

Consider now an illuminated cell that is connected to a load at which a voltage V drops. This
can be thought of to generate a reverse current, which is approximately described by Jdark, and
the overall current-voltage charateristic of the cell is therefore given as

J(V ) = Jsc − Jdark(V ), (2.40)

which is depicted in Fig. 2.18. From that, by J(Voc) = 0, one has

Voc =
kT

q
ln
(Jsc

J0
+ 1
)
. (2.41)

The generated power density of the solar cell is P = JV and reaches a maximum at a point
characterised by Vm and Jm. The fill factor FF is defined as the ratio

FF =
JmVm

JscVoc
(2.42)

and describes the “squareness” of the J-V curve. The solar cell efficiency η is defined as the
quotient of the maximum power and the incident light power density, so that

η =
JmVm

Ps
where Ps =

∫ ∞
0

dEEbi(E). (2.43)

It is obtained from the FF , Jsc and Voc via

η =
JscVocFF

Ps
. (2.44)
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Fig. 2.18.: Current-voltage characteristic of
ideal diode solar cell. As given by Eq. (2.40).
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Efficiency limit

In the following, the efficiency limit of c-Si solar cells shall be rederived following roughly the
presentation of Nelson (2007). It will become clear that there is still a high potential to improve
current c-Si solar cells.

The solar cell is a two-state system with a ground and an excited state. In thermal equilibrium,
the cell emits as much radiance as it absorbs and the total electron current must be zero. We
can now formulate this fundamental fact by expressing the total electron current as sum of the
currents associated with absorbtion (jabs(E)) and emission (jrad(E)) of the thermal photon flux
bt(E), respectively:

j(E) = jabs(E)− jrad(E) = 0

jabs(E) = q(1−R(E))a(E)bt(E),

jrad(E) = q(1−R(E))ε(E)bt(E), (2.45)

where R(E) is the reflectivity, a(E) the absorbtivity and ε(E) the emissivity of the cell. In
thermal equilibrium thus a(E) = ε(E) holds. Note that the preceding currents (j,jabs(E),jrad(E))
are more strictly speaking energy dependent current densities, in contrast to the total current
expressions (Jsc, Jdark) in the preceding subsection.

Under illumination, the current associated with absorbtion increases by an associated photon
flux bi(E). The current associated with emission increases due to a higher number of excited
electrons, which increases the probability for electron recombination with photon emission, i.e.
radiative recombination. Hence,

jabs(E) = q(1−R(E))a(E)(bi(E) + bt(E)) (2.46)

jrad(E,∆µ) = q(1−R(E))ε(E)be(E,∆µ),

where we accounted for the higher number of excited electrons by an increased chemical potential
∆µ > 0 which determines the emitted photon flux be(E,∆µ) > be(E,∆µ = 0). The total current,
in equilibrium a(E) = ε(E), thus reads

j(E) = jabs(E)− jrad(E,∆µ),

= q(1−R(E))a(E)(bi(E)− (be(E,∆µ)− bt(E))). (2.47)

The current jrad associated with radiative recombination is an unavoidable loss, which ultimately
limits the peformance of an ideal two-level solar cell.

To obtain the Shockley-Queisser limit , the efficency limit of an ideal solar cell, we consider
again Eq. (2.38) for Jsc, for which we can now specify the quantum efficiency in greater detail

Jsc = q

∫
dE bi(E)QE(E), where QE(E) = ηc(E)(1−R(E))a(E), (2.48)

where ηc(E) is the probability that an excited electron is collected by the external circuit. Ideality
of a solar cell is defined as

R(E) = 0 no reflectivity (2.49a)

ηc(E) = 1 no other loss than radiative recombination (2.49b)

a(E) =

{
0 E < Eg
1 E ≥ Eg complete absorbtivity (2.49c)

and we obtain for Jsc of an ideal cell

Jsc = q

∫ ∞
Eg

dEbi(E). (2.50)
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Note now that integrating the three terms in Eq. (2.47) over the energy E, which by the preceding
conditions now have a trivial prefactor, must yield Eq. (2.40). One can thus identify

J(V ) = Jsc −
Jdark︷ ︸︸ ︷

J0(eqV/kT − 1) (2.51a)

Jsc = q

∫ ∞
Eg

dE bi(E) (2.51b)

Jdark(V ) = q

∫ ∞
Eg

dE (be(E, qV )− bt(E, 0)) ⇒ J0 = q

∫ ∞
Eg

dE bt(E, 0) (2.51c)

where it was used that the voltage fixes the chemical potential ∆µ = qV (Araujo and Marti,
1994). It was furthermore used that the probability for electron relaxation (photon emission)
exponentially increases with increasing ∆µ = qV , be(E, qV ) = bt(E, 0)eqV/kT , as is usually the
case.17 The saturation current density J0 thus measures the recombination loss.

Taking the spectrum to be fixed, J(V ) only depends on the band gap Eg. For a small band
gap Eg, Jsc and J0 are high and for a large band gap low. If V becomes high and approaches
Voc, losses via J0 are exponentially increased and outweigh a high value of Jsc, so that the total
current J(V ) decreases. A small band gap is therefore beneficial for the photocurrent J(V ), i.e.
more electrons flow, and a high band gap beneficial for the voltage, i.e. the flowing electrons have
higher potential energy. The highest power production must thus be found at some intermediate
value of Eg.

The numeric result for the maximum achievable efficiency of a single-junction solar cell is
obtained by inserting the AM 1.5 solar spectrum for bi(E) in Eq. (2.51c) and calculating η as
given by Eq. (2.43). The result is shown in Fig. 2.19 and known as the Shockley-Queisser limit
(Shockley and Queisser, 1961). For a Si cell this means a maximum efficiency of 31 %. We point
out that current mass produced solar cells have efficiencies of about 16 %.

0.5 1.0 1.5 2.0 2.5
band gap Eg  (eV)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

ef
fic

ie
nc

y 
 

Si band gap

Fig. 2.19.: Efficiency versus band gap. Max-
imum efficiency of a two state solar cell as ob-
tained by Eq. (2.51c) for the AM 1.5 spectrum.
The band gap of Si is also shown. Calculation
done with a code of Byrnes (2012).

2.4.2. The p-n junction

Let us now briefly discuss some properties of the two-level system of a p-n junction. For this,
consider doping with CA acceptor atoms on the left side of the junction, and CD donor atoms on

17This can be quantified by assuming the solar cell and the sun to behave like black bodies which are, taking into
account a possibly non-zero value of ∆µ, described by a generalised form of Planck’s law (Würfel, 1982)

b(E,∆µ) =
2

h3c2
E2

e(E−∆µ)/kT − 1
.
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the right side of the junction. We rederive the charge carrier distribution and currents for this
setup, based on Ashcroft and Mermin (1976).

The unbiased p-n junction in equilibrium

The equilibrium carrier densities for electrons in a conduction band with edge εc and holes in a
valence band with edge εv in presence of a potential φ have been given in Eq. (2.5) as

n(x) = Nc(T ) exp
(
− εc − µ− qφ(x)

kT

)
, (2.52a)

p(x) = Pv(T ) exp
(
− µ− εv + qφ(x)

kT

)
. (2.52b)

Far away from the junction the carrier density is given by the concentration of ionized dopant
atoms,18 thus n(∞) = CD and p(−∞) = CA and the potential drop over the whole junction
therefore is

q∆φ0 = kT ln
CDCA
NcPv

where ∆φ0 = φ(∞)− φ(−∞). (2.53)

To determine the potential in the intermediate regions of the junction, we solve the Poisson
equation in one dimension

∂2
xφ(x) = −ρ(x)/ε, (2.54)

where ε is the permitivity of the medium, assumed to be constant, and ρ the charge density,
which we express as

ρ(x) = q(CD(x)− CA(x)− n(x) + p(x)). (2.55)

The self-consistent solution for n(x) and p(x) as subject to Eqs. (2.52) and 2.54 is obtained
invoking the following the picture. In the depletion region −dp < x < dn close to the junction
almost no carriers should be present: n(x) = 0 and p(x) = 0 for −dp < x < dn. Due to the high
concentration gradient, holes from the p-side have recombined with electrons from the n-side.
Imagining the p-n junction as a p-region, a depletion region and a n-region in series, almost all
potential drop occurs at the depletion region with its high resistance, so that, by Eq. (2.52),
n(x) = CD(x) and p(x) = CA(x) everywhere outside the depletion region. Using this ansatz we
insert Eq. (2.55) into Eq. (2.54) and obtain for φ(x) in the depletion region

∂2
xφ(x) = −qCA/ε, thus φ(x) = φ(−∞) + qCA(x+ dp)

2/(2ε) for − dp < x < 0 (2.56a)

∂2
xφ(x) = qCD/ε, thus φ(x) = φ(∞)− qCD(x− dn)2/(2ε) for 0 < x < dn (2.56b)

Requiring continuity of φ(x) and its first derivative at x = 0 allows to extract the values for dn
and dp. For typical doping densities of CD = 1019 cm−3 and CA = 1016 cm−3 in solar cells, one
obtains dn + dp ' dp = 35 nm (Schumacher and Wettling, 2001).

The biased p-n junction in a steady state

Consider now a bias V at the right side of the junction which, if positive, reduces ∆φ0 as

∆φ = ∆φ0 − V. (2.57)

Let us consider seperately the hole jp = qJp and electron jn = −qJn currents that occur due to the
bias V . Consider first the generation current . (i) A hole that is thermally excited on the n-side of
the depletion layer is immediately swept over to the p-side due to the potential drop ∆φ over the
depletion layer. As ∆φ0 � V , this effect is almost independent of V : Jgen

p (V ) = Jgen
p (0) ≡ Jgen

p .
(ii) Consider now one of the abundant holes of the p-side that aims to diffuse to the n-side driven

18This hold strictly for extrinsic doping conditions. For intrinsic conditions, the respective thermal carrier concen-
tration has to be used.
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by the concentration gradient. Such a hole will only arrive at the n-side if its energy is higher
than ∆φ. Eq. (2.52) implies that the excess potential qV increases the number of such holes
exponentially as J rec

p ∝ eqV/kT . As the total hole current Jp(V ) = J rec
p (V ) − Jgen

p (V ) must be

zero if no voltage is applied, J rec
p (0) = −Jgen

p and hence J rec
p (V ) = Jgen

p eqV/kT . Combing this, we
obtain the Shockley diode equation (Shockley, 1950), which we have already made use of before

J = qJ0(eqV/kT − 1) where J0 = (Jgen
p + Jgen

n ) (2.58)

as an analoguous argumentation holds for electrons.

The p-n junction in nonequilibrium

An illuminated solar cell is a p-n junction in non-equilibrium, in which the electron and hole
currents are described by

Jn = −Dn∂xn−MnnE , (2.59a)

Jp = −Dp∂xp+MppE , (2.59b)

where Dn,p are diffusion constants and Mn,p mobilities of electrons and holes, respectively. Note
that by solving Jn = Jp = 0 and employing the Einstein relation Mn,p = qDp,n/kT , integration
of Eq. (2.59) yields the equilibrium case Eq. (2.52). Let us now use the continuity equation

∂tn = −∂xJn + gn − rn, (2.60a)

∂tp = −∂xJp + gp − rp, (2.60b)

where rn,p and gn,p are recombination and generation terms. In steady state, i.e. ∂tn = 0 and
∂tp = 0, insertion of Eq. (2.59) yields the transport equations. For constant mobilities and
diffusion coefficients, they take the simple form

Dn∂
2
xn+Mn∂x(nE) + gn − rn = 0, (2.61a)

Dp∂
2
xp−Mp∂x(pE) + gp − rp = 0. (2.61b)

These equations are coupled via the electric field E determined by the Poisson equation Eq. (2.54),
which reads with E = −∂xφ

∂xE = q(p− n+ CD − CA)/ε. (2.62)

Solving Eqs. (2.61) self-consistently with Eq. (2.62) in prinicple allows to extract current, voltage
and, with that, power production and efficiency of a solar cell for given generation terms gn/p that
reflect electron excitation by photon absorption. In general, this has to be done numerically, which
is the aim of device simulation as used in Chap. 6. For constant doping levels, the solution can be
obtained analytically, which allows to obtain an explicit expression for J0 (see e.g. Schumacher
and Wettling, 2001)

J0 = Jgen
p + Jgen

n = n2
i

( Dn

LnCA
+

Dp

LpCD

)
where Ln,p =

√
Dn,pτn,p (2.63)

in terms of the diffusion lengths Ln,p and lifetimes τn,p. Let us now explain the form the recom-
bination terms rn/p in Eq. (2.61). In typical c-Si for solar cells, the diffusion length is around
100µm– 300µm.

2.4.3. Recombination mechanisms

Besides radiative recombination, an unavoidable property of any two-level system, there are three
other classes of recombination mechanisms. Before discussing non-ideal solar cells, we need to
know about them. Here we roughly follow Bentzen (2006).
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In a homogeneous semiconductor, the continuity equation for excess electrons reads

∂t∆n = g − r, (2.64)

where g is the external generation rate and r the recombination rate. ∆n = n − n0, where n is
the electron density and n0 = CD the constant doping level, taking the example of an n-type
material. g is determined by the sun spectrum and the absorption properties of the material. r,
by contrast, is a function of ∆n and in addition only depends on material properties.

Making the common assumption that r is linear in ∆n, consider an initial excess carrier con-
centration ∆n0 that is caused by some g which is removed at time t0 = 0. Introducing the
proportionality constant 1/τ we can write Eq. (2.64) as

∂t∆n = −∆n

τ
for t > 0, solved by ∆n(t) = ∆n0e

−t/τ (2.65)

where τ is the charge carrier lifetime, i.e. the time scale for the exponential reduction of excess
charge carriers. Four fundamental recombination mechanisms exist which will be briefly intro-
duced: Radiative recombination, Auger recombination, defect level recombination and surface
recombination.

Radiative recombination

Radiative recombination has already been mentioned as the ultimate limitation of solar cells.
Consider excited electrons in a p-type material. The probability of their recombination, i.e. the
conduction-to-valence-band transition, is given by the product of the probability of finding the
electron in the conduction band times the probability of finding an empty electron state in the
valence band, and we have

rrad = krad∆n(p0 + ∆n) ⇒ τrad =
1

krad(p0 + ∆n)
, (2.66)

where p0 = CA and p0 + ∆n is the number of un-occupied electron states in the valence band.
The empirical value for the propotionality constant is krad = 9 ·10−15 cm3/s (Schlangenotto et al.,
1974), which is a very low value in comparison to other recombination mechanisms. This is due
to the fact that Si has an indirect bandgap. In practice it is important to make an optimal
choice with respect to the doping concentration. A high doping concentration will provide a good
conductivity on the one hand, while on the other it provides much more partners for recombination
of the minority carriers.

Auger recombination

In the case of Auger recombination, the energy set free during the conduction-valence band
transition is not released in form of a photon, but transfered to another charge carrier. In the
case of p doping this is a second hole in the valence band and the process is called ehh process,
characterized by the rate

rehhAug = kehhAug∆np2
0 ⇒ τrad =

1

kradp
2
0

(2.67)

Here we approximated p0 + ∆n ' p0 as ∆n � p0, which can also be applied to Eq. (2.66), but
has before been omitted for pedagogic reasons. The analogous process occurs in n-type Si for the
recombination of a hole with two electrons in the eeh process. Empirical values for the processes
are kehhAug ' 10−31 cm6/s (Dziewior and Schmid, 1977) and keehAug ' 2.8 · 10−31 cm6/s (Sinton and

Swanson, 1987). When calculating the total Auger recombination rate as kehhAug + keehAug one often
underestimates the true value, as the assumption of independent charge carriers is not strictly
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valid. This can be overcome by including the fact that the Coulomb attraction between an
electron and a hole increases their recombination probability (Altermatt, 2011).

Defect level recombination

Consider now the electron transition from the conduction to the valence band via an intermediate
defect level. According to Fermi’s Golden Rule, the transition to an intermediate state, seperated
by a small energy difference from the conduction band, is much more likely than the transition
across the whole energy gap. The probability for such a transition always contains the Boltzmann
factor e−∆E/kT , where ∆E is the energy difference between the two participating electron states.
As the intermediate defect level states are usually localized states, they must be characterized
by their capture cross section σ. Another quantity that governs the probability for a transition
of such a state is the velocity v of charge carriers, which determines the frequency at which the
charge carrier will encounter such a defect level. The last important quantity is the density of
defects or traps Nt. The lifetime which characterizes the transition to the defect state, therefore
is for electron and holes respectively

τn0 =
1

Ntσnvn
and τp0 =

1

Ntσpvp
. (2.68)

SRH recombination can be minimized either by reducing the density of traps, known as gettering ,
or by reducing the capture cross sections of the impurity which is often referred to as bulk
passivation. Consider furthermore the relative occupation of defect states by electrons and holes
as compared to the occupation of conduction and valence band

n1 = Nce
−(Ec−Et)/kT and p1 = Nve

−(Et−Ev)/kT (2.69)

where Nc and Nv have been defined in Eq. (2.5).

Till now we have considered the transitions from conduction band to defect state and defect
state to valence band seperately. If we picture the second transition as the transition of a hole
from the valence band to the trap, the complete recombination occurs if both an electron and a
hole occupy the trap at the same time. The total recomibination rate can then be obtained as

τSRH =
τp0(n0 + n1 + ∆n) + τn0(p0 + p1 + ∆n)

n0 + p0 + ∆n
. (2.70)

and is known as Shockley Read Hall (SRH) recombination (Shockley and Read, 1952; Hall, 1952).

Surface recombination

At the surface there are many electron states in the gap between valence and conduction band,
which are almost continuously distributed. This is due to dangling bonds or adsorbed impurity
atoms. Recombination through such an almost continous ladder of energy levels is very fast. This
process is rather characterized by the surface recombination velocity (SRV) S than by a charge
carrier lifetime at the surface. In terms of Eq. (2.64) we include such a surface recombination
term using the continuity equation for a current that describes charge carriers flowing out of the
solar cell volume, which is equivalent to recombination at the surface

∂t∆n = g − ∆n

τ
− 1

q
∂xJ and

1

q
J |xs = S∆n|xs (2.71)

where J is the charge carrier current associated to the loss at the surface situated at xs. Let us
integrate Eq. (2.71) over the wafer thickness W :

∫W
0 dx∂xJ = −J |xs=0 + J |xs=W = −2J |xs=0 =

S∆n|x=0 by virtue of Gauss’ theorem. For the integration of the other terms in Eq. (2.71) we
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assume ∆n to be homogeneous such that

∂t∆n = g − ∆n

τ
− 2S∆n

W
= g −

(1

τ
+

2S

W

)
∆n (2.72)

which allows the defintion of
1

τeff
=

1

τ
+

2S

W
(2.73)

Surfaces with bad quality have surface recombination velocities of about S=105-106cm/s. Good
passivation by SiO2 allows to obtain values of S < 10cm/s.

Emitter saturation current and effective lifetime

The emitter region of a solar cell is highly doped and very close to the wafer surface. It is therefore
subject to particularly high Auger and surface recombinations. As the charge carrier distribution
is strongly inhomogeneous it is not possible to associate a unique Auger recombination lifetime
for the whole emitter region. Instead of invoking a detailed picture that distinguishes between
recombination mechanisms, one therefore characterizes the recombination activity in the emitter
region by the emitter saturation current J0e. Imagine solely the vicinity of the emitter region as
a p-n junction that has its center somewhere within the emitter, and neglect the other roughly
179µm of a 180µm thick wafer. If the diffusion length within the bulk is sufficiently high, it
is the recombination in the emitter that limits the efficiency of the cell. The emitter saturation
current J0e can now be defined analogously to Eq. (2.58) as mediating the recombination current
J rec

e = J0e(e
qV/kT−1). Evaluate this for the example of p-type bulk doping and an n-type emitter:

At the depletition region edge s, the excess electron and hole concentrations are related through
∆np
n2
i

= (eqV/kT − 1) (Sze and Ng, 2007), such that (Bentzen, 2006, p. 98)

J rec
e = J0e(e

qV/kT − 1) = J0e
∆np

n2
i

∣∣∣
s

= J0e
∆n(CA + ∆n)

n2
i

∣∣∣
s
, (2.74)

where CA is the acceptor doping level of the bulk. Equivalently, via conservation of charges,
Eq. (2.71), one can associate J0e with a recombination velocity Se at the virtual surface s at the
edge of the depletition region (Bentzen, 2006, p. 98)

Se = J0e
CA + ∆n

qn2
i

. (2.75)

We finally note that we can define an effective lifetime by

1

τeff
=

1

τrad
+

1

τAuger
+

1

τSRH
+

2S

W
+

2Se

W
(2.76)

Usually, J0e is determined via the total recombination current from which the Auger recombina-
tion contributions are substracted. Eq. (2.76) tells us that this is only possible if the surfaces are
well passivated.

2.4.4. Non-ideal solar cell

Non-ideality of the solar cell is due to three factors that contrast with the ideality definition
of Eq. (2.49): (i) insufficient absorption of photons in the material, (ii) insuffcient conversion
of the absorbed photons to charge carriers, (iii) insufficient transport and charge separation of
the carriers. In this work, it will be dealt with (ii) and (iii), both of which are governed by
the different recombination mechanisms mentioned above. To understand this quantitatively we
rederive the saturation current in a different way than before.
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Saturation current in terms of minority carrier recombination

The electrical current in a bulk semiconductor is carried by majority charge carriers. An optically
excited minority carrier in the solar cell can only contribute to the photocurrent if it reaches the
space-charge region, where it is immediately swept over to the other side of the junction and
becomes a majority carrier. It is therefore only those minority carriers that are generated within
a distance of their diffusion length Le/h from the space-charge region. From this argument one
can immediately obtain the total current J by integration over the generation and recombination
terms introduced in Sec. 2.4.2. We approximate19 Le/h + de/h ' Le/h and obtain (Hermle, 2008)

J =

∫ Le

−Lh
dx q(gi + gt − r), (2.77)

where gi is the generation due to illumination, gt the thermal generation and r the recombination.
As for the thermal recombination one has rt = gt, compare the derivation of the Shockley-Queisser
limit, so that r − gt = r − rt = n−n0

τ = n0
τ (eqV/kT − 1) on the n side.20 The analogous relation

holds true for the p side, so that, with τe/h = L2
e/h/De/h,

J = q

∫ Le

−Lh
dx gi︸ ︷︷ ︸

=Jsc

− q(n0
De

Le
+ p0

Dh

Lh
)︸ ︷︷ ︸

J0

(eV/kT − 1), (2.78)

and we remeber that n0 = n2
i /CA and p0 = n2

i /CD, so that this is equivalent to Eq. (2.63).

Dependence of key quantities on lifetime

We can now summarize the dependence of the key quantities Jsc, J0 and Voc on the minority
carrier lifetime or diffusion length, by rewriting Eq. (2.78),

Jsc = q

∫ Le

−Lh
dx gi (2.79a)

J0 = qn2
i

( De

LeCA
+

Dh

LhCD

)
(2.79b)

Voc =
kT

q
ln
(Jsc

J0
+ 1
)
.

where in the last equation Voc depends on the lifetime via Jsc and J0 via Eq. (2.41).

Series and shunt resistance losses

Independent of recombination, one must take into account further losses. The non-ideal solar
cell is not a simple diode but must rather be viewed as a diode with a series resistance Rs and a
parallel or shunt resistance Rp. Taking these into account the current-voltage characteristics of
the ideal diode Eq. (2.40) has to be modified (Schumacher and Wettling, 2001, p. 59)

J = Jsc − J0(eq(V−JRs)/kT − 1)− (V − JRs)/Rp. (2.80)

The modified curve necessarily implies a lower fill factor (Schumacher and Wettling, 2001, p. 60).
The series resistance of a solar cell is composed of the resistance of the metal grid, the contact
resistance and the base and emitter sheet resistances. Shunt conductive losses can arise from
imperfections on the device surface and leakage currents at the edge of the cell.

19The diffusion length of charge carriers is in almost all cases much higher (O(100-1000 nm) than the extension of
the space charge layer (O(10 nm).

20r − rt = n−n0
τ

is the usual definition of a recombination rate in terms of excess carriers, giving r = rt if n = n0.



30 2. Fundamentals

2.4.5. Advantages of ion implantation for solar cells

Ion implantation has been used to fabricate solar cells for research purposes already by Minnucci
et al. (1980), Lowndes et al. (1982), Young et al. (1983) and Spitzer and Keavney (1985). High
production costs though disqualified implantation for mass production, which, up to date, still
uses POCl3 diffusion emitter formation. The implantation technology has only very recently
become an option for the solar cell industry, as implantation tools with high throughput are now
available. Triggered by that, many papers on high-performing implanted solar cells have been
published only recently,21 the largest part of which though covers fundamental research questions
only superficially. The principle interest of the community in the implantation technology is
driven by the following possible advantages of implanted solar cells. They shall conclude the
present chapter.

• Advanced cell concepts: Implantation opens the door as (i) it is a one-sided process and
(ii) has the possibility for inhomogeneous doping by e.g. masking techniques. Typical cell
concepts with these requirements comprise e.g. the selective emitter (Jeon et al., 2011; Dubé
et al., 2011), the interdigitated back-contact (IBC) cells (Kang et al., 2012) and Si quantum
dots (Yedji et al., 2011).

• Efficient process design: A passivating oxide can be grown without the necessity of an
additional process step (Bhosle et al., 2012). Costs may be saved because there is no edge
isolation necessary, and the removal of a phosphosilicate glass layer is not required (Ohrdes
et al., 2011). Improved passivation techniques can easily be added in the process (Wichelen
et al., 2011; Zhao et al., 1995).

• Doping distribution control : Profile forms can be optimized to reduce surface and Auger
recombination while keeping the sheet resistance constant. In the case of POCl3-diffused
cells, high dopant doses to achieve a low Rs implied a region with very recombinativity, the
dead layer , and suffered from high values of J0e (Hieslmair et al., 2011).22 Furthermore, ion
implantation improves doping homogenity (Benick et al., 2010) and reproduction reliability.

• Compatibility with n-type substrate: The alternative BBr3 diffusion is a process that comes
with many problems, e.g. the so called boron-rich layer (Kessler et al., 2009), while B
implantation is a well controlled process. The principle advantage of n-type material lies in
higher minority carrier lifetimes as compared to p-type material, and its higher sensitivity
to weak light. Furthermore, B-O complexes, which form in p-type cells, are a prominent
problem known to degrade the cell after long exposition to light. A last advantage of the
n-type cell is that its p-type emitter has a lower surface recombination velocity than a
comparable n-type emitter in a p-type cell (Barakel, 2004).

21For example Janssens et al. (2010); Yelundur et al. (2011); Hermle et al. (2011); Bateman et al. (2011); Benick
et al. (2012); Naber et al. (2012); Lanterne et al. (2012b); Kang et al. (2012); Rohatgi et al. (2012); Hieslmair
et al. (2012b); Chun et al. (2012) among which large solar cell manufacturers (Wang et al., 2012; Han et al.,
2012). See also the papers cited in the subsection on plasma implantation for PV, Sec. 2.3.3.

22If an additional etching step is introduced into the process, this problem can though also be resolved for POCl3
diffusion. A principle advantage of a low Rs is that it allows wider finger spacing, thus less shading and
contacting paste consumption and furthermore less series resistance losses.
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dislocation loops

Along an axis in dimension space representing grain volume, the point ρ3 (which apart from a
factor 4

3π is the volume of some given grain) moves according to the following prescription.
Points to the left of x3(t) accelerate to the left, until on reaching the origin they fall out of
consideration, the grain having completely dissolved. Points initially to the right of x3(t)
accelerate at first to the right; but as the degree of supersaturation falls, x3(t) increases and
successively overtakes points that in the first instance were to the right of it. After being
overtaken, such points begin to move in the opposite direction and finally also disappear into
the origin.

Lifshitz and Slyozov (1961)

The present chapter is motivated by the question of how implantation damage affects solar-cell
performance. For the annealing conditions of solar cells, dislocation loops (DLs) are likely to be
the only intrinsic defects that survive a typical annealing process. In order to treat this question
from a simulation perspective, a predictive model for the annealing kinetics of DLs will be derived.
Parts of this chapter have been published in Wolf et al. (2014b).

The chapter is structured as follows. In Sec. 3.1, the literature on dislocation loop annealing
is reviewed. It is found that current dislocation loop models are not predicitive for the annealing
conditions relevant to solar cells. In Sec. 3.2 and Sec. 3.3, two fundamtenal modeling ideas are
presented. These consist in, respectively, taking into account the saturation of Ostwald ripening,
and the parallel ripening of faulted and perfect DLs. Sec. 3.4 discusses a calibrated model that
combines both ideas in comparison to the experiment. Sec. 3.5 concludes the chapter.

3.1. Motivation and literature survey

The studies of implanted solar cells carried out within recent years showed that, as compared
to the requirements of microelectronics, only high annealing temperatures and long annealing
times lead to satisfactory cell performance.1 Typically, for these conditions, the primary implant
damage during annealing evolves to a defect configuration in which only DLs survive. These
insufficiently annealed DLs could be the main reason for the performance degradation of implanted
cells. The following section discusses this hypothesis in terms of experimental evidence found in
the literature. It is structured in different subsections for different implanted species.

3.1.1. Experiments on implantation-induced dislocation loops

Si and Ge implantation

Macdonald et al. (2004) studied the charge carrier lifetime in Si-implanted and annealed samples.
Lifetime degradation was observed to set in for implantation doses higher than a critical dose,
which was found to agree with the cricital dose for DL formation. Typical experimental conditions
for this study consisted in implanted Si doses from 1·1014 cm−2 to 3·1015 cm−2, an implantation
energy of 36 keV, annealing temperatures of 900 ◦C and 1000 ◦C, and times of the order of tens
of minutes (Macdonald et al., 2003, 2004).

For amorphizing Si and Ge implantation, there exists a vast number of literature.2 It must
though be critically asked whether these results are relevant for the implantation conditions

1See e.g. Pawlak et al. (2012) or Kang et al. (2012) and the references given in the introduction of Chap. 6.
2Among others: Bonafos et al. (1995), Bonafos et al. (1998), Cristiano et al. (2000), Huang et al. (1998), Liu et al.

(1995), Pan et al. (1997) and Raman et al. (1999).
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of solar cells. On the one hand, it can be speculated that solar-cell process design will develop
towards shallow implants, by the intrinsic nature of plasma doping profiles, and to make use of the
surface proximity effect to reduce secondary implantation damage. On the other hand, the plasma
implantation technology often coimplants heavy, amorphizing species and needs sufficiently high
extraction voltages to maintain stability of the plasma and high throughput.3 To date, the details
of the typical solar cell processing conditions are not clear.

Independent of the previous arguments, an improved understanding of the annealing behavior
of DLs following on amorphizing Si and Ge implants is crucial, as these conditions allow the
most controlled study of the evolution of a loop ensemble. First, for these species no interactions
with Is are known, as is for example the case for B implantation, where Is and B atoms form
BICs. Second, the fact that loops appear as EOR damage quite distant from the surface keeps
the diffusion-limited I flux from the loop layer to the surface small. If the loops form very close
to the surface, huge I gradients might build up, which could induce such a complicated dynamics
that could not be modelled in a controlled way.

Understanding the controlled case of a deep lying loop ensemble can then be used to understand
the transition to shallower implants. Also in this case, the formation of DLs is observed. Agarwal
et al. (1997) showed that for 1 keV Si implants, the surface proximity effect is not strong enough
to prevent the nucleation of {311} defects, which evolve to DLs during subsequent annealing.
The nature of the transition to shallow implants will be adressed later on, based on the studies
of e.g. Huang et al. (1998) and Raman et al. (1999).

P implantation

The industrial production tools for plasma doping that have become available in 2012 are designed
for P implantation. Although the study of P implantation is therefore highly relevant, one has to
content oneself with only a few scientific publications on the annealing behavior of the associated
damage.

Keys (2001) devoted a whole chapter of his thesis to the effects of P concentration on interstitial
agglomeration and the {311} defect to dislocation loop transition. He cites results of Desroches
(1997), who found the critical P implantation dose for the observation of loops during subsequent
annealing to be around 2·1014 cm−2, which is the standard value for Si implantation (Jones
et al., 1988). For a 10 keV P implant, DLs were found for doses starting with 2·1014 cm−2, for a
30 keV implant for doses starting with 1·1014 cm−2 and for a 50 keV implant, loops were already
seen for doses of 5·1013 cm−2.

Besides this comprehensive treatment, only scattered results are available: Chun et al. (2011)
studied implanted solar cells on a qualitative level, using TEM measurements of DLs produced
by a P 3·1015 cm−2 20 keV implant and an anneal at 930 ◦C for 20 min. Ruffell et al. (2005a)
found dislocations for a P 1·1016 cm−2 5 keV implant and an anneal at 600 ◦C for 1 min. Arguirov
et al. (2003a) found high densities of dislocation loops after P implants at 750 keV for doses
ranging from 5·1013 cm−2 to 2·1014 cm−2. They correlated the presence of DLs with a decreased
photoluminescence intensity. Yokota et al. (2004), by contrast, reported quite astonishing results.
They found DLs for a P 3·1014 cm−2 20 keV implant, but no defects for a dose of 4.8·1015 cm−2

implanted at the same energy.

B implantation

As the solar-cell industry is likely to change from p- to n-type Si substrates for solar cells,
the formation of B emitters by implantation is an attractive option. Furthermore, much more
literature exists for B than for P implantation.

3Janssens et al. (2010) states that at least 10 keV of implantation energy is needed to maintain an economic
throughput. Hieslmair et al. (2012a) mentions further disadvantages of low implant energies. Further references
will be given in Chap. 6.
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Figure 5.4 

Representation of selected  boron implanted (30 keV) samples a) nB1a (5 x 

1014cm-2, 900°C, 15mins), b) nB2a (1015cm-2, 900°C, 15mins) and c) nB3a (1016cm-2, 

900°C, 15mins) indicating the location of the band of dislocations, dislocation density 

variation within the band of dislocations, the boron concentration (background doping 

level ~6 x 1014 cm-3) and the p-n junction.   

 

Fig. 3.1.: Spatial dislocation density distribu-
tion based on counting loops in TEM images
as obtained after a 5·1014 cm−2 B implant at
30 keV annealed at 900 ◦C for 15 min. Also
shown is the simulated as-implanted B profile.
The figure is taken from Stowe (2006, p. 130).

For an implantation energy of 5 keV, implantation doses of 5·1014 cm−2 and above were found
to lead to the formation of DLs (Liu, 1996, p. 44). B implantation is non-amorphizing at almost
all realistic conditions and DLs appear in the vicinity of the projected range Rp, as shown in
Fig. 3.1. Experimental conditions relevant for solar cells have recently been much studied, but
with the original intention of researching dislocation-engineered Si-LEDs.4 The results show the
formation of DLs for implantation conditions that are similar to the ones of the PV industry.

A point of particular interest to the PV industry is the growth of a passivating oxide during
annealing, which enhances DL growth. For oxidizing annealing of high-dose implants, the DL
density is sufficient to result in the formation of a dislocation network, which is stable even at
1100 ◦C (Jones et al., 1988; Comer, 1978; Kalinin and Gerasimenko, 1983).

Due to the surface proximity effect, the distance to the surface is a critical parameter governing
the appearance of DLs. This is illustrated in Fig. 3.2, where the nature and number of DLs after
B implantation is seen to differ strongly between the implantation energies 10 keV and 30 keV.

Fig. 3.2.: Loops produced during annealing
(950 ◦C, 20 min) of a 1·1015 cm−2 B implant
at different energies. Taken from Milosavljević
et al. (2005).

Analyzing even lower implantation energies, the situation becomes more complicated. For these
conditions, several open questions exist. (i) For low to intermediate temperatures, Cristiano
et al. (2003) found large BICs, the dissolution dynamics of which could still be relevant for
higher temperatures. Boninelli et al. (2007) found that large BICs had dissolved below the TEM
detection limit after 1000 ◦C for 1 min. (ii) Very recently, Cristiano et al. (2012) discussed results
for implantation energies up to 10 keV, i.e. for ultra-shallow junction standards relatively deep
implantations. In these experiments, not the “conventional” DLs as discussed in the remaining
part of the present thesis were found, but rather B-rich DLs that lie in {100} planes. These

4Among others: Ng et al. (2001), Milosavljević et al. (2005), Milosavljević et al. (2006), Stowe et al. (2003), Stowe
(2006), Sztucki et al. (2003) and Lourenco et al. (2004).
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findings have to be compared with the findings of the above mentioned authors researching
dislocation-engineered LEDs, who found “conventional” loops also for similar conditions. (iii)
It must finally be mentioned that B can quite generally segregate to extended defects (Duguay
et al., 2010; Cristiano et al., 2012). Xia et al. (1999) and Bazizi et al. (2008) though found that
for temperatures above 900 ◦C, the regime of interest in this thesis, B segregation to extended
defects had almost disappeared. In addition, they did not report any influence on the annealing
kinetics of loops also at lower temperatures.

Chang et al. (2008) studied the dissolution of EOR defects produced by BF2 implantation with
30 keV and 15 keV and clearly found that in the latter case, DLs dissolved much faster.

3.1.2. Literature survey on interstitial clustering models

The driving force for the development of modern I clustering models, which describe the annealing
kinetics of implantation damage, was the application to ultra-shallow junction (USJ) formation
in the IC industry. Researchers were interested in a maximum reduction of dopant transient
enhanced diffusion (TED), which is governed by the I clustering dynamics.5 Therefore, the first
priority was not to reliably predict the number and sizes of the defects remaining after annealing,
but to predict the effects of I clusters on dopant diffusion, i.e. the I supersaturation they maintain.
In Fig. 3.3, a famous experiment for the evolution of I supersaturation during annealing is shown.
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Fig. 3.3.: I supersaturation during annealing at
different temperatures following an Si implant of
2·1013 cm−2 at 40 keV. Experimental data from
Cowern et al. (1999). Simulations performed
with the model presented in Sec. 3.3. For these
conditions though, they give the same result as
the original model of Zographos et al. (2007).

Development of interstitial clustering models

The research of I clustering models can be divided into two branches. (a) The first one was
started by Gencer and Dunham (1997) applying the kinetic precipitation model (Dunham, 1995)
to I clusters. This line of research considers the growth and shrinkage of microscopic I chains.
(b) The second branch stems from macroscopic considerations on dislocation loops started much
earlier. These are based on the elasticity theory of DLs and the general nature of precipitation
(Lifshitz and Slyozov, 1961). Burton and Speight (1986) were among the first to calculate the
annealing dynamics using these methods. Huang and Dutton (1993) and Avci et al. (2004)
continued this line.

For a long time most research for implanted Si was performed in the first branch. This is due to
the fact, that for the experimental conditions relevant to USJ formation, the largest macroscopic
defects like DLs are quite irrelevant. Either annealing temperatures are too low, annealing times
too short or the implantation damage lies to shallow so that DLs usually do not occur. The first
branch has the major problem that the atom-by-atom approach of Gencer and Dunham (1997)

5TED is reviewed in Jain et al. (2002) while one of the initial works is by Michel et al. (1987).
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results in very large diffusion-reaction equation systems of the form

d

dt
CIn = Kn−1 −Kn where Kn = knDI(CICIn − k′nCIn+1) (3.1)

and k′n =
C∗IC

∗
In

C∗In+1

,

where CI and CIn are concentrations of free Is and I clusters of size n, respectively, and DI is
the diffusion coefficient for Is. These equations are pracitically not solvable for high numbers
of Is in the chain due to limited computation time. Most of the research done in this branch
therefore treated the problem of how to reduce the size of the large equation system without
loosing accuracy. The most prominent propositions were made by Cowern et al. (1999) and
Stiebel et al. (2001), and extended by others (Lampin et al., 2000, 2003; Ortiz et al., 2004a,b).
Clearly, this atom-by-atom approach is not viable for the simulation of macroscopic defects like
DLs, which contain on the order of 104 atoms.

The idea that solves the problem of computation time and maintains predictivity also for
elevated temperatures and longer times, when large-scale defects become necessarily involved,
consisted in the combination of the two branches by Zechner et al. (2005). Using the approxima-
tion of the full I chain (Gencer and Dunham, 1997) by only three prominent I clusters (Stiebel
et al., 2001) together with the idea that large scale defects ({311} defects) can be described by
a simple two-moment model (Law and Jones, 2000), a predictive model with only five equations
could be derived. The last step was then to couple this model to the description of faulted dis-
location loops, which can again be done with a two-moment model (Avci et al., 2004). This last
step has been implemented by Zographos et al. (2007) and is available in the advanced calibration
(SPAC, 2012) of Sentaurus Process (SP, 2012).6

Finally, the existence of a very simple, but popular, one-moment model introduced by Rafferty
et al. (1996) shall be mentioned. The predictive application of this model is limited to a very
narrow range of experimental conditions.

The principle nature of interstitial clustering: identification of a nucleation
hierarchy

Diffusion models account for the implantation damage in form of an initial condition for the I
concentration profile. This initial I profile is a result of the collision cascade produced by ion
implantation and is predicted by MC simulations with quite high accuracy.

At the beginning of the annealing process, the unbound Is nucleate to small interstial clusters
(SMICs), starting with the diinterstital. As the annealing process proceeds, these clusters evolve
to {311} defects, which then transform to DLs in an unfaulting reaction. Subsequently, the DL
ensemble undergoes Ostwald ripening and finally, for a high thermal budget, it dissolves. The
evolution of {311} defects and DLs in their dependence on time and temperature is shown in
Fig. 3.4. It shall be noted that the regime of complete dissolution is not shown.

The principle nature of the described nucleation process is undebated today, together with
several quantitative results. For example, modern ab initio calculations obtain the stability of
DLs over {311} defects (Park and Wilkins, 2009). The details of the nucleation process though
remain still unclear and unexpected results are still obtained. To give an example, a 〈110〉 rod-
like defect has been discovered, which serves as an intermediate stage in the transition of {311}
defects to DLs (Boninelli et al., 2006a).

6Two recent I cluster models were presented by Martin-Bragado et al. (2008) and Castrillo et al. (2005), but do
not add substantially new ideas.
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Fig. 3.4.: Extended defects appearing as sec-
ondary implant damage during annealing. TEM
image compilation from Claverie et al. (2003)
from works of Bonafos.

3.1.3. State-of-the-art models for implantation-damage annealing: SMICs,
{311} defects and faulted dislocation loops

In the following, the experimental conditions for which exisiting models are reliable shall briefly
be discussed.

Modeling interstitial clustering at low-temperatures

Current I clustering models are highly predictive for low-temperature annealing as employed in
the IC industry. This implies a high accuracy in modeling the nucleation process described in
the previous section, which, therefore, constitutes a reliable initial condition for a description of
the ripening kinetics of DLs.

Simulation results for the regime of the nucleation phase, i.e. for annealing at comparatively
low-temperatures, are shown in Figs. 3.5 and 3.6. These results were obtained with the model of
Zographos et al. (2007) in the implementation of the Advanced Calibration of Sentaurus Process
(SPAC, 2012), which is the starting point for the modeling ideas developed in the next sections.
In Fig. 3.5, the evolution of the density of {311} defects is shown together with the density of
Is bound in these defects. In Fig. 3.6 the same quantities are shown for the evolution of DLs.
Comparing the processes shown in Fig. 3.5 and Fig. 3.6, the difference of the time scales is striking.
It is further seen that at temperatures aroung 850 ◦C, DLs cannot be efficiently annealed.

Modeling interstitial clustering during millisecond flash anneals

Most recent results in the field of implantation damage annealing treat millisecond-flash anneals
at temperatures of 1300 ◦C and above (Jain et al., 2005; Mitromara et al., 2007; Bazizi, 2010;
Cristiano et al., 2008). These experiments usually only display a small number of DLs as they
aim to avoid them completely. They are therefore not relevant for the present considerations.

Modeling dislocation annealing in multicrystalline silicon

Most studies on dislocation annealing aiming at a complete removal of dislocations have been
carried out for mc-Si materials in recent years. The relevant processes can be well explained by
the classical theory of plastic deformation (Kuhlmann, 1951; Nes, 1995). It is not clear whether
the results for mc-Si wafers can be applied to the study of implantation-induced DLs and one
tends to deny this question. Hartman et al. (2008) e.g. observes an almost complete removal
of dislocations from mc-Si wafers after 6 h at 1400 ◦C, whereas an annealing for the same time
period at 1100 ◦C shows almost no influence. For implanation-induced DLs, by contrast, the
thermal budget necessary in order to remove all DLs completely is by far lower for all interesting
experimental conditions.
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Fig. 3.5.: Evolution of {311} defects during annealing after implantation for experimental data of several
authors. Li and Jones (1998) implanted 2·1014 cm−2 of Si at 100 keV (a) and (b), Eaglesham et al. (1994)
implanted 5·1013 cm−2 of Si at 40 keV (c) and (d), and Calvo et al. (2004) implanted 2·1014 cm−2 of Si
at 100 keV (e) and (f). Symbols depict experimental results, lines simulation results. Simulations were
performed with the model of Zographos et al. (2007) in the implementation of SPAC (2012). For the
parameter regime shown in this figure, the new models derived in the present thesis lead to identical
results.

3.1.4. Failures of current dislocation loop models

While the low-temperature regime, which is governed by the nucleation process from Is to SMICs
to {311} defects, is well described by current models, the model of Zographos et al. (2007)
implemented in SPAC (2012) fails in two qualitative aspects when considering high temperatures
and longer annealing times:

(i) The predicted dissolution velocity at high temperatures is by orders of magnitude too rapid,
as compared to the experiment.

(ii) The simulated growth of the mean loop radius does not saturate for long annealing times
at high temperatures, as would be expected from theory and experiment.
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Fig. 3.6.: Evolution of dislocation loops during annealing after a Si implant of 1·1016 cm−2 at 50 keV.
Experimental data from Pan et al. (1997). Symbols depict experimental results, lines simulation results.
Simulations were performed with the model of Zographos et al. (2007) in the implementation of SPAC
(2012). For the parameter regime shown in this figure, the new models derived in the present thesis lead
to identical results.

After introducing the model of Zographos et al. (2007) in the next subsection, these two statements
will be supported by theoretical considerations and comparisons with the experiment.7

The failures (i) and (ii) imply that the model of Zographos et al. (2007) cannot be used for solar
cell processing conditions. Point (i) implies that for almost all interesting annealing conditions,
the model predicts a complete dissolution of DLs. Point (ii) implies that the model predicts
a qualitatively wrong mean DL radius. As the dislocation line density, which determines the
recombination activity of DLs, is proportional to the mean DL radius, the latter is a critical
quantity.8

Resolving the problems (i) and (ii) is crucial to predict lifetime-degradation effects of DLs
remaining after annealing. With that, the practical requirements for the models to be derived in
the present chapter are clearly defined.

Description of the model of Zographos et al. (2007)

Zographos et al. (2007) model the mean concentration of loops DL and the concentration of Is
CL comprised in these loops by

∂tCL = R311
L +RI

L, (3.2a)

∂tDL = R̃311
L + R̃I

L. (3.2b)

These concentration distributions depend on time and position.9 The reaction terms that describe
the unfaulting reaction from {311} defects to DLs are given by

R311
L = k311

L C311C311, (3.3a)

R̃311
L = k311

L k̃311
L C311D311, (3.3b)

where D311 and C311 denote the concentration of {311} defects and the concentration of Is bound
in {311} defects, in complete analogy to the meaning of DL and CL. k311

L is described by an

Arrhenius law (SP, 2012). Zographos et al. (2007) set k̃311
L = 1

2 , which means that {311} defects

7It is noted that the two other loop models implemented in Sentaurus Process (SP, 2012) and initially published
by Avci et al. (2004) and Huang and Dutton (1993) suffer from even more severe problems. Their deficiencies
are discussed in the course of the chapter.

8This will be studied in more detail in Chap. 6.
9Strictly speaking, these are ordinary differential equations. As they usually appear as part of a bigger set of

partial differential equations, we adapt their notation for stylistic reasons.



3.1. Motivation and literature survey 39

with twice the mean size unfault to DLs. The fact that C311 appears squared in Eq. (3.3a) is
only heuristically justified by Zographos et al. (2007).

The interaction of DLs with free Is is described by

RI
L = kI

L2π2rLDI(CI − C∗I,L)DL (3.4a)

R̃I
L = −kI

L2π2rLDIC
∗
I,L

DLDL

CL
= −k

I
L2πDI

rLnL
C∗I,LDL (3.4b)

where

rL =

√
CL

DLnLπ
and C∗I,L = C∗I e

∆EL(rL)/kT . (3.5)

The second expression for R̃I
L is obtained from the first by use of Eq. (3.5). The variable rL denotes

the mean DL radius. The constant kI
L is a calibration constant, DI is the diffusion constant for Is

and nL is the atomic areal density in the close-packed {311} planes. The functional form of these
equations together with the physical meaning of the parameters will appear as a special case of
the new model derived in Sec. 3.2. Their discussion, as well as the discussion of the DL formation
energy per I ∆EL(rL), treated in Sec. 3.3, is therefore postponed. For now, the expression for
∆EL(rL) employed by Zographos et al. (2007),

∆EL(rL) =
γΩ

b
+

GbΩ

4πrL(1− ν)
ln(8rL/b), (3.6)

is merely cited. Here, γ is the stacking fault energy per unit volume, Ω the atomic volume, b the
modulus of the Burger’s vector of the DL, G the shear modulus of Si and ν its Poisson ratio.
With these equations the DL model is completely defined. This definition shall by supplemented
by extracting the important quantity of the dislocation line density, which appears in the theories
on charge carrier recombination, mentioned before:

ρL = 2πrLDL. (3.7)

In the present thesis, the focus is on the phase of the annealing process in which the last step of
the I cluster nucleation process, the unfaulting reaction from {311} defects to loops, is completed.
At this point almost all {311} defects have vanished, such that R311

L ' 0 and R̃311
L ' 0 and one

is left to discuss, instead of Eqs. (3.2), the equations ∂tCL = RI
L and ∂tDL = R̃I

L.

Time evolution of the mean loop radius

One of the most fundamental questions that should be answered by the model concerns the
qualitative time evolution of the mean loop radius rL. From Eq. (3.5), the time evolution of rL

is obtained using Eq. (3.4)
drL

dt
=
kI

LπDI

nL
CI. (3.8)

Now consider the case CI ' C∗I , i.e. the time during annealing at which the loops are already
so large that their tendence to emit Is and their concentration has become small, so that CI

has almost approached the equilibrium value C∗I . In this situation, Eq. (3.8) predicts a linearly
diverging time evolution of rL.

Realistic would be a different behavior of rL: The loop radius growth should saturate at a
point where loops have become large and can only gain relatively few energy by further Ostwald
ripening. As soon as the surface and other sinks for Is become dominant, the loops should finally
start shrinking again, although slowly, as Ostwald ripening ensures that rather the number of
loops decreases, than their size. We note though that the described scenario guarantees that for
many situations the model of Zographos et al. (2007) is sufficient: the proportionality drL

dt ∝ CI
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Fig. 3.7.: Time evolution of the mean loop radius rL during annealing for experimental data by (a)
Liu et al. (1995), (b) Milosavljević et al. (2006), (c) Stowe (2006) and (d) Sztucki et al. (2002). The
details of the experiments are postponed to the section on comparisons with the experiment, Sec. 3.4.
Symbols depict experimental results, lines simulation results. Solid lines were calculated with the model of
Zographos et al. (2007) in the implementation of SPAC (2012). They display a linear diverging behavior.
Dashed lines were calculated with the same parameters but using the model presented in Sec. 3.2 and
display for intermediate times a

√
t behavior and saturate for long times. Although none of the models

leads to quantitative agreement with the experiment, the qualitative behavior is seen to be much better
reproduced by the model of Sec. 3.2. The negative time scale in panel (c) and (d) refers to the ramp up
phase with 10 K/min and a preannealing phase, respectively.

takes into account the qualitative fact that in phases of rapid DL growth, I supersaturation is
high and in phases of slow growth or shrinkage, I supersaturation is low.

It is furthermore possible to derive the qualitative time dependence of the loop growth. For the
assumption that loops have already grown to a large size and external I sinks or sources play a
minor role, Burton and Speight (1986) predict rL ∝

√
t. This has been confirmed by experiment

(Bonafos et al., 1998). Clearly, Eq. (3.8) does not reproduce this behavior.

The described phenomenon is illustrated in Fig. 3.7. For all the experiments shown, temper-
atures are sufficiently high and annealing times sufficiently long such that Ostwald ripening is
in its final stage. In all panels of Fig. 3.7, experiments show a saturating loop-radius evolution
with the exception of panel (b), which shows a decreasing loop radius evolution. By contrast,
the solid lines calculated using the model of Zographos et al. (2007) display the linearly diverging
radius evolution. In panel (a) we point out that for the lowest temperature, the linear increase
predicted by the model of Zographos et al. (2007) produces such a flat slope that it resembles
the saturation of the experiment. But this is only due to the fact that CI is small at 800 ◦C as
compared to the other temperatures shown.

Dissolution velocity of the loop ensemble

The second fundamental problem that arises from the model of Zographos et al. (2007) is a
qualitative overestimation of the dissolution velocity of DLs. This problem cannot be resolved by
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Fig. 3.8.: Time evolution of DLs during RTA annealing. Experimental data of (a) and (b) is from Bonafos
et al. (1998) and of (c) and (d) from Bonafos et al. (1995). The latter is shown in order to illustrate the
long-time behavior. The details of the experiments are postponed to the section on comparisons with the
experiment, Sec. 3.4. Symbols depict experimental results, lines simulation results. Simulations were done
with the model of Zographos et al. (2007) in the implementation of SPAC (2012).

a recalibration of the sole free parameter kI
L in Eqs. (3.4) and (3.8): in the course of the present

thesis it was empirically checked that the employed calibration (SPAC, 2012) already minimizes
the dissolution velocity of DLs. As seen from Eq. (3.8), kI

L governs the ripening velocity. If it
is small, Ostwald ripening is slow and for a long time during annealing, the mean loop radius
remains small. The dissolution rate R̃I

L, which governs the volume density DL and the areal
density NL =

∫∞
0 dxDL of loops,10 is proportional to C∗I,L(rL)/rL, see Eq. (3.4b). A small mean

loop radius thus induces a much faster dissolution than a large radius, if one remembers the
exponential increase of C∗I,L(rL) with 1/rL as evident from Eqs. (3.5) and (3.6).
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) 950 C Fig. 3.9.: Time evolution of the DL areal den-
sity NL during RTA annealing for experimental
data of Milosavljević et al. (2006). The corre-
sponding loop radius evolution has already been
shown in Fig. 3.7. The details of the experi-
ments are postponed to the section on compar-
isons with the experiment, Sec. 3.4. Simulations
were done with the model of Zographos et al.
(2007) in the implementation of SPAC (2012).

In Figs. 3.8 and 3.9, several examples that illustrate the too rapid dissolution predicted by
Zographos’ model are depicted. Fig. 3.8 shows that the model yields satisfying results for tem-

10Here we integrated over the wafer depth x.
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peratures up to 950 ◦C. At 1000 ◦C and 1050 ◦C, though, the predicted dissolution is much too
strong, which is reflected in the slope of the respective curves.11 Fig. 3.8(c) then shows that after
20 min at 1000 ◦C, the simulation predicts more than one order of magnitude less of DLs than
observed in the experiment.

Fig. 3.9 shows a condition where much more implantation-induced Is have been produced. The
dissolution velocity predicted by the model of Zographos et al. (2007), seen in the slope of the
solid line, is wrong on a qualitative level.

3.2. Modeling the saturation of Ostwald ripening

To the author’s knowledge a comprehensive discussion of the derivation of current loop models is
not found in the literature. Such a derivation allows first to identify the reasons for the failures
of the model of Zographos et al. (2007) and to present an alternative that does not suffer from
these failures. The didactics of the following presentation is inspired by the work of Burton and
Speight (1986).

3.2.1. Reaction of a precipitate with a diffusing species

The object of interest are extrinsic DLs in Si. These can be thought of as disks lying in the
close-packed {111} planes that consist of coherently precipitated Is. At the boundary of such
a disk, the dislocation line, the disk can interact with the surrounding concentration of free Is.
Depending on the properties of the disk and the local I concentration, the disk will either tend
to incorporate or to emit Is. This is a special case of precipitation.

Consider in the most general case a domain Vp in R3 that represents a precipitate. The problem
of exchange of diffusing Is with the precipitate by reaction at its boundary, the surface ∂Vp of Vp,
can be expressed as a boundary condition for the diffusion equation of Is

∂tCI = ∇(DI∇CI) (3.9a)

k
(
CI − C∗I,p)

∣∣∣
r∈∂Vp

= DIr̂⊥ · ∇CI

∣∣∣
r∈∂Vp

. (3.9b)

Here, CI(r, t) is the concentration of Is, C∗I,p is the equilibrium concentration of Is at the boundary
of Vp, k is the interface reaction rate, DI the diffusion coefficient of Is and r̂⊥ is a unit vector
pointing out of the surface ∂Vp. The reaction rate k is governed by the energy barrier ∆GI

L for
incorporation or release of an I at the dislocation line and is assumed to follow an Arrhenius law
k ∝ e−∆GI

L/kT .

Eq. (3.9b) describes the rate at which Is enter or leave the surface of Vp. Due to conservation
of matter, the change of the number N of Is in Vp must equal the flux J through the surface ∂Vp.

If we assume this flux to be constant over the surface we have, using J = −DIr̂⊥ ·∇CI

∣∣∣
r∈∂Vp

and

Eq. (3.9b)

dN

dt
= −AJ (3.10a)

= ADIr̂⊥ · ∇CI

∣∣∣
r∈∂Vp

(3.10b)

= Ak
(
CI − C∗I,p)

∣∣∣
r∈∂Vp

. (3.10c)

where A is the area of ∂Vp.

The area A depends on the geometry of the precipitate. We will treat two cases, the sphere
and the disk. The latter represents a dislocation loop. For the sphere, we have A = 4πr2

s , where

11One should also note the different peak values for the loop density in simulation and experiment in Fig. 3.8(a).
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rs is the radius of the sphere. Thus

dN

dt
= 4πr2

sks
(
CI − C∗I,p)

∣∣∣
r∈∂Vp

. (3.11)

For the disk that models a dislocation loop, we have A ∝ 2πrL, as the active surface of the
dislocation loop is given by a torus around its bounding dislocation line. The proportionality
constant in A ∝ 2πrL has unit length and is impossible to determine experimentally. It can be
pictured as the thickness of the torus. Including this proportionality constant into the reaction
constant kL, Eq. (3.10c) reads (Dunham, 1993)

dN

dt
= 2πrLkL

(
CI − C∗I,L)

∣∣∣
r∈∂VL

(3.12)

It is noted that this equation only holds true if
(
CI−C∗I,L)

∣∣∣
r∈∂VL

is constant over the whole torus

surface ∂VL, thus has a torus symmetry. Furthermore, note that the unit of kL is cm2/s, while
the unit of ks is cm/s.

3.2.2. Analytical solution for the time evolution of a single loop

Eventually our goal is the derivation of a model for interacting loops that will only be numerically
tractable. It is not straight-forward to set up such a numerical model and several rather heuristic
approximations have to be made. To maintain the validity of the heuristic approximations at
least in some special cases, the numerical model should reproduce the behavior of analytical
solutions. Therefore, in the following, Eq. (3.9) is solved for spherical symmetry and a solely
diffusion-limited I-DL reaction for a single DL.

The equilbrium concentration at the loop boundary

The presence of a precipitate causes strain and interface energy in the Si matrix. Due to that, if
no special experimental conditions are present, a single DL emits Is. This causes an equilibrium
concentration of Is in the vicinity of the loops C∗I,L, which can be much higher than the usual
equilibrium concentration C∗I . This concentration is determined by the energy gain of the system
associated with the release of one I, given by Eqs. (3.5) and (3.6), which read

C∗I,L(rL) = C∗I e
∆EL(rL)/kT and ∆EL(rL) =

αL

rL
ln
(rL

r0

)
+ βL. (3.13)

Here we have combined the high number of constants in Eq. (3.6) to αL, βL and r0. Eq. (3.13)
shows that the energy gain for releasing one I from a big DL is much lower than for a small DL.
For high temperatures, or a large loop radius and small βL, one can obtain an approximation
for Eq. (3.13) by expanding the exponential and including the only weakly varying ln

(
r
r0

)
term

into the constant αL. Additionally absorbing 1/kT , the value of which is not important for the
following discussion, into the constants αL and βL, one ends up with

C∗I,L(rL) ' C∗I (1 +
αL

rL
+ βL). (3.14)

In Sec. 3.3 we will calculate βL and find that it is indeed small compared to 1 + αL
rL

for our
applications.

Problem with spherical symmetry

The problem of determining the radius evolution will first be solved for a spherical precipitate
and then for a disk-shaped precipitate, which is a model for a dislocation loop. In both cases
though, the diffusion equations are assumed to have spherical symmetry.
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We place the precipitate in the center of the coordinate system and assume the reactions of
Is with the precipitate to take place on the surface of a sphere with radius r1. For a spherical
precipitate this leads to an exact spherical symmetry of the diffusion equation, but for a disk-
shaped precipitate this leads to an approximation. But also in the latter case, very usefull results
can be obtained (Burton and Speight, 1986; Dunham, 1993).12 The diffusion equation Eq. (3.9)
in a spherical symmetry takes the form

d

dr

(
r2DI

dCI

dr

)
= 0 with the boundary conditions (3.15a)

ks
(
CI − C1)

∣∣∣
r=r1

= DI∂rCI

∣∣∣
r=r1

= −J |r=r1 , (3.15b)

CI

∣∣∣
r=r2

= C2. (3.15c)

where C1 is the equilibrium concentration in the vicinity of the precipitate, i.e. at r = r1, and C2

the value of CI in some distance of the precipitate, i.e. at r = r2.

The diffusion equation (3.35a) has the general solution CI(r) = K1/r+K2. Using the boundary
conditions, the full solution is obtained as

CI(r) = −r1

r

∆C2

1 + D
ksr1
− r1

r2

+
∆C2(1 + D

ksr1
)

1 + D
ksr1
− r1

r2

+ C1 (3.16)

where ∆C2 = C2 − C1. If we assume without loss of generality C2 to be smaller than C1, there
is a flux J = −DI∂rC flowing along the distribution (3.16) out of the precipitate to a sink at r2

with infinite capability of annihilating Is.

The flux out of the sphere with radius r1 leads to a reduction of the number of Is Ns in this
sphere. Due to the conservation of matter, this has to equal the flux through the surface of the
sphere, thus dNs

dt = −4πr2
1J |r=r1 . The change rate of the number of bound particles N in the

precipitate equals the change rate of the number of particles in the sphere, dN
dt = dNs

dt , thus

dN

dt
= −4πr2

1J |r=r1 = 4πr2
1ks
(
CI − C1)

∣∣∣
r=r1

. (3.17)

This holds true also in the case of a disk-shaped precipitate. In this case, the approximation of
spherical geometry of the boundary conditions amounts to assuming that no Is can be stored in
the empty space between the disk and its surrounding sphere Sr1 .

In the following, the calculation of the radial change of the precipitate will lead to a time-
dependent boundary condition at r1. Therefore, using the solution of the equilibrium problem
Eq. (3.15) for a calculation of the change rate of the precipiate radius corresponds to the realistic
assumption that the latter process happens on a much slower timescale than the rapid diffusion
of Is. If this was not the case, one would obtain a rapidly varying r1 which would lead to a
non-equilbrium diffusion process.

Time evolution of the radius of a spherical precipitate

If the precipitate under consideration is spherical and completely fills out the sphere Sr1 , i.e. is
identical to it with rs = r1, the number of particles relates to rs as N = 4

3πr
3
sCp and Cp is the

concentration of Is in the precpitate. The change rate of the number of Is bound in the spherical
precipitate thus induces a change rate of its radius rs given by drs

dt = 1
4πr2

sCp
dN
dt , thus by Eq. (3.17)

setting r1 = rs
drs
dt

=
1

Cp
J |r=rs =

DI

Cp

1

rs

∆C2

1 + D
ksrs
− rs

r2

(3.18)

12Note that the disk-shaped precipitate does not even fill out the physical volume of the sphere Sr1 . This will be
discussed later on.
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where in the second step we inserted J |r=rs = −DI∂rCI

∣∣
r=rs

employing the solution Eq. (3.16).

For a spherical precipitate, the binding energy of an I has the same form as for a loop (3.13),
with α small and β = 0 (compare e.g. Lifshitz and Slyozov, 1961). By Eq. (3.14), in the vicinity
of the spherical precipitate, we therefore have the equilibrium concentration C1 = C∗I (1 + αs

rs
).

If we additionally assume that in some distance from the precipitate the I concentration takes
on its equilibrium value, e.g. due to the presence of a surface, we have C2 = C∗I and therefore
∆C2 = − α

rs
C∗I . Inserting this into Eq. (3.18), we have

drs
dt

=
DI

Cp

1

rs

−C∗I αsrs
1 + D

ksrs
− rs

r2

. (3.19)

The dependence of Eq. (3.19) is quite complicated, so that, usually, several reasonable approx-
imations are made. First, one fixes the boundary condition for C2 far away from the precipitate:
rs/r2 � 1. Second, one assumes a solely diffusion-limited reaction at the precipitate interface,
i.e. an infinite interface reaction velocity ks. By that, the solution of Eq. (3.19) is obtained as

rs = 3

√
r3
s0 −

3DIC∗I
Cp

αst. (3.20)

where rs0 is the initial radius of the precipitate. We note that, similar to the assumption of
diffusion limitation ks → ∞, one can choose ks = DI/rs, as e.g. done by Lifshitz and Slyozov
(1961). Inserting this into Eq. (3.19), it is obvious that the corresponding solution differs from
(3.20) only by a constant factor of 1

2 , displaying the same qualitative functional dependence.

Time evolution of the radius of a dislocation loop

Note the following. When the change rate of the number of Is in a DL was introduced in
Eqs. (3.12), a solution with toroidal symmetry was assumed. Dunham (1993) solved this problem,
using a diffusion equation with toroidal symmetry from the very beginning. He arrived only at
slightly different results, compared to the approximate results using the assumption of spherical
symmetry (Burton and Speight, 1986) presented in the following.

The dislocation loop is modeled as a round disk in the sphere Sr1 which does not fill out its
physical volume. Chemically though, we picture the I that leaves the dislocation loop, i.e. the
disk, to at the same time leave the sphere Sr1 . The space in between cannot store Is and Is
can travel through in a negligibly short time. With this picture in mind one can set rL = r1.
Independent of that, the number of Is in the disk is

N = πr2
LnL (3.21)

where nL is the areal I density of the disk and the disk radius is assumed to equal the radius of
Sr1 . Taking the derivative of Eq. (3.21), one obtains the relation of the radial change and the
particle number change

drL

dt
=

1

2πrLnL

dN

dt
. (3.22)

Inserting Eq. (3.17) into this equation and using rL = r1, the general solution for the diffusion

problem of a single loop interacting with a concentration of Is CI

∣∣∣
r=r2

= C2 in some distance of

the loop is obtained as
drL

dt
= −2rL

nL
J |r=rL =

2DI

nL

∆C2

1 + D
ksrL
− rL

r2

. (3.23)

This solution will be of use also for the analysis of a single loop in an ensemble of interacting
loops. When comparing Eq. (3.23) with the equivalent expression for the spherical precipitate
Eq. (3.18), one sees that the latter has a stronger dependence on its radius.
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With the same approximations as before, i.e. the steady-state concentration in the vicinity of
the loop evaluated using Eq. (3.14), C1 = C∗I,L = C∗I (1 + αL

rL
+ βL), C2 = C∗I , diffusion-limitation

ks →∞ and rL
r2
' 0 one obtains

drL

dt
=

2DI

nL
C∗I
(αL

rL
+ βL

)
. (3.24)

It should here be mentioned that, by accounting explicitly for the torus-shaped active reaction
surface of the DL, Dunham (1993) obtained an additional factor 1/(1 + kb/DI ln(8rL/b)) to be
multiplied with the right hand side of Eq. (3.24). This thesis follows the convention of several
authors (e.g. Bonafos et al., 1998; Zographos et al., 2007), who negelect this factor that only
shows a weak logarithmical dependence on rL.

The solution of Eq. (3.24) for βL 6= 0 is given by the transcendental equation

rL(t)− αL ln(αL + βLrL(t))/βL = const1 − const2 t, (3.25)

and for βL = 0 by rL(t) =
√

const1 − const2 t.

Two limiting cases are of interest. Perfect loops lack the stacking fault term and have βL = 0.
Faulted loops display a dissolution that is governed by the stacking fault term, i.e. βL � αL

rL
' 0.

Thus

rL(t) =
√
r2

L0 − const t for βL = 0 (3.26a)

rL(t) = rL0 − const t for αL = 0 (3.26b)

The first equation describes perfect loops and the second equation is an approximation for faulted
loops. In both cases the time dependence is stronger than for the spherical precipitate, for which
the radius decreased with

3√
r3
s0 − const t, see Eq. (3.20). This expresses the fact that removing

an I from a disk affects its radius stronger than removing an I from a sphere affects the radius of
the sphere.

Inserting the limiting results Eqs. (3.26) for the radius into the equation for the number of Is in
the loop Eq. (3.21), one obtains a linear decrease of N w.r.t. t for perfect loops and a quadratic
decrease w.r.t. t for faulted loops with a large stacking fault term:

N(t) ' nLπ(r2
L0 − const t) for βL = 0 (3.27a)

N(t) ' nLπ(rL0 − const t)2 for αL = 0 (3.27b)

Eqs. (3.26) and Eqs. (3.27) are later used to validate the numerical model.

3.2.3. Annealing kinetics of an ensemble of isolated dislocation loops

Till now we have discussed the annealing kinetics of a single loop. On a qualitative level, the
annealing kinetics of an ensemble of isolated DLs should display the same behavior as the one of
a single loop. Each loop in such an ensemble only exchanges Is with external sinks and sources,
and with no other loop. In the following, the time evolution of the mean radius of the ensemble
of isolated loops is derived.

In the previous subsection, the full diffusion problem Eq. (3.9) has been solved assuming spheri-
cal symmetry in order be able to obtain quantitative results. For the more general considerations
that follow now, the exact toroidal symmetry is assumed. The change rate of the number of
particles in a single loop with index i is then given by Eq. (3.12) and reads

dNi

dt
= 2πrLikL(CI − C∗I,L(rLi)). (3.28)
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The total number of Is bound in the loops of the ensemble is given by

N =
∑
i

Ni (3.29)

where the sum runs over the number of loops N and Ni is the number of Is in the single loop
i. The calculation of the sum Eq. (3.29) would in principle involve the seperate calculation of
N uncoupled equations. This shall be avoided. Instead, note that differentiating Eq. (3.29) und
inserting Eq. (3.28) one has

dN

dt
=
∑
i

dNi

dt
=
∑
i

2πrLikL(CI − C∗I,L(rLi)). (3.30)

It shall now be justified that dN
dt can be meaningfully approximated by one single equation

dN

dt
= 2πrLkL(CI − C∗I,L(rL))N , (3.31)

where rL is the mean loop radius of the ensemble, which can be conveniently obtained as

rL =

√
N

nLπN
. (3.32)

The approximation Eq. (3.31) corresponds to treating the ensemble of isolated loops as if all of
them had a radius corresponding to the mean radius rL. This mean radius is a measure for the
ensemble’s tendency to emit or accept Is. An ensemble with a small mean radius will be more
rapidly annealed than an ensemble with a large mean radius. This qualitative statement can also
be justified in a more mathematical way. Consider three cases.

(i) If CI � C∗I,L(rLi) then (CI − C∗I,L(rLi)) ' CI, i.e. independent of i. So
∑

i
dNi
dt ' (CI −

C∗I,L(rL))
∑

i 2πrLikL = 2πrLkL(CI − C∗I,L(rL))N .

(ii) If CI ' C∗I � C∗I,L(rLi), using the expression for C∗I,L(rLi) in Eq. (3.13), one observes that

the product rLi(CI − C∗I,L(rLi)) varies only weakly with rLi. It is almost constant.13 Therefore
each summand can be approximated in terms of the mean radius

rLi(CI − C∗I,L(rLi)) ' rL(CI − C∗I,L(rL)), (3.33)

and Eq. (3.31) holds, too.

(iii) In the intermediate case CI ' C∗I,L(rLi), which can only hold for a few summands i, the
approximation Eq. (3.31) is a rough one. But one should note that, in this case, the number of
particles in the whole ensemble changes much weaker than in the cases (i) and (ii). At least this
qualitative statement is reproduced by Eq. (3.31) noting that CI − C∗I,L(rL) ' 0.

Using Eq. (3.32), one can now directly write down a differential equation for the time evolution
of the mean loop radius

drL

dt
' kL

nL
(CI − C∗I,L(rL)), (3.34)

assuming the number of loops N to be conserved. As Eq. (3.31) and Eq. (3.34) describe a single
loop, one can now use the results of the preceding section, in which we calculated the dynamics
of such a single loop. These results were in particular Eqs. (3.27) and (3.26), which allowed to
discern the qualitative behavior of perfect and faulted dislocation loops.14

Eq. (3.34) is found with different values for the constant kL in the works of several authors

13Applying the approximation Eq. (3.14) and assuming perfect loops, this statement even holds exactly: rLi(C
∗
I −

C∗I,L(rLi)) = rLi
αL
rLi
C∗I = αLC

∗
I .

14Some authors would also directly implement the exepcted qualitative behavior of Eqs. (3.26) to set up a different
differential equation than Eq. (3.34) (Hu, 1974).
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(Hu, 1980; Lin et al., 1981; Huang and Dutton, 1993; Bonafos et al., 1998; Zographos et al.,
2007). It captures the behavior that under inert annealing conditions the number of bound Is
and finally the radii of the loops must decrease, while under sufficiently strong oxidation for which
CI > C∗I,L(rL), the opposite is true. It is important to note that this is in contrast to the model
of Zographos et al. (2007), which predicts a diverging loop radius in all situations, see Eq. (3.8).

Eq. (3.34) appears with the name LoopEvolution in Sentaurus Process (SP, 2012) and was
initially proposed by Huang and Dutton (1993) to be solved together with an equation for a free
I concentration.

3.2.4. Annealing kinetics of a loop ensemble interacting only by exchange of
interstitials

Clearly, the assumption of an ensemble of isolated loops is not realistic for many experimental
conditions and will lead to qualitatively wrong results. The dominating process governing the
annealing dynamics of loops during a long phase is Ostwald ripening , the shrinkage of smaller loops
emitting Is for the benefit of larger loops in order to minimize surface and strain energies. This is a
conservative process in contrast to the process described in the previous section, in which isolated
loops were only allowed to exchange Is with sinks and sources other than loops. Summarizing, the
previous section described loops that exchange Is only with external sources whereas the present
section describes loops that exchange Is only among each other. In the subsequent section, we
will unify these limits to build a model that covers both types of processes.

If loops are only allowed to exchange Is among each other, the total number N of bound Is
is conserved and one refers to the process as conservative Ostwald ripening. This process has
been studied frequently in the literature starting with the comprehensive works of Lifshitz and
Slyozov (1961) and Wagner (1961). Later works e.g. of Burton and Speight (1986) or Ardell
(1990), adapted the principle method of the earlier works, but included effects concerning e.g.
the nature of the strain energy, the dimension of precipitates, correlations in the diffusion paths
between loops or loop annealing by glide-climb.

In the following conservative Ostwald ripening shall be discussed based again on the treatment
of Burton and Speight (1986) in the approximation of spherical symmetry. One starts again by
writing down the problem for a single loop, already given in Eqs. (3.15),

d

dr

(
r2DI

dCI

dr

)
= 0 with the boundary conditions (3.35a)

ks
(
CI − C1)

∣∣∣
r=r1

= DI∂rCI

∣∣∣
r=r1

= −J |r=r1 , (3.35b)

CI

∣∣∣
r=r2

= C2. (3.35c)

The difference from the treatment of a single isolated loop is the definition of the boundary
condition at r2. Now, loops are assumed to exchange Is among themselves in a distance r2.
Instead of C2 = C∗I one now imposes

C2 = C∗I,L(rL). (3.36)

This is motivated by the reasoning, analogously to the arguments in Sec. 3.2.3, that the emission
of Is by the loop ensemble can be approximated by the emission of Is of N times a loop with mean
radius rL. This leads to a background concentration of Is that can be reasonably approximated
by C∗I,L(rL).

As the interacting loop merely differs from an isolated loop by a redefinition of the boundary
condition, the solution for the I concentration derived for the latter does not change its functional
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form. We can therefore use the results Eqs. (3.35b), (3.17) and (3.22), which read15

ks
(
CI − C∗I,L)

∣∣∣
r=rL

= −J |r=rL ,
dN

dt
= −4πr2

LJ |r=rL ,
drL

dt
=

1

2πrLnL

dN

dt
.

The last equation reads, using the two other equations and choosing ks = D/rL

drL

dt
=

2DI

nL

(
CI − C∗I,L)

∣∣∣
r=rL

. (3.37)

Remember that before, the choice ks = DI/rL lead to the same functional dependence as the
diffusion-limited choice ks → ∞, for which the main results Eqs. (3.26) and (3.27) have been
derived.16

Having reformulated the problem one merely has to insert the new boundary condition in the
general solution Eq. (3.23), so that

drL

dt
=
DI

nL
(C∗I,L(rL)− C∗I,L(rL)), (3.38)

where we have inserted ∆C2 = C∗I,L(rL)− C∗I,L(rL), ks = DI/rL and rL
r2
� 1. Using the approxi-

mation for the energy per I Eq. (3.14) one again ends up with a tractable equation for the radius
evolution of a single loop

drL

dt
= α

( 1

rL
− 1

rL

)
. (3.39)

where α = DI
nL
C∗I αL has been defined. Note that in Eq. (3.39), the stacking-fault energy βL has

cancelled. Eq. (3.39) obviously states that loops with radii smaller than the mean radius shrink
and loops with radii greater than the mean radius grow. This distinction is usually made w.r.t. a
critical radius rLcrit, which in the present case equals the mean loop radius rLcrit = rL.

Eq. (3.39) describes the evolution of a single loop with radius rL which interacts with a loop
ensemble represented by the background I concentration that would be maintained by an ensemble
of loops with mean radius rL. Following Burton and Speight (1986), the consequences of Eq. (3.39)
are conveniently analyzed in terms of a size distribution function f(ρ, t) for the loop ensemble
that describes the relative abundance of loops with different normalized radii ρ = rL/rL. Simply
rewriting Eq. (3.39) in terms of the normalized radius ρ, one has

dρ

dt
=

α

(rL)2

(
1− 1

ρ

)
− ρ

rL

drL

dt
. (3.40)

Lifshitz and Slyozov (1961) found that any size distribution function f(ρ, t), subject to Ostwald
ripening, converges to a stationary universal size distribution. This stationary size distribution
function has the special property that beyond a cutoff value, it is identical to zero. Loops that
already have the maximum radius can therefore not evolve any further and dρ

dt |ρ=ρcutoff
must be

identical to zero together with its first derivative

dρ

dt

∣∣∣
ρ=ρcutoff

=
d

dρ

dρ

dt

∣∣∣
ρ=ρcutoff

= 0. (3.41)

15Changing the notation r1 = rL, C1 = C∗I,L and J |r=rL = −DI∂rCI|r=rL .
16 Many authors make the choice ks = DI/rL from the beginning. For example, the equation on which Lifshitz

and Slyozov (1961) build their analysis of the evolution of the radius r of a spherical precipitate is equivalent
to Eq. (3.37). It differs solely by a factor 1/r, which is due to the spherical geometry of the precipitate.
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Solving these two constraints for Eq. (3.40) one obtains on the one hand ρcutoff = 2 and, on the
other hand, the time evolution for the mean radius

rL =
√
rL

2
0 + αt/2, (3.42a)

N =
N0rL

2
0

rL
2
0 + αt/2

. (3.42b)

The second line follows immediately from the first, using the fact that the total number N of Is
is conserved. An increase of the mean radius must therefore be accompanied by a decrease of the
number of loops N according to Eq. (3.32). With Eqs. (3.42), we presented a second benchmark
for the numerical model to be defined subsequently.

For completeness, the solution of Burton and Speight (1986) for the full stationary size distri-
bution to which any initial distribution converges is cited. It is obtained by inserting Eq. (3.40)
into the continuity equation for the distribution function ∂tf +∂ρ(f∂tf) = 0. The solution of this
equation reads

f(ρ, t) = A
ρ

(2− ρ)4
e
− 4

2−ρ
1

rL
2
0 + αt/2

. (3.43)

The size distribution of loops has frequently been measured experimentally to be given by f(ρ, t)
and its time-invariance confirmed, see e.g. Bonafos et al. (1998). Other authors found slightly
different time-invariant distributions: Some found it to be Gaussian (Stowe, 2006) others log-
normal (Avci et al., 2004). Pan et al. (1997) found a Gaussian for faulted and a log-normal
distribution for perfect loops.

As mentioned before, with Eqs. (3.42), the second benchmark for a numerical model is set.
The next step is the implementation of this numerical model.

3.2.5. Unification of the two limiting cases

In Sec. 3.2.3, the evolution of a loop ensemble that could only exchange interstitials with sources
and sinks other than loops was discussed. This process is referred to as non-conservative, dissipa-
tive process. It occurs as a limiting case if loops are very distant from each other. In Sec. 3.2.4,
the annealing behavior of a loop ensemble that only exchanged Is among each other was discussed.
This process is referred to as conservative. In the following, both cases shall be unified.

Qualitative picture of an annealing process

At the beginning of an annealing process, when a large number of small loops just having nucleated
from {311} defects is present, and the number of Is that can be annihilated at the surface is
insignificant compared to the number of Is that is exchanged between loops, the situation of
conservative Ostwald ripening described in Sec. 3.2.4 applies. The limitation of annihilation at
the surface comes on the one hand from the diffusion limitation, i.e. the distance of the loop
region to the surface. On the other hand it comes from the finite interface reaction rate ksurface

I

for annihilating Is at the surface.

At the point when loops have reached a size of around 100 nm, the gain in energy obtained
by exchanging an I from a large loop to an even larger loop is much lower as compared to the
case in which two smaller loops exchange an I. Thus, the average I supersaturation induced by
the loop ensemble is, by virtue of the functional form of C∗I,L(rL), exponentially smaller than at
the beginning of the annealing process when only small loops were present. Then, an I that is
emitted by a large loop, will be annihilated by the surface or incorporated into an even larger loop
with probabilities of the same order of magnitude. Therefore, during this phase, both classes of
processes happen at the same time and one refers to this as non-conservative Ostwald ripening .

When the propability for an emitted I to be annihilated by the surface is much higher than
the probability to be incorporated into another loop, the number of Is in the loop ensemble will
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reduce rapidly, while maintaining loops at an approximately constant radius. Then, the number
of loops reduces rapidly as well. Finally, when there are only very few loops left that cannot
exchange Is as they are necessarily located far away from each other, these few loops will start
shrinking and the case of the ensemble of isolated loops applies.

The next step is to formulate this qualitative behavior in a model.

Mathematical description

First note the following. The general treatment of the conservative Ostwald ripening is still valid
when a surface is present. Lifshitz and Slyozov (1961) treat this problem by dividing the half-
space into a surface-close region devoid of precipiates and a region in which the precipitates are
still found. The boundary of this region moves deeper into the bulk as annealing proceeds, but the
main result obtained for conservative Ostwald ripening, the time dependence of the mean radius
Eq. (3.42), is still valid. It shall be mentioned that Seibt and Spiecker (1995) numerically obtained
the size distribution of loops that interchange Is with the surface and found a time-invariant loop
size distribution similar to the one obtained by Burton and Speight (1986).

Let us start with the considerations for the description of an ensemble of isolated loops. The
expression employed in this case, Eq. (3.30), reads

dN

dt
=
∑
i

2πrLikL(CI − C∗I,L(rLi)). (3.44)

As here no assumption about the form of the solution was made, this expression is valid also for
an ensemble of interacting loops. To make this more clear, split the sum in Eq. (3.44) into two
parts, one part describing loops that emit Is and shrink and the other part describing loops that
accept Is and grow. This can, as in the discussion of Eq. (3.39), be distinguished by the defintion
of the critical radius rLcrit via

(CI − C∗I,L(rLcrit)) = 0. (3.45)

Note, that in the non-conservative case, the critical radius does not have to equal the mean radius.
One can now define a change rate of the number of bound Is by regrouping the sum over all loops,
distinguishing whether they belong to one part or the other

dN

dt
=
∑
i

k2πriDI

≥0, i.e. ri≥rcrit︷ ︸︸ ︷
(CI − C∗I,L(ri))︸ ︷︷ ︸

=
dNa

dt

+
∑
i

k2πriDI

<0, i.e. ri<rcrit︷ ︸︸ ︷
(CI − C∗I,L(ri))︸ ︷︷ ︸

=
dNe

dt

. (3.46)

For example, if
∣∣dNa
dt

∣∣ < ∣∣dNedt ∣∣ then dN
dt < 0 and the number of Is bound in the loops decreases.

From Eq. (3.46), one obtains the change rate dNc
dt of the number of Is conservatively exchanged

between undercritical and overcritical loops, and the change rate dNnc
dt for the number of Is being

lost from the whole loop ensemble as

dNc

dt
=

{
|dNedt | if

∣∣dNe
dt

∣∣ < ∣∣dNadt ∣∣
|dNadt | else,

(3.47a)

dNnc

dt
=
dNa

dt
+
dNe

dt
=
dN

dt
, (3.47b)

Clearly, dNc
dt > 0 in all cases.

As mentioned before, the conservative process is a transfer of Is from smaller loops to bigger
loops, which leads to an increase of the mean radius rL of the ensemble, such that there is an
exclusively positive correlation between drL

dt and dNc
dt . By contrast, the non-conservative process
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can increase or decrease rL, depending on the sign of dNnc
dt = dN

dt .

Model equation ansatz and consistency relations

We make the following ansatz for the time evolution of the mean loop radius rL

drL

dt
= fnc(rL) + fc(rL), (3.48)

where fnc and fc are functions of rL that correspond to the non-conservative and conservative
contributions to loop growth. We discussed these cases in Sec. 3.2.3 and Sec. 3.2.4 and identified
benchmarks for a model describing the mean loop radius evolution. fnc and fc must now be
chosen in a way to fulfill these benchmarks

(i) isolated loop annealing, i.e. dNc
dt = 0

fc(rL) = 0 and fnc(rL) such that rL obeys Eqs. (3.26) (3.49a)

(ii) conservative Ostwald ripening, i.e. dNnc
dt = dN

dt = 0

fnc(rL) = 0 and fc(rL) such that rL obeys Eq. (3.42a) . (3.49b)

Implementation

The natural choice for fnc describing the effects of non-conservative I exchange on the radius has
already been given in Eq. (3.34) in Sec. 3.2.3 and reads

fnc(rL) =
kL

nL
(CI − C∗I,L(rL)). (3.50)

Before, it was not checked whether this choice for fnc is consistent with a model describing at
the same time conservative I exchange. In the conservative I exchange regime, therefore, fnc = 0
should hold. If there are no other comparable sinks or sources beneath the loop ensemble itself
one has

CI ' C∗I,L(rL)⇒ fnc ' 0,

This corresponds to the assumption Eq. (3.36) leading to Eq. (3.39), that in the conservative case,
the I background concentration is maintained by many loops all of which have the mean radius.
For fnc, the requirement Eq. (3.49b) is thus fulfilled. The second requirement for fnc given in
Eq. (3.49a), the behavior predicted by Eqs. (3.26), has already been shown to be fulfilled during
the discussion of Eq. (3.34) in Sec. 3.2.3.

For fc(rL), we make the ansatz

fc(rL) =
kL

nL
(C∗I,L(rL − σL)− C∗I,L(rL + σL)) (3.51)

where σL has the meaning of the variance of the loop size distribution. The choice is motivated
as follows: Ostwald ripening is due to the conservative exchange of Is from small loops to large
loops. In analogy to Eq. (3.38), which described the loop evolution of a single loop of radius rL as
a result of the interaction with the mean I concentration C∗I,L(rL), one obtains the loop evolution
of a loop of size rL + σL as a result of the interaction with the emitted I concentration of a small
loop rL − σL as

drL

dt

∣∣∣
rL=rL+σL

=
kL

nL
(C∗I,L(rL − σL)− C∗I,L(rL + σL)) = fc. (3.52)
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As we cannot simulate the full loop size distribution, we assume that the exchange of Is between
loops of size rL−σL and rL +σL is representative for the whole loop size distribution and therefore
responsible for the mean loop radius increase due to conservative Ostwald ripening. In this coarse-
grained picture that neglects the details of the loop size distribution, we furthermore approximate
drL
dt '

drL
dt |rL=rL+σL and with that obtain the choice for fc as given in Eq. (3.51). Note that also

for the choice of fnc, we neglected the details of the loop-size distribution.

At the beginning of the annealing process when many small loops are present, conservative
Ostwald ripening governs the loop evolution, while at a stage at which loops have become large,
non-conservative Ostwald is more important. Our choice for fc reflects this transition: fc takes
high values for low values of rL and tends to zero for high values of rL. Furthermore, fc reflects the
fact that a loop -size distribution with a large size variance σL displays faster Ostwald ripening
than a distribution with a small variance.17 Let us express these statements more clearly and
note that Eq. (3.51) can be rewritten, using

1

r ± σ =
1

r
∓ σ

r2
+O

(1

r

(σ
r

)2)
(3.53)

and Eq. (3.13), as

fc ' 2
kL

nL
C∗I,L(rL) sinh

(
αL

σL

rL
2

)
. (3.54)

This makes, as in the whole section, use of the assumption that C∗I,L(rL) is given by the approxi-
mation Eq. (3.13), neglecting the variation of the logarithmic term in the loop formation energy,
as in all cases before. Eq. (3.54) reveals the order of magnitude of fc as compared to C∗I,L(rL).
On the one hand for small radii rL, i.e. in the regime of conservative ripening, one has

fc(rL)/C∗I,L(rL) ' kL

nL
e
αL

σL
rL

2 � 1 for rL
2 � αLσL. (3.55)

The function fc, which drives conservative ripening, indeed yields large values in this regime. On
the other hand, for large radii rL, i.e. in the regime of non-conservative ripening, expanding the
exponentials yields

fc(rL) ' kL

nL
C∗I,L(rL)2αL

σL

rL
2 ' 0 for rL

2 � αLσL. (3.56)

This behavior is obvious in Fig. 3.10. With this analysis it turns out that our choice for fc
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Fig. 3.10.: Comparison of the quantities C∗
I,L

and fc ∝ (C∗
I,L(rL − σL) − C∗

I,L(rL + σL)), see
Eq. (3.51), which govern the non-conservative
and the conservative processes during the evo-
lution of the loop ensemble, respectively. Here,
σL

rL
= 0.4 and the rest of the parameters is spec-

ified in Appendix A.1.1.

approximatly fulfills the first part of requirement (3.49b): fc ' 0 for the non-conservative regime.

It remains to show that our choice for fc in Eq. (3.51) leads to the asymptotic behavior pre-
dicted by Eq. (3.42a), to fulfill the consistency requirement for fc in Eq. (3.49a). fc fulfills this

17More energy can be gained when Is are emitted from a very small loop and incorporated into a very large loop,
as compared to an I exchange between loops of similar sizes.
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requirement if one chooses σL to be proportional to rL

σL = const rL. (3.57)

Using the expression Eq. (3.56), where the exponential appearing in C∗L,I has been expanded in

the same way as was done when deriving the benchmark Eq. (3.42a),18 one obtains

fc ∝
1

rL
. (3.58)

If fnc = 0 then drL
dt ' fc. Integration of the equation drL

dt ' fc ∝ 1
rL

, obviously leads to

rL ∝
√
t, i.e. the same functional dependence as that of Eq. (3.42a), and therefore fulfills the

second consistency requirement.

The choice for σL in Eq. (3.57) is natural for another argument. As the size distribution function
f(rL/rL, t), introduced above, is time-independent in the conservative Ostwald ripening phase,
the normalized variance σL/rL of the distribution must be time-independent, too. An additional
equation for the time evolution of σL, which corresponds to the third moment of the loop size
distribution, is therefore unnecessary. The preceding definition of a two-moment model therefore
automatically corresponds to a three-moment model.

One might argue that, as soon as the annealing is no longer governed by the conservative
process, the scaled loop size distribution might not be stationary any more. First, the results
of Lifshitz and Slyozov (1961) and Seibt and Spiecker (1995) discussed above deny this. And
second, as long as fc is large and dominating, i.e. during the conservative Ostwald ripening
phase, the assumption of a constant variance holds true, as discussed in Sec. 3.2.4. When the
non-conservative process sets in, and σL/r =const may start changing to another stationary
value, fc is small compared to the dissipative term and, by that, the value of σL is not of much
importance.

3.2.6. Summary of model equations

To summarize, with the preceding choices for fnc in Eq. (3.50) and fc in Eq. (3.51), one obtains
the following equation for the time evolution of the mean loop radius

drL

dt
=
kL

nL
(CI − C∗I,L(rL) + C∗I,L(rL − σL)− C∗I,L(rL + σL)) (3.59)

together with the evolution of the number of Is in the loop ensemble, given by Eq. (3.31), and
justified in the discussion of Eq. (3.44),

dN

dt
= 2πrLkL(CI − C∗I,L(rL))N (3.60)

These two equations characterize the mean loop that represents the whole loop ensemble.

In practice, one aims at solving a spatially varying distribution of such mean loops. One
therefore introduces the total concentration of Is bound in loops per atomic volume Ω and the
number of loops per atomic volume

CL =
N

Ω
and DL =

N
Ω
. (3.61)

The mean radius (3.32) is then obtained as

rL =

√
CL

πnLDL
. (3.62)

18Assuming αL and βL to be small.
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Eqs. (3.59) and (3.60) can then be rewritten for these local quantities.19

∂trL =
kL

nL
(CI − C∗I,L(rL) + C∗I,L(rL − σL)− C∗I,L(rL + σL)) (3.63a)

∂tCL = 2πrLkL(CI − C∗I,L(rL))DL, (3.63b)

where rL, CL and DL are now functions depending on time and on position in the wafer. In
the cases treated in the present thesis, this is simply the wafer depth x. The quantities rL, CL

and DL are then constant in the plane parallel to the surface. The mean loop radius rL(x) is
thus the mean loop radius of the “areal” loop ensemble, located at depth x. Orthogonal to the
wafer surface, i.e. along the x direction, the quantities rL, CL and DL vary with x. This means
that the model solves the interaction of the different “areal” loop ensembles among each other,
mediated by CI, numerically in real time. Hence, the model captures e.g. the effect that an areal
loop ensemble situated close to the surface dissolves faster than an areal loop ensemble situated
deep in the bulk, inert annealing conditions given.

Once again remembering that drL
dt = fnc+fc, ∂tCL = 2πrLnLfncDL one obtains using Eq. (3.62)

the time evolution of the DL concentration DL as ∂tDL = −2fc
rL
DL. One can therefore equivalently

rewrite Eqs. (3.63) in form of

∂tCL = 2πrLkL(CI − C∗I,L(rL))DL, (3.64a)

∂tDL = − 2kL

rLnL
(C∗I,L(rL − σL)− C∗I,L(rL + σL))DL. (3.64b)

Finally, we set the constant kL to equal kL = πkI
LDI in terms of the quantities of the notation

of Zographos et al. (2007) and others, such that

∂tCL = RI
L where RI

L = kI
L2π2rLDI(CI − C∗I,L(rL))DL, (3.65a)

∂tDL = R̃I
L where R̃I

L = −k
I
L2πDI

rLnL
(C∗I,L(rL − σL)− C∗I,L(rL + σL))DL. (3.65b)

This is to be compared with the model equations of Zographos et al. (2007), which were already
given in Eq. (3.4) and read

RI
L = kI

L2π2rLDI(CI − C∗I,L(rL))DL, (3.66a)

R̃I
L = −k

L
I 2πDI

rLnL
C∗I,L(rL)DL. (3.66b)

The difference between the model we propose and the one of Zographos et al. (2007) is that
instead of the term (C∗I,L(rL−σL)−C∗I,L(rL +σL)) in the equation for R̃I

L, Zographos et al. (2007)
employ C∗I,L(rL). We have already compared these terms in Fig. 3.10, which therefore illustrates
the qualitative difference of the models.

A first impression of the results of the model (3.65) as compared to Zographos’ model is seen
in Fig. 3.7. Only the new implementation reproduces the qualitative behavior of a mean loop
radius that increases with

√
t and finally saturates. The new model gets this qualitative behavior

right, and with that one now has a chance to fulfill the requirements that a model for implanted
solar cells should have, as summarized at the beginning of Sec. 3.1.4. We furthermore compared
the new model with Zographos’ model for the situations of Figs. 3.8 and 3.9, but do not show
these results here. In these situations, the new model does better than the one of Zographos
et al. (2007) but is still not quantitatively good. This motivates the approach of including the
transition from faulted to perfect loops, treated in the next section.

19Again, as in the introduction of the model of Zographos et al. (2007), the following equations are not strictly
partial differential equations, as the dependence on position does not involve differentiation.
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It should finally be noted that the loop model of Avci et al. (2004) is similar to the model
treated here in the respect that their model fulfills the consistency criteria, too. They choose
fc = const/rL. This function depends only algebraically on rL while our and Zographos’ choices
for fc depend exponentially on rL. Clearly, the choice of Avci et al. (2004) is not physical. A
physical description of the I supersaturation, which induces the increase of the mean radius of
the loop ensemble, must involve the exponential term e∆E(rL)/kT . The model of Avci et al. (2004)
must therefore be qualitatively wrong for a wide range of parameters.20

3.3. Modeling faulted and perfect dislocation loops

The practical motivation to implement a model capable of considering a parallel evolution of two
loop ensembles has been in explained in Sec. 3.1.4: The model of Zographos et al. (2007) as well
as the new model derived in the previous section describe faulted DLs and make correct predic-
tions for low-temperature experiments. For high temperatures though, a too rapid dissolution is
predicted. These high temperatures and long times fall in the parameter regime relevant for solar
cells. A model for the parallel evolution of faulted and perfect loops overcomes the limitation. It
can furthermore be motivated from experimental observations. Let us start this section with a
brief summary of the latter.

3.3.1. Experimental evidence for the transition from faulted to perfect loops

It is known that for large loop sizes, perfect loops are more stable than faulted loops. This is
usually taken as explanation for the following experimental observation. At the beginning of
an annealing process or for low temperatures, almost only faulted loops are observed (Cristiano
et al., 2000; Pan et al., 1997; Stowe, 2006; Sztucki et al., 2002), while after a long annealing time
at high temperatures, almost all remaining loops are perfect ones (Jones et al., 1988; Comer,
1978; Pan et al., 1997; Huang et al., 1998; Milosavljević et al., 2005; Stowe, 2006).

Obviously, for intermediate annealing times, a transition from the state with more faulted
loops to the state with more perfect loops must take place. This transition has traditionally been
assumed to consist in an unfaulting reaction (Hull and Bacon, 2011), meaning that a faulted loop,
in all our cases always a Frank partial dislocation, reacts with a Shockley partial to produce a
perfect dislocation loop (Hull and Bacon, 2011, Chap. 5)

1

6
[112] +

1

3
[111]→ 1

2
[110]. (3.67)

The meaning of this reaction will become clearer later on. For now, one should merely note that
this reaction is a direct transition from a faulted to a perfect loop. In contradiction to that, several
authors have observed an independent time evolution of the two loop ensembles, clearly identifying
two different Ostwald ripening mechanisms (Pan et al., 1997; Cristiano et al., 2000; Stowe, 2006).
This observation suggests that a second explanation for the transistion is more likely. Rather
than by a direct unfaulting reaction, the transition occurs as the two ensembles of different loop
types exchange Is among each other. Our approach is based on this second explanation: The
goal is to set up a model that describes the different Ostwald ripening behaviors and dissolution
dynamics of both loop types.

3.3.2. Elastic energy of a dislocation loop

As seen in Sec. 3.2, the time evolution of the loop ensemble is governed by the formation energy
per I to be incorporated in a loop ∆E, which has been qualitatively given already in Eq. (3.13).
In addition, it was noted, that a perfect loop has no stacking-fault term, thus βL = 0, which

20We finally note that the model of Avci et al. (2004) appears as the loop model in the version Direct and the
model of Zographos et al. (2007) in the version SizeDependent in Sentaurus Process (SP, 2012).
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had effects on the qualitative non-conservative dissolution dynamics in Sec. 3.2.2. Besides these
qualitative aspects, the quantitative value of ∆E also plays a key role. Very simply speaking:
If it is small, the loop will be stable and its dissolution proceed very slowly, and vice versa. To
derive a model that is predictive on a quantitative level, one needs to study the expressions found
in the literature for ∆E and discuss the reliability of parameters. To the author’s knowledge,
this has not been performed in the literature in this context. This analysis will reveal a fitting
parameter, not present in Zographos’ model, which can eventually be used to obtain quantitative
agreement with experiment.

In order to calculate ∆E, the first step consists in the calculation of the elastic energy of perfect
loops as compared to faulted loops. As the final expressions are rather complicated and it is not
clear at all, which parameters play which role, let us start with the derivation of the simplest
case of a linear screw dislocation.21 It will become clear that already for this case all qualitative
features are evident.

Elastic energy of a screw, an edge and a mixed dislocation line

The radial strain caused by a screw dislocation in distance r′ from its core is ε = b
2πr′ , where b is

the absolute value of the Burger’s vector . The stress is obtained by multiplying with the shear
modulus G giving σL = Gε. The elastic energy per unit length of the dislocation line is then
dE = 1

2σLεrdrdφ = Gb2

4π
dr
r . Integration over a disk around the dislocation core yiels

Ẽel
screw =

Gb2

4π
ln(r1/r0). (3.68)

where the integration limits r0 and r1 have been introduced. The lower limit is necessary to
account for the divergence of the stress field b

2πr′ at the core where linear elasticity theory does
not hold true. The upper limit r1 is necessary to take into account that real crystals are finite
and imperfect. Explicit values for these limits are discussed later on.

Hull, Derek. Introduction to Dislocations (5th Edition).
: A Butterworth-Heinemann Title, . p 81
http://site.ebrary.com/id/10480744?ppg=81
Copyright © A Butterworth-Heinemann Title. . All rights reserved.
May not be reproduced in any form without permission from the publisher,
except fair uses permitted under U.S. or applicable copyright law.

Fig. 3.11.: Stress field of edge dislocation.
Taken from Hull and Bacon (2011).

For an edge dislocation, the expression is slightly more complicated and given by

Ẽel
edge =

Gb2

4π(1− ν)
ln(r1/r0), (3.69)

where ν ' 0.28 is the Poisson ratio for Si. See Fig. 3.11 for an illustration of the correponding
stress fields.

A screw dislocation has it’s Burger’s vector parallel or antiparallel to the dislocation line bedge ‖
l. An edge dislocation has it perpendicular to the dislocation line bedge ⊥ l. The respective stress
fields are thus orthogonal. If the dislocation is of mixed character, i.e. b and l enclose a finite
angle θ, the energy of such a character is just given by the superposition of the energies of its

21This was discussed by mainy authors (Kittel, 1996; Holt and Yacobi, 2007; Hull and Bacon, 2011; Föll, 2012;
Martsinovich, 2004).
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screw and its edge part. This is easily obtained by splitting the Burger’s vector into a parallel
and a perpendicular component, giving bscrew = b cos θ and bedge = b sin θ. For the energy of the
mixed dislocation one obtains using Eqs. (3.68) and (3.69) (Hull and Bacon, 2011)

Ẽmix =
G

4π

(
b2 sin2 θ +

b2 cos2 θ

1− ν
)

ln(r1/r0)

=
Gb2

4π(1− ν)

(
1− ν cos2 θ

)
ln(r1/r0), (3.70)

Elastic energy of a faulted loop

The faulted loops most frequently observed in Si are Frank partial loops. They lie in the {111}
planes and have a Burger’s vector bFL = a

3 [111]. As this Burger’s vector is perpendicular to the
loop plane, it is prependicular to the dislocation line at any point. This means that the Frank
partial dislocation is of pure edge character along the whole dislocation line. This makes the
integration of the energy per unit length easy as the elastic energy is constant. Integration of
Eq. (3.69) thus merely corresponds to a multiplication with the loop length 2πrL. This yields

Eel
FL =

rLGb
2
FL

2(1− ν)
ln(r1/r0), where b2FL =

a2

3
, (3.71)

and rL is the loop radius, while the integration limits r0 and r1 are still unspecified.

Elastic energy of a perfect loop

Perfect loops in fcc lattices also lie in the {111} planes but have a Burger’s vector of bPL = a
2 [110].

If the dislocation line was straight it would be extended along l ‖ [101] yielding an angle of
θ =60 ◦ with bPL. This is the frequently observed 60 ◦ dislocation and the energy is readily
obtained from Eq. (3.70) as cos2 θ = 1

4

Eel
perfect straight dislocation =

rGb2PL

2(1− ν)

(
1− ν

4

)
ln(r1/r0) where b2PL =

a2

2
(3.72)

for a straight line dislocation with a length 2πr.
As the perfect loop is not a straight line, this reasoning is not completly true, although it gives

the right order of magnitude. It is clear that the dislocation line of the loop in the {111} plane
can have a point at which its orientation is e.g. along the [110] direction. At that point, the line
has pure edge character as bPL ⊥ [110] and θ = π/2 which gives cos2 θ = 0. On the other hand,
the maximum value for cos2 θ is obtained, when the screw component is maximal, which happens
e.g. if l ‖ [112] in which case the Burger’s vector can be split up as b = a

3 [111] + a
6 [112] yielding

θ = arccos( 1√
3
) ' 0.304π ' 54.73 ◦ which gives cos2 θ = 1

3 .

Running around the DL, one sees that the screw component in Eq. (3.70) varies continuously
with cos2 θ ∈ [0, 1

3 ]. If the loop is a perfect circle the mean shear contribution can be readily
obtained by integrating

〈cos2 θ〉 =

∫ π
2
1√
3

dθ cos2 θ

π
2 − 1√

3

' 0.117 ' 1

8
(3.73)

which would correspond to an average angle of 〈θ〉 = arccos
√

0.117 ' 70 ◦. As the perfect DL
often happens not to be circular any other intermediate value from the interval cos2 θ ∈ [0, 1

3 ] can
be a good approximation as well. In order to be consistent with frequently cited results from the
literature, we choose 〈cos2 θ〉 = 1

6 and obtain by inserting this for cos2 θ in Eq. (3.70)

Eel
PL =

rLGb
2
PL

2(1− ν)

(
1− ν

6

)
ln(r1/r0) where b2PL =

a2

2
. (3.74)
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This expression is equivalent to the value for Eel
PL employed by Cristiano et al. (2000) and yields

the value for ∆E = Eel
FL − Eel

PL employed by Hull and Bacon (2011, p. 98),22 both if setting
r1 = 2rL. The latter assumption will be discussed below.

3.3.3. Total energy of faulted and perfect loops

The expressions in Eqs. (3.71) and (3.74) are only the energy stored in the strain field surrounding
the DLs, calculated by linear elasticity theory. As mentioned before, linear elasticity theory does
only hold true at some distance away from the core. This distance is characterized by r0 for
which a meaningful value is given by bFL/4 (Cristiano et al., 2000). The upper limit r1 of the
strain field integration depends on the geometry of the crystal and its defects. For a DL one
can approximatly assume that the stress field components of a single loop cancel each other for
distances r1 = 2rL (Schoeck and Tiller, 1960; Hull and Bacon, 2011), where rL is the loop radius.
Furthermore, the energy stored in the core Ecore has up to now been neglected. Ecore can only be
accessed by atomistic calculations. Finally, faulted loops contain a stacking fault with an energy
of γ '70 mJ/m2 per atomic volume, that has not been taken into account up to now. Adding
these terms to Eqs. (3.71) and (3.74), one obtains

Eel
FL = γπr2

L +
rLGb

2
FL

2(1− ν)
(ln(8rL/bFL)− 1 +AFL), (3.75a)

Eel
PL =

rLGb
2
PL

2(1− ν)

(
1− ν

6

)
(ln(8rL/bFL)− 1 +APL), (3.75b)

where we assumed r1 = 2rL and r0 = bFL/4. The constants AFL,PL have at this stage been

introduced to represent the core energy via Ecore
FL = AFL

rLGb
2
FL

2(1−ν) and Ecore
PL = APL

rLGb
2
PL

2(1−ν)

(
1 − ν

6

)
,

respectively. Their value will be discussed in more detail below. The constant −1 was introduced
to account for a frequent convention in the literature.23

Although the functional form of the expressions (3.75) is undebated, the numerical values
for the integration boundaries r1, r0 and the core energy Ecore are only roughly known. The
ambiguity for the integration limits is obvious. It is also intuitive that it is difficult to obtain an
expression for Ecore, which depends on the detailed atomic configuration of dangling bonds at
the dislocation line, such that many ambiguous expressions exist for it (LeSar, 2004).

It should furthermore be noted that, if the loop is not ciruclar but shaped like an n-sided
regular polygon, which can be a reasonable assumption for PLs, a further constant has to be
added to AFL,PL (Bacon and Crocker, 1965). Its value is due to the different stress fields and a
result of linear elasticity theory, independent of the uncertainty in the core energy, r0 or r1.

One should therefore be satisfied with specifying a numerical range of meaningful values for
these parameters. Surveying the literature, one finds the following values:24 Some authors choose
AL = 0 (Zographos et al., 2007; Bonafos et al., 1998; Huang and Dutton, 1993; Kroupa, 1960;
Cai and Weinberger, 2009) and others AL = 1 (Cristiano et al., 2000; Hull and Bacon, 2011) and
all of these either choose r0 = b/4 or r0 = b. Again others employ a very different expression
AL = 2ν−1

4ν−4 (Meekison, 1994; Avci et al., 2004).

Having made the choice for r0 = b/4 and r1 = 2rL in Eqs. (3.75) all uncertainty in the core
energy and a possible non-circular geometry of stress fields is accomodated in AL. The meaningful
range for r0 is given by r0 ∈ [b/4, 4b] (Föll, 2012; Hull and Bacon, 2011; Holt and Yacobi, 2007).
For r1, we simply choose r1 = 2r and do not give a range.

For the component of AL due to core energy the range [0, 1] is adobted here. This range is
prevailingly found in the literature. For its component due to the uncertainty in r0, assume the

22Used e.g. by Pan et al. (1997)
23It ensures a stress-free surface at the upper integration limit for the elastic energy r1 (Martsinovich, 2004; Kroupa,

1960). This argument is of no importance for the following discussion.
24We abbreviate AFL,PL with AL.
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extreme opposit choice for r0 = 4b as compared to the choice r0 = b/4. This choice then corre-
sponds to a factor 1/16 to be multiplied with the argument 8rL/b of the logarithm in Eq. (3.75).
The factor 16 in the logarithm appears as a constant − ln(16) = −2.77 that has to be added to
the lower bound of the range due to uncertainty in the core energy [0, 1]. One finally obtains
AL ∈ [−2.77, 1].

3.3.4. Energy per interstitial in a dislocation loop

As FLs and PLs both lie in the {111} plane, the number of bound Is is obtained using the areal
density of Is in the {111} plane, given by

nL =
1

3
|[111]| aCSi ' 1.57 · 1015 cm−2, (3.76)

where a is the lattice spacing in Si and CSi its atomic density. The number of Is in the loop is

N = nLπr
2
L. (3.77)

The energy necessary to incorporate one I is then given by

∆E =
dE

dN
=
dE

drL

drL

dN
=

1

nL2πrL

dE

drL
(3.78)

Using d
drL

(rL(ln(8rL/b)− 1 +AL)) = ln(8rL/b) +AL, the evaluation of dE
drL

for the expressions
(3.75) yields, when inserted into Eq. (3.78),

∆EFL = γ/nL +
Gb2FL

4πnLrL(1− ν)
(ln(8rL/bFL) +AFL), (3.79a)

∆EPL =
Gb2PL

4πnLrL(1− ν)

(
1− ν

6

)
(ln(8rL/bFL) +APL). (3.79b)

which can be rewritten with b2PL = 3
2b

2
FL, 3

2

(
1− ν

6

)
=
(

6−ν
4

)
' 1.43 and nL = bFL/Ω

∆EFL = γΩ/bFL +
GbFLΩ

4πrL(1− ν)
(ln(8rL/bFL) +AFL), (3.80a)

∆EPL =
(6− ν

4

) GbFLΩ

4πrL(1− ν)
(ln(8rL/bFL) +APL). (3.80b)

The preceding equations are the final result, written in a form that allows a simple comparison
of the energies for both types of loops.
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Fig. 3.12.: Comparison of FL and PL formation
energy. The same quantities have been plot-
ted by Cristiano et al. (2000) and Stowe (2006,
p. 145). Parameters are given in the text.

The result Eq. (3.80) is shown in Fig. 3.12 for AFL = 0 and APL = 0. The stability inversion
seen occurs for loop sizes around 30 nm which is similar to the results of Cristiano et al. (2000)
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and Stowe (2006) both of which present slightly differing values. The parameters used for this
calculation are given by: γ = 70 mJ/m2, Ω = 2 · 10−23 cm3, G = 63.28 · 105 N/cm2, and bFL =
0.3135 nm. With that Esf = γΩ/bFL = 0.0279 eV. The factor GbFLΩ

4π(1−ν) = 0.274 eV nm.
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Fig. 3.13.: Left panel: Comparison of equilibrium concentrations in the vicinity of a loop, governed by
the stability inversion. Right panel: In fc (see Eq. (3.51)) by contrast, the values for FLs and PLs do not
cross. For the plot and also for the calibration of the models later on, the variance of the loop distribution
was set to σFL = 0.3rL and σPL = 0.4rL. This is why for PLs, fc is constantly higher throughout. Further
parameters are given in the text.

The even more interesting quantities are given by C∗L,I = C∗I e
∆E(rL)/kT (see Eq. (3.13)) and

fc (see Eq. (3.51)), which have been discussed in the previous section. In Fig. 3.13, we plot a
comparison of these quantities for FLs and PLs. While Fig. 3.13(a) shows the stability inversion
of Fig. 3.12 amplified to an exponential behavior, Fig. 3.13(b) shows that fFL

c and fPL
c do not

cross. This is in line with expectations: Fig. 3.13(a) shows C∗L,I which directly appears in fnc (see
Eq. (3.50)) and is responsible for the dissolution of loops due to interaction with external sinks or
the other loop ensemble. This quantity should be strongly influenced by the stability inversion.
Fig. 3.13(b) shows fc, which merely influences the Ostwald ripening dynamics within an ensemble.
This quantity should not be influenced by the stability inversion. The different magnitude of fc
seen in the shift of the curves comparing FLs and Pls in Fig. 3.13(b) mirrors different choices for
the variances of the size distributions of FLs and PLs: σFL = 0.4rL and σPL = 0.5rL. This choice
agrees with the experimental observation of Pan et al. (1997) and Stowe (2006) that PLs show
a distribution with larger variance and more pronounced Ostwald ripening than FLs. The exact
values for σFL/PL cannot be meaningfully obtained from the experiment and were chosen in order
to fit the experiments discussed in the next section.

With this discussion, it has become clear from another point of view that the definition of the
quantity fc in the previous section is meaningful and consistent with the experimental observation.
In addition, it is obvious that the combination of the model of the previous section with the ideas
from the present section is consistent. It remains to explicitly state the model equations of the
combined model.

3.3.5. Summary of model equations

The equations for the parallel evolution of an ensemble of FLs and an ensemble of PLs read, in
complete consistence with the model presentation for a single species in Sec. 3.1.4 and Sec. 3.2

∂tCFL = R311
FL +RI

FL, (3.81a)

∂tDFL = R̃311
FL + R̃I

FL, (3.81b)

∂tCPL = R311
PL +RI

PL, (3.81c)

∂tDPL = R̃311
PL + R̃I

PL. (3.81d)
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where the functional form of the terms R311
FL , R̃311

FL , R311
PL and R̃311

PL has been defined in Eq. (3.3) for
a general loop. All of these terms contain either the reaction rate k311

FL or k311
PL which determines

the unfaulting rate of {311} defects to loops. In agreement with the experimental observation that
PLs are only observed for higher temperatures, we choose k311

FL to have a lower activation energy

than k311
PL . The terms R̃311

FL and R̃311
PL contain furthermore the factors k̃311

FL and k̃311
PL , respectively.

In agreement with the experimental observation of Stowe (2006), that perfect loops nucleate at

a larger mean radius than faulted loops, the choice is here k̃311
PL = 0.05 in contrast to the choice

k̃311
FL = 0.5 by Zographos et al. (2007).

The reaction terms describing the loop interaction with Is have been extensively discussed in
Sec. 3.2. They differ in that for PLs a different formation energies appears as compared to FLs.
The respective formation energies have been derived in this section and are given in Eq. (3.80).

With this, the model that describes the parallel temporal evolution of two loop ensembles is
completly defined. In the following its predicitions will be compared to the experiment.

3.4. Comparison with the experiment

The following section will compare the results predicted by the model defined in the previous two
sections to experimental data from the literature. Here, we only present experimental data for
high annealing temperatures exceeding 900 ◦C and annealing times exceeding 5 min. This is the
type of experimental situation that is relevant for the production of solar cells and which has lead
to bad agreement using the model of Zographos et al. (2007). It should be remembered that for
experiments involving lower annealing temperatures or shorter times, our model yields the same
results as the one of Zographos et al. (2007) in the implementation of SPAC (2012). The results
for these conditions have already been shown in Sec. 3.1.3.

Several parameters of the new model have already been given in the preceding section. The
rest of the parameters is summarized in Appendix A.1. This section discusses the results of a
combination of the modeling ideas of the two preceding sections using a unified calibration. It
shall be noted that Appendix A.1.2 furthermore shows parameters and results for a calibration
that only uses the modeling idea of Sec. 3.3, i.e. parralel ripening of FLs and PLs both of which
are described with fc (see Eq. (3.66)) as in the model of Zographos et al. (2007). Interesting
differences of the calibrations are discussed already in this section.

Before presenting the experimental results, in order not to produce artifacts due to an uncon-
trolled approach to the simulations, some general remarks are in order.

3.4.1. Classification of experimental conditions

One has to distinguish two classes of experiments to be able to judge their outcome: amorphizing
and non-amorphizing implantations. In the first case, dislocation loops appear as EOR damage,
i.e. in the classification of Prussin and Jones (1986), as type 2 damage. In the second case, loops
form in the vicinity of the projected range as type 1 damage. The vast majority of literature exists
for the first case, due to the relevance to USJs and the very controlled conditions for the study
of the loop ensemble. After presenting comparisons for these conditions, data for the second case
is studied, about which much less is known. Finally, in the last two subsections of the present
section, comparisons with experiments that focus on the dependence on implantation energy and
oxidizing conditions are discussed.

For all experiments and simulations the following statement holds true: The loop evolution
is determined to first order by the net number of implantation-induced Is. If the implant is
amorphizing, this is the number of Is that remains behind the a/c boundary after recombination
with Vs. Each comparison of simulation with experiment therefore starts with a MC calculation
of this net number of Is summarized in a table for each group of experiments.
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When the initial number of Is is fixed, the next steps in the evolution of the loop ensemble
occur at the very first moments of the annealing process: Depending on the possible presence of
an a/c boundary, the distance to the surface and the heating ramp rate, the initial net number of
Is can drastically change on very short time scales as Is diffuse rapidly. Such a situation could e.g.
lead to the fact, that the nucleation process described in Sec. 3.1.2 does not lead to the formation
of DLs or produces only a very small number of them. In the contrary situation, which typically
occurs for deep amorphizing implants, almost all implantation-induced Is can be found bound
in DLs when the nucleation phase is over: In the case of RTA experiments, this occurs after a
few seconds, and in the case of furnace anneals, after ramp-ups of several tens of minutes and
for temperatures of around 900 ◦C. In order to predictively simulate the loop ensemble during
annealing, not only the number of implantation-induced Is has to be calculated with great care,
but also the experimental annealing conditions have to be known with sufficient accuracy. If one
of these requirements is not met, the simulated nucleation leading to DLs will result in an initial
ensemble of loops with a wrong number of DLs and a wrong mean radius. In this situation, of
course, the great care we took to study the evolution during the subsequent phases of annealing,
namely Ostwald ripening and dissolution, would be in vain. The experiments presented below all
fulfill the requirements.

Finally, note two benchmarks for the complete dissolution of DLs, which would be the ultimate
goal for solar cell processing. For inert conditions, a rough estimate concerning the dissolution
of DLs is given by 1 min at 1100 ◦C following a 1·1016 cm−2, 50 keV Si implant (Pan and Tu,
1997). Another estimate for the complete removal of all DLs is given by 5 min at 1150 ◦C for a
1·1016 cm−2, 30 keV B implant (Stowe, 2006).

3.4.2. Amorphizing Si and Ge implants: dislocation loops appearing as EOR
defects

Before, it was mentioned that amorphizing implants provide very controlled conditions to study
the evolution of the dislocation loops. They shall be studied in this subsection.

Tab. 3.1.: Implantation data for time evolution experiments. Amorphizing Si and Ge implants. Listed are
the implanted species, dose and implantation energy E together with the depth xac of the a/c boundary

and the net areal density N impl,net
I of implantation-induced Is that remains behind xac.

reference Fig. species dose ( cm−2) E (keV) xac (nm) N impl,net
I ( cm−2)

Bonafos et al. (1995) 3.16 Ge 2·1015 150 183 3.5·1014

Bonafos et al. (1998) 3.18 Ge 2·1015 150 183 3.5·1014

Cristiano et al. (2000) 3.14 Si 2·1015 50 120 7.2·1014

Huang et al. (1998) 3.19 Ge 6·1014 150 151 4.4·1014

Liu et al. (1995) 3.17 Si 1·1015 50 105 7.0·1014

Pan et al. (1997) 3.15 Si 1·1016 50 141 7.8·1014

Raman et al. (1999) 3.19 Si 1·1015 120, 30 257 7.9·1014

Tab. 3.1 shows the relevant implantation-related paramaters for amorphizing Si and Ge im-
plants. The number of implantation-induced Is and the amount of damage leading to amorphiza-
tion has been calculated with the native MC implanation of Sentaurus Process (SP, 2012). As

mentioned before, the key quantity is the net dose of Is N impl,net
I , i.e. the number of Is behind xac

that survive SPER, and the value of xac, which characterizes the distance of the EOR damage to
the surface.
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Parallel ripening of faulted and perfect loops

Fig. 3.14 shows loop properties after a furnace anneal at 900 ◦C that had an additional prean-
nealing step. The long ramp-up time and the preannealing step appear for negative values on the
time axis. Dissolution and radius evolution are obtained with high accuracy by the simulation
when comparing the total number of loops, i.e. the added densities of FLs and PLs, and their
mean radius. It should though be noted that for the density of PLs, the model can be seen to
predict only a fraction of 1% for these conditions, as compared to around 50% in the experiment
(not shown in the figure).
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Fig. 3.14.: Loop evolution during furnace annealing at 900 ◦C. The negative values on the time axis
correspond to a ramp up (10 K/min) and a preannealing (900 ◦C, 10 min) phase, following a Si implant
of 2·1015 cm−2 at 50 keV. Experimental values are shown as symbols, simulated values by lines. As the
density fraction of simulated FLs is around 99% of the total loop number, the dark dashed lines and the
solid lines almost agree. The experimental data points show data for the total loop population, i.e. FLs
and PLs, and are taken from Cristiano et al. (2000).

In Fig. 3.15 then, a higher temperature of 1000 ◦C is considered and again very good agreement
with the experiment is obtained. At this temperature, perfect loops become relevant in the
simulation and dominate the total density of loops for times higher than around 4 min. It can be
seen that PLs dissolve slowlier and have a larger mean radius than FLs.
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Fig. 3.15.: Loop evolution during RTA annealing at 1000 ◦C following on a Si implant of 1·1016 cm−2 at
50 keV. Experimental data from Pan et al. (1997).

In Fig. 3.16, again annealing at 1000 ◦C is considered, but for different implantation conditions.
This experiment was already mentioned in Sec. 3.1.4. There, in Fig. 3.8, the model of Zographos
et al. (2007) lead to bad agreement, predicting a much too rapid dissolution of the loops that could
not be resolved by a recalibration. In Fig. 3.16(a), by contrast, good agreement of simulation
with experiment is obtained, due to the fact that PLs are taken into account. As in the case of
Zographos et al. (2007), the radius evolution is underestimated. As mentioned before, Appendix
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A.1.2 presents an alternative calibration. The alternative calibration yields the correct radius
evolution for this case, as seen in Fig. A.3, but yields a too strong radius growth in other cases.
See e.g. the previous, Figs. 3.15 and A.2, and the following case, Fig. 3.17 and A.4.
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Fig. 3.16.: Loop evolution during RTA annealing at 1000 ◦C following on a Ge implant of 2·1015 cm−2 at
150 keV. Experimental data from Bonafos et al. (1995).

Wide range of experimental conditions

Fig. 3.17 and Fig. 3.18 both show results for the annealing of dislocation loops for a wide range
of temperatures. These experiments have led to bad agreement for the model of Zographos et al.
(2007) in the implementation of SPAC (2012) as shown in Fig. 3.7 and Fig. 3.8. The problem
of the too rapid dissolution of DLs at high temperatures and the divergence of the mean loop
radius could not be resolved by a recalibration of their model. In Fig. 3.17, one can now observe
the correct predicition of the saturation of Ostwald ripening and a correct prediction of the areal
disloction loop density.
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Fig. 3.17.: Loop evolution during RTA annealing following on an Si implant of 1·1015 cm−2 at 50 keV.
Experimental data from Liu et al. (1995).

In Fig. 3.18, then, much shorter times are studied finding very good agreement between sim-
ulation and experiment, except for the mean loop radius evolution at 1050 ◦C. The experiment
predicts a much faster Ostwald ripening up to loop sizes that have not been measured in any
other experiments for similar conditions. As this is the only experiment available for such el-
evated temperatures, the question whether this is an error in measurement or not, cannot be
satisfactorily answered. In this case, the alternative calibration led to a slightly better agreement
Appendix A.1.2, see Fig. A.5.
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Fig. 3.18.: Loop evolution during RTA annealing following on a Ge implant of 2·1015 cm−2 at 150 keV.
Experimental data from Bonafos et al. (1998).

Surface proximity effect

An interesting question is the evolution of the loop ensemble in its dependence on its distance
to the surface. To study this variation is in particular important, as many realistic cases involve
loop ensembles situated much closer to the surface than in the experiments seen before.

Fig. 3.19 compares the new model with experimental data for the number of bound Is in DLs
for data of Raman et al. (1999) and Huang et al. (1998). In both cases, qualitative agreement and
the correct order of magnitude is found, i.e. the weak algbraic decrease of the number of bound
Is in the loop, is correctly predicted. This weak decrease has to be compared to the exponential
decrease of the dislocation loop density, shown in the previous figures. The exponential decrease
before is induced by Ostwald ripening, the weak decrease here is limited by I diffusion to the
surface. The qualitatively different time dependencies can thus be related to two different physical
mechanisms.
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Fig. 3.19.: Loop evolution during furnace annealing for different depths of the EOR damage. The negative
values on the time axis correspond to a ramp-up with 10 K/min. The meaning of lines is as follows: solid
(deepest depth), dashed (intermediate depth), dot-dashed (shallowest depth). Left panel: For a dual Si
implant of 1·1015 cm−2, at 120 keV and at 30 keV. Experimental data from Raman et al. (1999). Right
panel: For a Ge 6·1014 cm−2 implant at 150 keV annealed at 950 ◦C. Experimental data from Huang et al.
(1998).

In Fig. 3.20 then, the number of bound Is in DLs is plotted for the same experimental situation
as in Fig. 3.16. This is to illustrate for one of the previous experiments that the simulation
produces a weakly non-conservative Ostwald ripening. The experimental measurements predict
a completely conservative process but have to be criticially questioned. Besides large error bars,
the experiment might have been subject to slight oxidation with an associated injection of self-
interstitials.
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Fig. 3.20.: Loop evolution during RTA anneal-
ing for the same conditions as in Fig. 3.16.

Finally, we mention that the very high loop densities that were measured by Li and Jones
(1998) could not be reproduced. This statement also holds for Zographos’ model.

3.4.3. Non-amorphizing B implants: dislocation loops appearing around the
projected range

In recent years, studies of dislocation formation after B implantation have become available due
to research aiming to enhance photoluminescence of Si-based LEDs (Ng et al., 2001; Lourenco
et al., 2004; Milosavljević et al., 2006, 2005; Stowe et al., 2003; Stowe, 2006). To the author’s
knowledge, this data has hitherto not been studied by means of simulations.

Tab. 3.2 shows the implant conditions for experimental data that was available with sufficient
accuracy. All of the experiments were non-amorphizing.

Tab. 3.2.: Implantation data for time evolution experiments following on non-amorphizing B implants,
i.e. xac = 0 in all cases. Listed are implantation dose and energy E as well as the areal density N impl

I of
implantation-induced Is.

reference Fig. dose ( cm−2) E (keV) N impl
I ( cm−2)

Komarov et al. (1981) 3.27 1·1015 100 1.0·1015

Milosavljević et al. (2006) 3.22 1·1015 30 1.0·1015

Stowe (2006) 3.24 1·1015,1·1016 30 1·1015,1·1016

Sztucki et al. (2002) 3.23 6.2·1015 32 6.2·1015

Dislocation line density distribution

Fig. 3.21 shows profiles for the simulated as-implanted and annealed boron concentration and the
simulated and experimentally measured dislocation line density ρL. The latter has been defined
in Eq. (3.7). B implantations of 5·1014 cm−2 and 1·1015 cm−2 followed by annealing at 900 ◦C are
considered. The experimental values for ρL depict a mean dislocation density of FLs and PLs,
while the simulation resolves the value for each type of loop. We find that the position of the
defect band and the order of magnitude of the dislocation line density is correctly reproduced by
the simulation.
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Fig. 3.21.: The as-implanted and annealed B profile are shown on the left y-axis. The dislocation line
densities for perfect (PL) and faulted loops (FL) are shown on the right y-axis, together with experimental
data for the mean dislocation line density. For this experiment, B doses of 5·1014 cm−2 (left panel) and
1·1015 cm−2 (right panel) were implanted at 30 keV and annealed at 900 ◦C for 15 min. Experimental data
from Stowe (2006, p. 130).

Parallel ripening of faulted and perfect loops

Fig. 3.22 shows results for RTA annealing after a B implant of 1·1015 cm−2 at 30 keV. The model
of Zographos et al. (2007) in the implementation of SPAC (2012), see Fig. 3.9, yielded a much too
high dissolution velocity as compared to the experiment. The results of our unified calibration
suffer from the same problem, but to a much smaller extent. Interestingly, the experimental
data for the loop density follows the results for PLs obtained within the unified calibration. The
alternative calibration shows much worse results than the ones shown here, see Fig. A.8.
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Fig. 3.22.: Loop evolution during RTA annealing at 950 ◦C following on a B implant of 1·1015 cm−2 at
30 keV. Experimental data from Milosavljević et al. (2006).

The experimental data for the evolution of the mean DL radius, shown in Fig. 3.22(b), shows a
very short, but steep increase of the radius, which indicates conservative Ostwald ripening. After
7 min though, the loops start shrinking in a strongly non-conservative process down to a loop
radius of 20 nm. For times higher than 10 min, the radius remains constant. In this last stage,
the Ostwald ripening has saturated. The model only reproduces the first and the last stage of
this process, leading to qualitative agreement for the last stage, in contrast to the predictions of
the model of Zographos et al. (2007) shown in Fig. 3.7.

Wide range of experimental data

Fig. 3.23, we compare the simulation to experimental data for faulted loops obtained by X-
ray scattering, which cannot detect perfect loops. The simulation produces the right order of
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magnitude, in particular for the saturation of radius growth in Fig. 3.23(b). The alternative
calibration only leads to satisfying agreement in the first stages of ripening, see Fig. A.9. Of
course, the alternative calibration does not reproduce the saturation of loop growth as can be
seen for the higher temperature in the right panel of Fig. 3.23.
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Fig. 3.23.: Loop evolution of faulted loops during RTA annealing following 10 min preannaeling in the
furnace at 750 ◦C. The negative times show processes during ramp-up and preannealing. B implant of
6.4·1015 cm−2 at 32 keV. Experimental data from Sztucki et al. (2002).

Fig. 3.24 shows data for furnace anneals. Agreement of simulation with experiment is found
to be on a qualitative level for the radius evolution, predicting saturation of Ostwald ripening.
For the dislocation loop density, only the higher dose is qualitatively correct described. The large
mean DL radii found by Stowe (2006) have not been observed elsewhere, and it is unclear which
mechanism produces them. For these cases, the alternative calibration leads to much better
agreement, see Fig. A.10.
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Fig. 3.24.: Loop evolution during furnace annealing. The negative values on the time axis correspond
to the ramp-up phase proceeding at 10 K/min and starting at 600 ◦C. The upper row depicts results
after B implantation of 1·1015 cm−2. The lower row for B implantation of 1·1016 cm−2. Both at 30 keV.
Experimental data from Stowe (2006).



70 3. Modeling the annealing kinetics of dislocation loops

3.4.4. Dependence of the dislocation loops on implantation energy and an
oxidizing atmosphere

Having gained insight into the dynamics of dislocation loops by studying their time dependence,
one can proceed to make comparisons for other parameters, like the implantation energy.

Implantation energy

Tab. 3.3 shows the studied implantation conditions.

Tab. 3.3.: Different implantation conditions. Listed are the implanted species, dose and implantation
energy E together with the depth xac of the a/c boundary and the net areal density N i,net

I of implantation-
induced Is that remains behind xac.

reference Fig. species dose ( cm−2) E (keV) xac (nm) N i,net
I ( cm−2)

Laânab et al. (1995) 3.25 Ge 3·1014 25 38 3.2·1014

Ge 7·1014 50 75 1.6·1014

Ge 1.2·1015 80 115 2.3·1014

Ge 2·1015 150 183 3.5·1014

Milosavljević et al. (2005) 3.26 B 1·1015 10-80 0 1.0·1015

The comparison of simulation with experimental data from the two available references, one for
amorphizing and the other for non-amorphizing conditions, both lead to good agreement. They
are shown in Figs. 3.25 and 3.26, respectively.
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Fig. 3.25.: Ge implants as specified in Tab. 3.3. All annealed at 1000 ◦C for 10s. Experimental data from
Laânab et al. (1995). Filled symbols depict simulated results, open symbols experiments.
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Fig. 3.26.: B implants of 1·1015 cm−2 at different energies. All samples were annealed at 950 ◦C for 30 min.
Experimental data from Milosavljević et al. (2005). Filled symbols depict simulated results, open symbols
experiments.
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Oxidizing atmosphere

Finally, an experiment that compares the evolution of the dislocation loop ensemble under inert
and under oxidizing conditions is studied. While the inert annealing is quantitatively correctly
reproduced by the model, the loop density under oxidizing conditions is overestimated by a factor
2. This result shall merely serve as a first check. More experimental data would be needed to
draw reliable conclusions. Note that here the alternative calibration of Appendix A.1.2 yields
better agreement for this experiment, see Fig. A.13.
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Fig. 3.27.: Loop evolution during furnace an-
nealing following on a B implant of 1·1015 cm−2

at 100 keV. Experimental data from Komarov
et al. (1981). There is no experimental data
for the mean radius evolution or the number of
bound Is.

3.5. Summary and conclusion

The chapter contains the derivation of a dislocation loop model that predicts the saturation of
Ostwald ripening, Sec. 3.2, and the parallel time evolution of faulted and perfect dislocation
loops, Sec. 3.3. We have furthermore shown that both modeling ideas are not only conceptually
interesting, but lead to qualitatively better agreement with experiment, Sec. 3.4, than what has
been published before (Zographos et al., 2007). The practical result consists in two calibrations,
specified in Appendix A.1, both of which have their advantages and disadvantages. For the
experiments discussed in this section, each calibration performs better in a similar number of
experiments, than the other. If reusing these calibrations for ones own purposes, one should give
both calibrations and model combinations a try. They can easily be redefined by just changing
fc.





4. Modeling the annealing behavior of
implanted phosphorus

The following chapter studies the annealing behavior of ion-implanted phosphorus in its relevance
to solar-cell processing. The particular interest in P arises from the fact that the first commercial
high-throughput implantation tools were all based on P-containing plasma gases (Hieslmair et al.,
2012a). For other dopants by contrast, at the time writing this thesis, similar tools lack from
the market. Hence, P will probably be the first dopant to appear in large-scale manufactured
implanted solar cells. Parts of this chapter have been published by Wolf et al. (2014a).

In Sec. 4.1, we supplement the just mentioned practical motivation with a scientific motivation
and present a brief literature survey. In Sec. 4.2, we present and discuss a predictive model for the
annealing behavior of P. This will include new insights into the diffusion, transient segregation and
precipitation of phosphorus. In Sec. 4.3, the results of this model are compared to experiments,
and in Sec. 4.4, we conclude the chapter.

4.1. Motivation and literature survey

Having already stated the practical motivation, in the following, we outline the fundamental
scientific motivation to study P annealing. Subsequently, we present a brief literature survey on
P implantation, diffusion, solubility and segregation.

4.1.1. Fundamental scientific motivation

Phosphorus is a dopant species whose annealing behavior is much less understood than the one
of e.g. boron. For the implant and annealing conditions relevant to solar cells,1 state-of-the
art models as e.g. found in the Sentaurus Process Advanced Calibration (SPAC, 2012), make
qualitatively wrong predicitions. Quite successfull models2 have only been presented for P in-
diffusion problems. For implantation, for which the situation is more complicated, only few
models exist.3 All of these models are far from providing a consistent and physical description
for a wide range of experimental conditions, but fitted particular cases only.

The deficiencies of present models can be related to two facts. The first fact consists in the
higher complexity of the annealing behavior of P as compared to other dopants, e.g. B. P diffuses
via Is and Vs, while B diffuses solely via Is. Furthermore, P strongly segregates to the SiO2/Si
interface. And finally, theories for the P concentration above the solubility limit are diverse and
range from precipitation (Solmi et al., 1996; Huang et al., 2008), to the formation of P-I clusters
(Keys, 2001; Li et al., 1999) and the classical explanation of P-V clusters.

The second fact is the following observation. During the past twenty years, research of the
physics of implantation and annealing processes has been driven by the application to integrated
circuit fabrication for microelectronics. It is this application that dominated the setup of experi-
ments, on which current models and knowledge are based. Naturally, these conditions need not
to be the same as for solar-cell processing. Furthermore, the fact that P is the fastest diffusing
donor species made P unattractive for the fabrication of ultra-shallow junctions, such that much
less research has been carried out on the modeling of P as compared, e.g., to other donors.

Independent of these problems, P has the interesting property of being able to getter impu-
rities, which is in principle relevant for solar-cell processing. Applying P gettering in practical

1See e.g. the conditions studied in Sec. 4.3.4.
2Such as those of Dunham (1992), Ghaderi and Hobler (1995), Uematsu (1997), Bentzen et al. (2006a) and Chen

et al. (2012).
3As the ones of Uematsu (1999) or Keys (2001).
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applications, though, is unlikely due to the requirements of large-scale processing conditions. As
has been stressed in the previous chapter, the primary requirement to annealing processes for
solar cells is the complete removal of implantation damage. Implantation-induced dislocations,
decorated with transition metal atoms, are much more deleterious for charge carrier lifetimes
than the presence of the same concentration of isolated transition metal atoms (Seibt et al., 2009,
see Chap. 6 for a detailed discussion). Furthermore, Bentzen et al. (2006b) measured that the
efficiency for P gettering of transition metals that decorate dislocations is almost zero: transi-
tion metals seem to be much stronger bound by dislocations than by P complexes. Finally, a
high P gettering efficiency requires relatively low annealing temperatures and very long annealing
times (Talvitie et al., 2011; Haarahiltunen et al., 2009). The first fact is incompatible with the
requirement of high-temperature anneals to remove implantation damage. The second fact is
incompatible with a rapid production process. The hypothesis for the rest of the present work is
therefore that P gettering effects are to be expected minor for the relevant conditions.

Instead, we focus on different key quantities, detrimental to the performance of implanted
solar cells. We will discuss their relation to the electronic properties in Chap. 6 and for now shall
content ourselves with listing them:

• amount of remaining implantation damage

• junction depth xj

• active surface concentration Cs
P+

• fraction of remaining P dose in Si NSi
P /N

impl
P

• fraction of active dopants NSi
P+/N

Si
P

N impl
P is the implanted P dose. NSi

P is the areal concentration (dose) of P atoms in the Si bulk,
whereas NSi

P+ is its electrically active part. It should be noted that parts of the implanted dose

N impl
P vanish from the bulk during annealing due to segregation to interface or oxide. Cs

P+ is pri-

marily and NSi
P /N

impl
P completely determined by such processes. NSi

P+/N
Si
P , by contrast, is solely

determined by clustering and precipitation phenomena. How much of the implantation damage
remains after annealing is determined by the kinetics of dislocation loops as discussed in Chap. 3.
Almost all of the listed quantities depend on the diffusion mechanism of P. A P annealing model
for solar-cell processing should therefore predictively describe all of the mentioned phenomena:
diffusion, precipitation, segregation and implantation damage annealing. Excluding implantation
damage annealing, the topic of Chap. 3, we proceed with briefly reviewing the literature on P
diffusion, precipitation and segregation.

4.1.2. Phosphorus implantation, diffusion and solubility

The following subsection reviews literature on P implantation, diffusion, precipitation and segre-
gation.

Implantation and solid-phase epitaxial regrowth

Due to its similar mass, the implantation behavior of P is similar to the one of Si. We can
thus apply much of the discussion of the preceding Chap. 3 and mention here only few facts.
Shallow P implants with energies smaller than 5 keV and doses up to 5·1014 cm−2 can still be
non-amorphizing, higher doses or energies amorphize.4 For doses up to 5·1015 cm−2, SPER leaves
the implanted profile form unchanged, but for higher doses a push-out or snow plough effect
occurs. Independent of the dose, already during SPER, P weakly segregates to the SiO2/Si
interface (Ruffell et al., 2005b).

4For a 5·1014 cm−2, 5 keV implant, an amorphization depth of 11 nm results (Ruffell et al., 2005b).
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Diffusion

Fig. 4.1 shows all features of a typical high-concentration P diffusion profile as found subsequent
to implantation as well as for in-diffusion experiments. In the following, we discuss these features
based on the review of P diffusion in the book of Pichler (2004), supplemented with several more
recent results.
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Figure 5.  Anomalous phosphorus diffusion displays a characteristic "kink and tail" 
profile. 

Anomalous Dopant Diffusion 

In addition to the previously described diffusion models,  some dopants display 

anomalous diffusion characteristics. Under certain conditions, phosphorus has been 

shown to exhibit a "kink and tail," characterized by a plateau region near the surface 

followed by an inflection and a gradually sloped tail.  This is schematically represented in 

Figure 5.  Experiments on high surface concentration phosphorus and boron diffusions in 

silicon show an enhanced diffusivity in the tail region [Sch72, Fai77].  This phenomenon 

is very pronounced in the case of phosphorus, but is somewhat less pronounced in the 

case of boron.  The electrically inactive plateau region near the surface has been 

attributed to SiP precipitation [Mas77], usually occuring at relatively high phosphorus 

concentrations (3.5x1020 cm-3 at 1000ûC). 

Figure 6 is a plot of the phosphorus kink concentration gathered from several 

different experimental studies [Sch72, Mas77, Oeh84, Ang87, and Fai90].  These studies 

include solid source in-diffusion, ion implantation, oxidation enhanced diffusion, and 

Fig. 4.1.: Typical features of a P diffusion pro-
file. Taken from Keys (2001).

For intrinsic conditions, which apply to the low-concentration tail of the profile in Fig. 4.1,
P is generally accepted to diffuse via Is (Ural et al., 1999; Pichler, 2004). For strong extrinsic
conditions, the details of the P diffusion mechanism are still debated today, although it is agreed
that PV pairs then become important. This conclusion can, e.g., be drawn from nitridation
experiments. Nitridation is known to inject Vs from the surface into the Si bulk. For an intrinsic
P concentration, this V injection reduces P diffusivity, while for an extrinsic P concentration, P
diffusivity is not reduced (Uematsu, 1997). More quantitatively, Fair and Tsai (1977) showed that
for high P doping, the diffusivity is proportional to ( nni )

2, and concluded that the V = charged

state plays a major role in this regime.5

In Fig. 4.2, an example for the dependence of the effective P diffusivity on P concentration is
shown, as obtained from an experiment that led to the typical profile form of Fig. 4.1. For the
intrinsic regime, i.e. for P concentrations below ni(890 ◦C) '4.7·1018 cm−3, the mean P diffusivity
is almost constant.

Matano analyses, evaluation of the diffusion mechanisms
dominating in the different regions of the profile, and imple-
mentation of an integrated diffusion model to simulate the
obtained profiles.

A. Boltzmann-Matano analysis

When the diffusivity, or diffusion coefficient, D�C� of a
diffusant is a function of its concentration within the host
material, the general diffusion equation obtained from Fick’s
second law can be written in one dimension as

�C

�t
=

�

�x
�D�C�

�C

�x
� . �1�

The above diffusion equation can be transformed into
an ordinary differential equation by introduction of the
Boltzmann variable �, defined as

� =
x − XM

2�t
, �2�

where t is the diffusion time and XM is a constant referred to
as the Matano interface. This special interface defines a plane
in the diffusion geometry across which equal amounts dif-
fuse towards both directions, i.e. a plane at which the con-
centration of the diffusant remains constant. In the case of
in-diffusion from an external source, such as a spray-on or
gaseous source, an appropriate choice for the Matano inter-
face is x=0 as long as the source can be regarded as infinite,
i.e., under experimental conditions where the concentration
near the surface is independent of the diffusion time. Accord-
ing to Glicksman,12 it can be shown that by the introduction
of the Boltzmann variable, Fick’s second law as expressed
by Eq. �1� reduces to

− 2�
dC

d�
=

d

d�
�D�C�

dC

d�
� . �3�

From Eq. �3�, the diffusivity D�C� is then found as

D�C� = −
1

2t
� dx

dC
	


C�

C

xdC , �4�

where C� refers to the concentration at which dC /d� is zero,
and the Matano interface XM =0 has been introduced under
the requirement of a constant surface concentration.

It is important to recognize that an additional require-
ment must be fulfilled for the Boltzmann-Matano analysis to
be valid. As pointed out by Yoshida et al.,13 C is solely a
function of � through Eq. �3� above. Thus, in order to use the
above equations to inspect the diffusivity, it must be experi-
mentally verified that D is a function of C only or, equiva-
lently, that C is a function of x /�t.13 The implication of this
is that the diffusivity must be independent on time and posi-
tion in the sample, only depending on the local P concentra-
tion. Figure 2 shows the P concentration profiles as obtained
by SIMS after diffusion at different temperatures and dura-
tions, plotted as functions of the reduced distance, x /�t.
Clearly, the figure shows that the concentration is indepen-
dent on position and diffusion time in the range considered at
a given temperature, in fulfillment with the requirements for

performing Boltzmann-Matano analyses, as asserted by
Yoshida et al.13 It should be mentioned that all the samples
subjected to the same diffusion temperature and duration
showed nearly identical profiles as discussed above, regard-
less of whether the profile was measured using mc-Si or
Cz-Si material. Therefore, all profiles displayed in the re-
mainder of this work were retrieved from mc-Si wafers. In
Fig. 3, the concentration dependent diffusivity retrieved from
the Boltzmann-Matano analysis of the P diffusion profile af-
ter 1218 s at 890 °C is shown. The concentration profile for
this particular case was shown in Fig. 1.

From the diffusivity in Fig. 3, it is seen that the diffusion
can be divided into four distinct regions, separated by the
arrows labeled 1, 2, and 3 in the figure. At arrow 1, i.e. at a
concentration of about 2�1019 cm−3, a distinct change from
a slightly increasing diffusivity with concentration to a rapid

FIG. 2. P concentration measured by SIMS in mc-Si vs reduced distance,
showing that the requirement for performing Boltzmann-Matano analyses is
fulfilled.

FIG. 3. P diffusivity extracted by Boltzmann-Matano analysis after diffusion
at 890 °C for 1218 s in mc-Si. The arrows indicate the transition regions in
the diffusion mechanisms.
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Downloaded 29 May 2012 to 194.39.218.10. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

Fig. 4.2.: Regimes for P diffusivity obtained by
Boltzmann-Matano analysis for P diffusion from
a spray-on source. For a similar figure see Ue-
matsu (1997). This figure is taken from Bentzen
et al. (2006a).

This constant regime of the mean P diffusivity extends up to CP ' 1019 cm−3, marked by
the first arrow in Fig. 4.2, from which it steeply decreases until CP ' 1020 cm−3, marked by the
second arrow. The transition point at CP ' 1019 cm−3 corresponds to the kink concentration seen

5This conclusion is understood in terms of the discussion of Sec. 2.2.2.
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in Fig. 4.1. The value for the kink concentration is clearly above ni and clearly below the solid
solubility Css

P .6 The qualitative explanation for the diffusion reduction at the kink concentration
is that the transport capacity of PI pairs starts exceeding that of isolated Is (Uematsu, 1997).
Using this idea, effective, empirical models for the P diffusion have been implemented (Uematsu,
1997; Bentzen et al., 2006a). The detailed mechanism and a prescription of how to obtain an
estimation for the kink concentration for a more complex diffusion model that explicitly models P
diffusion via point defects, is discussed and derived in Sec. 4.2. We finally note that Keys (2001,
p. 52) found the same temperature dependence for the morphology transition of {311} defects to
dislocation loops as for the kink concentration. This is an interesting result, which will later be
correlated with the discussion of Chap. 3.

At a P concentration of around 1·1020 cm−3, marked by the second arrow, the diffusivity is
minimal. Fair and Tsai (1977), confirmed by e.g. Bentzen et al. (2006a), have found that the P
concentration for which the P diffusivity is minimal, equals the P concentration that shifts the
Fermi level from the intrinsic value to EC-0.11 eV, the energy level of the V= state. For even
higher P concentrations, the electron occupation probability of V= increases rapidly, by that the
concentration of V=, and consequently the transport capacity of P+V= pairs. This mechanism
is invoked to explain the increase of the diffusivity proportional to ( nni )

2, beyond the minimum
in Fig. 4.2 (Fair and Tsai, 1977; Bentzen et al., 2006a).

At a P concentration of around 6·1020 cm−3, the diffusivity starts decreasing again, which is
usually explained by an approach of the P solid solubility (Bentzen et al., 2006a).

The outlined qualitative behavior of P diffusivity is usually implemented in the models for P
diffusion by taking a low V contribution to P diffusivity for the intrinsic regime, and an increasing
V contribution for the extrinsic regime. This approach was e.g. employed by Dunham (1992),
Ghaderi and Hobler (1995), Uematsu (1997) and Sentaurus Process (SP, 2012). Alternative
modeling approaches are cited in the book of Pichler (2004), but are considered less realistic.

The situation can also be studied from the very different point of view of first-principles calcu-
lations. The temperature dependence of the diffusivity of PI and PV pairs has been calculated by
Liu et al. (2003) using density-functional theory (DFT), for the configurations that have already
been shown in Chap. 2, Fig. 2.5. These authors find activation energies of 3.1 eV to 3.5 eV for
P diffusion via I− and 3.4 eV for P diffusion via I0 and their domination for intrinsic conditions.
These values are in close correspondance with experimental findings (see references in Liu et al.,
2003; Pichler, 2004). For the activation energy of diffusion via the V= state, Liu et al. (2003)
report a lower bound of 3.4 eV.

Precipitation and clustering

In the high-concentration region of the scheme Fig. 4.1, a significant portion of inactive and
immobile P concentration is indicated. This phenomenon is invoked to explain the decreasing
P diffusivity for very high P concentrations, as shown in Fig. 4.2. P doping levels for solar-cell
processing, in particular for the design of an efficient P-doped back-surface field, usually exceed
the solid solubility limit at the beginning of an annealing process.

P is generally accepted to rather form precipitates than to cluster (Schmidt and Stickler, 1964;
Dunham, 1992; Solmi et al., 1996; Huang et al., 2008). Precipitation is thoroughly discussed
by Solmi et al. (1996) and we cite the main results. The solution of P in Si is in equilibrium
with an SiP precipitate below the eutectic temperature of 1131 ◦C. For this equilibrium state,
Solmi et al. (1996) find a P concentration of CSiP

P = 2.5·1023e−0.62 eV/kT cm−3. The equilib-
rium concentration of electrically active dopants is significantly lower, and found to be given by
CP+ = 1.3·1022e−0.37 eV/kT cm−3. Note furthermore that Pichler (2004) lists many measurements
on P solubility.

6For a compilation of many experiments on the kink concentration, see Keys (2001, p. 15).



4.1. Motivation and literature survey 77

Some works also stress the relevance of P clustering. For example, P-I Clusters are hypothesized
by Li et al. (1999) and Keys (2001). In the present thesis though, we will not explicitly account
for P clustering.

4.1.3. Segregation to the SiO2/Si interface

Due to its particular relevance, we take a bit more space to discuss interface segregation of P.
It is experimentally observed that n-type impurities segregate in a 1-4 nm thick layer on the Si
side of the SiO2/Si interface during annealing (Lau et al., 1989), as shown for P in Fig. 4.3. The
maximum areal density of P in this layer is at least 3·1014 cm−2 (see e.g. Dabrowski et al., 2002),
which is close to the areal density of an atomic mono layer. The segregated dopants are in general
believed to be inactive, and thus lost for the function of the device.7 This segregation appears
for inert equilibrium conditions to minimze the total free energy of system. It is a priori not
clear whether the dynamic situation, which occurs for oxidizing annealing conditions and leads
to a moving SiO2/Si interface, can be described with the equilibrium thermodynamic result. It
is though empirically found that the dynamic phenomon leads to very similar trapped P doses at
the interface as the equilibrium phenomon (see e.g. Lau et al., 1989; Biermann et al., 1996). An
explanation for this will be provided in Sec. 4.2.

negligible, as verified by nuclear reaction measurements us-
ing the well-known resonance at 850 keV in the16Osd,pd17O
reaction. Reaction yields were calibrated with the use of a
70.7-nm Ta2O5 standard. All oxide thicknesses were found to
lie in the range of 1.7–2.0 nm, under the assumption of SiO2

stoichiometry.
Secondary-ion-mass spectrometrysSIMSd measurements

were made using the ION-TOF SIMS at the University of
Western Ontario. Depth profiles were extracted by sputtering
with a 1-keV Cs+ beam and analyzing negative ion yields in
static mode under a 15-keV Ga+ beam. Operating parameters
for optimized performance were stored and retrieved for all
runs, ensuring reproducible operating conditions and pro-
files.

Nuclear reaction analysissNRAd using the31Psa ,p0d34S
resonant reaction provided absolute quantitative data on the
phosphorous content, which was then used to scale the SIMS
data. Protons were detected by a 450-mm2 silicon surface
barrier detector placed at a backward angle to the sample. A
50-mm-thick Mylar filter completely filtered out the back-
scattered He++ ions and degraded the energy of protons ex-
cited by the28Sisa ,p0d31P reaction. The filtering leaves a
clean proton peak at 3.7-MeV energy in the energy spectrum,
free of proton background.sDetails of the SIMS and NRA
analysis can be found in Ref. 15.d

RESULTS

Diffusion

Annealing produces two major changes in the concentra-
tion profiles. The first, which occurs on shorter time scales,
and most noticeably for the lowest-energysshallowestd and
lowest fluence implants, is the movement of phosphorusto-
wardsthe silicon surface, accompanied by significant surface
trapping. The second is the expected indiffusion of phos-
phorus and is exhibited under higher energy, higher fluence,
and higher anneal temperature and longer time conditions.
Figure 1 shows the depth profile of a 5-keV, 131015 cm−2,
phosphorous implant in silicon as a function ofTA from 600

to 1000 °Csall anneals 30 sd. The as-implanted phosphorous
profile extends to a depth approximately 25 nm below the
surface. The profile moves towards the surface with each
temperature increment and by 900 °C, most of the phos-
phorus lies within 10 nm of the surface. Only whenTA

reaches 1000 °C is there evidence of a reversal, i.e., P indif-
fusion. Depth profiles for 300-s anneals at 600 and 700 °C
sdata not shownd are little changed from those of the 30-s
profiles, indicating a diffusion transient which is completed
inside 30 s. The initial transient enhancement decreases in
magnitude with increasing anneal temperature; P continues
to outdiffuse beyond 30 s but at a rate expected from intrin-
sic diffusion.

The degree of P outdiffusion is strongly affected by the
implant fluencesand hence presumably by the associated ra-
diation defectsd. Figure 2 shows the depth profiles of 5-keV
phosphorous implants as a function of fluence from 1
31014 to 531015 cm−2, all for 800 °C, 30-s anneals. The
outdiffusing fraction is greater at thelower implant fluences:
for the 131014 and 531014 cm−2 implants, 85% of the P
now lies within 5 nm of the surface. For 131015 cm−2, the
fraction has dropped to 58%, while for the 531015 cm−2

implant, almost no outward movement of phosphorus has
occurred.

The behavior is repeated in 10-keV energy, low fluence
implantssdata not shownd but at high fluence the character-
istics have changed. Figure 3 shows the results for 30-s an-
neals of 10-keV energy, 531015 cm−2 samples as a function
of TA. There has been some P outdiffusion by 600 °C but the
profile is then stable up to 900 °C where P first begins to
indiffuse. By 1000 °C, a P-doped layer approximately 50 nm
thick has developed, at an approximately flat P concentration
of 631020 cm−3 flower than the solubility of 1.2
31021 cm−3 at 1000 °CsRef. 16dg. A phosphorous residue
remains trapped near the surface. Results for the 30-keV P
implant are shown in Fig. 4. As in the case of the 10-keV

FIG. 1. Depth profiles of a 5-keV, 131015 cm−2 phosphorous implant in
silicon after annealing for 30 s at temperatures of 600–1000 °C. Phosphorus
piles up at the silicon surface and no appreciable indiffusion occurs until the
annealing temperature reaches 1000 °C.

FIG. 2. Depth profiles of 5-keV phosphorous implants in silicon after an-
nealing at 800 °C for 30 s. Profiles are plotted on a normalized scale allow-
ing comparison of the anneal behavior over an order of magnitude of im-
planted fluence. The unannealed profile is from the 5-keV, 131015 cm−2

implant. The profile from the 131014 cm−2 implant has been omitted for
clarity but follows the 531014 cm−2 profile.
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Fig. 4.3.: P segregation to the SiO2/Si inter-
face measured by SIMS. A P dose of 1·1015 cm−2

has been implanted at 5 keV and subsequently
annealed for 30 s at different temperatures. The
figure is taken from Ruffell et al. (2005a).

Segregation mechanism

The widely accepted explanation for interface segregation is that trapping of P can reduce internal
energy and the stress, which is present at the SiO2/Si interface. By contrast, the hypthesis of Lau
et al. (1989), that the interface accomodates a different phase like SiP, has not been confirmed.

Dabrowski et al. (2002) supplement the former picture with atomistic calculations for different
trapping configurations and found the following: Due to the saturation of a dangling bond, the
substitution of undercoordinated Si atoms at the interface by P is energetically preferential. In
industrial-quality oxidation, however, only a few per mil of Si atoms at the interface have a
dangling bond, such that this explanation can only hold for low P concentrations. At high P
concentrations, the calculations of Dabrowski et al. (2002) yield a P2 pair configuration as lowest
energy state, confirmed by the atomistic calculations of Kim and Chang (2005). Dabrowski et al.
(2002) proceed with stating that their finding is in agreement with the experimental observation
that the number of trapped P atoms at the interface is proportional to C2

P for high concentrations,
where CP is the phosphorus concentration on the Si bulk side of the interface. On the other hand,
the dependence on C2

P is also obtained by the simple observation that a P atom that arrives at the
interface, is positively charged. In order to incorporate it electrically neutral into the interface,
an electron is needed. For intrinsic conditions, this does not restrict the trapping rate, while

7Some authors though, estimate that 10-20 % of the trapped atoms could be active (see e.g. Steen et al., 2008).
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for extrinsic conditions, the trapping rate is then limited by the concentration of the electron
concentration n, which is proportional to CP and a quadratic dependence results (Steen et al.,
2008; Pei et al., 2008). We mention that the results of Kim and Chang (2005) do not contradict the
latter reasoning, as Kim and Chang (2005) only consider the configuration of P atoms that have
already segregated to the interface. It can then be thought that only subsequent to the trapping
reaction a pairing reaction occurs in the interface, which then involves already neutralized P
atoms.

The discussion up to here neglected the fact that P arrives at the interface paired with differently
charged point defects, which should be neutralized upon recombination at or incorporated into
the interface layer, too. This effect depends on CP as well and can limit the trapping reaction.
Gorai et al. (2012) studied in detail the dependence of the segregation on the Fermi level due to
the charge states of Is, which dominate B diffusion. For P though, such a discussion lacks and
we will only briefly readdress this point in Sec. 4.2.

Dose loss associated to segregation

Griffin et al. (1995) first studied P dose loss, which occurs during the annealing of P implants,
and explained it by P segregation to the interface. They furthermore observed the interesting
phenomenon that the segregated dose can be almost completely recovered by a subsequent high
temperature anneal step. They refered to the phenomenon as transient dose loss.

Similar observations have been made by Oh and Ward (1998), Vuong et al. (2000), Keys (2001,
p. 85), Chang et al. (2002), Fujiwara et al. (2002), Chang et al. (2006), Ruffell et al. (2005a),
Tsai et al. (2007) and Chang and Tsai (2008). We will compare our simulation results with the
experimental data of these authors in Sec. 4.3. The work of Ruffell et al. (2005a) is particularly
important as it deals with much higher doses than the experiments of the other authors, making
it particularly relevant to the application of solar cells.

A further interesting observation has been made by Duffy et al. (2005), who found that P seg-
regation for low temperatures (700 ◦C) and shallow implants (<5 keV) can become so strong, that
an implanted P concentration profile diffuses solely towards the surface, i.e. it does the opposite of
broadening and gets more shallow. Such a strong segregation is only possible when a high number
of implantation-induced Is is present, which allow P to be mobile also at low temperatures for
which segregation is strongly pronounced, due to an exponentially low segregation coefficient. In
another experiment using then preamorphized samples, which do not display the high number of
implantation-induced Is, Duffy et al. (2005) thus observed that P did no longer diffuse towards
the surface.

4.2. A predictive model for the annealing behavior of phosphorus

We will first define a P diffusion model, which must generally be solved numerically. Neverthe-
less, we will be able to shed light on the general statements of Sec. 4.1 also from an analytical
perspective. This will lead to an estimation of the kink and of the plateau concentrations from
the fundamental parameters of the model. Furthermore, we clarify the implementation of P
segregation and a natural implementation of finite P solubility. Besides improving an intuitive
understanding of the models, the following analytical considerations will be usefull in the practical
task of finding the right parameters for the numerical solution.
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4.2.1. The full problem of phosphorus diffusion

As discussed in Sec. 2.2.3, the fundamental problem for dopant diffusion via point defects can be
represented by the following system of partial differential equations

∂tCP+ =
∑
X=I,V

(−RPX +RPX,X), (4.1a)

∂tCPI = −∂xJPI +RPI −RPI,V, (4.1b)

∂tCPV = −∂xJPV +RPV −RPV,I, (4.1c)

∂tCI = −∂xJI −RPI −RPV,I −RIV +RIclus, (4.1d)

∂tCV = −∂xJV −RPV −RPI,V −RIV, (4.1e)

where C and J denote concentrations and fluxes of substitutional P, the pairs PI and PV, and I
and V. All of the reaction terms have the generic form for dilute solutes given by

RPX = kfPX(CP+CX −
CPX

kbPX
) (4.2a)

RPX,X = kf
PX,X

(CPXCX −
CP+

kb
PX,X

), where X = I,V, (4.2b)

where the constant determining the backward reaction kbPX depends on the equilibrium constants
as

kbPX =

∑
c kPXckXc( nni )

−c∑
c kXc( nni )

−c , where X = I,V (4.3)

Here, summation is over charge states c of the paired point defects.8 Eq. (4.3) is thus consistent
with the definition of the equilibrium pair concentration derived in Chap. 2, Eq. (2.25). We omit

to specify the detailed functional form of the reaction rates kf
PX,X

, and kb
PX,X

, as they will not

appear in the approximation of the model that we will present in the following. For the calibration
constant kfPX , we will use the standard parameter of Sentaurus Process (SP, 2012). A discussion

of kf
PX,X

, kb
PX,X

, and kfPX , can be found in the book of Pichler (2004).

The reaction of Is and Vs is described by

RIV = kIV(CICV − C∗I C∗V) (4.4)

governed by the rate kIV . Also for this constant, we will use the standard parameter of SP
(2012). The term RIclus was the subject of Chap. 3. For the following discussion, this term is of
no relevance.

The fluxes are given, as specified in Sec. 2.2.3 in Eq. (2.29), by

JPX =
∑
z

JP+Xz (4.5a)

JP+Xz = −dP+Xz

(
∂xCP+Xz − (z + 1)

q

kT
CP+XzE

)
(4.5b)

JX =
∑
z

JXz (4.5c)

JXz = −dX
(
∂xCXz − zCXz

q

kT
E
)
, where X = I,V, (4.5d)

and z denotes the charge state of the involved point defects.

Solving this problem, Dunham (1992) found that the pairing and dissocation reactions of P
with the point defects I and V are to a very good approximation in equilibrium for his parameters

8c = 1 means the point defect carries one positive elementary charge.
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and processes. He could therefore achieve agreement with experiment also with a reduced model,
presented in the next subsection. For the numerical solution, discussed later on, we will employ
this reduced model, and confirm a posteriori that it leads to the same results as the full problem.
Besides the advantage of saving computation time, the approximation is much easier to treat
analytically.

4.2.2. The problem in the quasiequilibrium approximation

We will first define the quasiequilibrium approximation9 by its diffusion equations and present
the immediately obtained simplifications.

Defintion of the quasiequilibrium approximation

Already in Eq. (2.26) of Sec. 2.2.3, we wrote down the quasi-chemical reactions relevant to dopant
diffusion, which correspond to the five reaction terms R in Eq. (4.1). The quasiequilibrium
approximation corresponds to assuming the first four of these five reations to be in equilibrium,
thus

X + P
 PX in equilibrium, implies RPX/k
f
PX � CP+CX (4.6a)

X + PX 
 P in equilibrium, implies RPX,X/k
f

PX,X
� CPXCX (4.6b)

I + V 
 0 solved, implies RIV as in a redefined version of Eq. (4.4) (4.6c)

where the redefined version of Eq. (4.4) takes into account recombination via PX pairs. It can
be found in Dunham (1992) and is implemented in Sentaurus Process (SP, 2012). According
to Dunham (1992), it is crucial to dynamically solve the I-V recombination term, otherwise the
model leads to fundamentally wrong results.

It is straight-forward to obtain the associated diffusion equations by reducing Eq. (4.1) via
Eq. (4.6) (Dunham, 1992)

∂tC
total
P = ∂t(CP+ + CPI + CPV) =

∑
X=I,V

(−∂xJPX), (4.7a)

∂tC
total
I = ∂t(CI + CPI) = −∂xJI − ∂xJPI −RIV +RIclus, (4.7b)

∂tC
total
V = ∂t(CV + CPV) = −∂xJV − ∂xJPV −RIV. (4.7c)

Here, the total concentrations Ctotal
P , Ctotal

I , and Ctotal
V have been introduced as the sums over the

corresponding unpaired and paired species. The concentrations of charged dopant point defect
pairs, to be used for the calculation of the currents JPX in Eq. (4.5), are given by the equilibrium
expression Eq. (2.24)

CP+Xz = kP+XzCP+CXz . (4.8)

To obtain the numerical results that will be compared to the experiment in Sec. 4.3, we employ
Sentaurus Process (SP, 2012) to solve the system Eqs. (4.7) for our set of calibrated parameters.
RIV has been defined in Eq. (4.4) and JPX and JX in Eqs. (4.5). The term RIclus has been defined
in Chap. 3. In the next subsections, though, we treat the system analytically for RIclus = 0,
allowing us to understand why several parameters have to be chosen in a clearly defined way.

Simplifications in the quasiequilibrium approximation

One can simplify the approximated equations (4.7) further without loosing accuracy. Some ele-
ments of this discussion can be found in the review of Fahey et al. (1989) or the book of Pichler
(2004), although the following presentation differs substantially.

9The term is e.g. used by Fahey et al. (1989).
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The total PX and X currents, which appear in Eq. (4.7), are given by Eq. (4.5) as

JPX =
∑
z

JP+Xz and JX =
∑
z

JXz where X = I,V.

We will now study the currents of the single charge states of P+Xz pairs and point defects Xz.
Using Eqs. (2.31) and (2.32), we obtain for the respective expressions of Eq. (4.5),

JP+Xz = −dP+Xz

(
∂xCP+Xz + (1 + z)CP+Xz∂x ln

( n
ni

))
. (4.9a)

JXz = −dX
(
∂xCXz + zCXz∂x ln

( n
ni

))
. (4.9b)

Eq. (4.9b) can be immediately evaluated assuming electronic reactions in equilibrium, i.e. by
evaluating ∂xCXz via Eq. (2.22),

∂xCXz = kXz

(
− zCX0

( n
ni

)−z
∂xln

( n
ni

)
+
( n
ni

)−z
∂xCX0

)
. (4.10)

Inserting this in Eq. (4.9b), we see that the drift term drops out of the equation. Eq. (4.9a) is
evaluated invoking the quasiequilibrium approximation, i.e. by evaluating ∂xCP+Xz via Eq. (4.8),

∂xCP+Xz = kP+Xz

(
CP+∂x(CXz) + ∂x(CP+)CXz

)
. (4.11)

Inserting this in Eq. (4.9a) und using again Eq. (4.10), we see that the z proportionality of the
drift term drops out of the equation. Finally, we use the standard functional dependence of n on
CP+ as given in Eq. (2.13), and obtain for ∂xln

(
n
ni

)
∂xln

( n
ni

)
= (C2

P+ + 4n2
i )
− 1

2∂xCP+ (4.12)

Inserting this, instead of Eq. (4.9), we are left with the much simpler equations

JP+Xz = −dP+XzkP+XzkXz

( n
ni

)−z(
CP+∂xCX0 + αfCX0∂xCP+

)
, (4.13a)

JXz = −dXkXz

( n
ni

)−z
∂xCX0 , (4.13b)

where
αf = (1 + CP+(C2

P+ + 4n2
i )
− 1

2 ) (4.14)

is the field enhancement factor (Lehovec and Slobodskoy, 1961), which only has a weak depen-
dence on CP+ : For intrinsic conditions, αf is bounded by its minimum value 1, and for extrinsic
conditions, by its maximum value 2.

4.2.3. Neglecting the point defect gradients

We proceed with a simple case, for which the fundamental results of the theory of diffusion of
dopants are obtained. This case consists in assuming that the point defect gradients ∂xCX0 in
Eq. (4.13) can be neglected. To better understand this simplification, we note that

∂xCX0 = C∗X0∂x

(CX0

C∗
X0

)
= C∗X0∂x

(CX
C∗X

)
(4.15)
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by virtue of Eq. (2.22). This means that the gradient of the CX0 profile is proportional to the
gradient of the oversaturation of point defects. Thus

∂xCX0 = 0⇒ ∂x

(CX
C∗X

)
= 0 (4.16)

means, that CX is spatially homogeneous except for variations due to the Fermi potential.

Let us discuss the situation for which the assumption of vanishing point-defect gradients ∂xCX0

is justified: This is the case if the diffusivity of isolated point defects X is much higher than the
diffusivity of point defects X bound in PX, and there are no sources or sinks for X. In this case,
on the slow time scale of Eq. (4.13a), Eq. (4.13b) instantaneously equilibrates a possible variation
in the point defect profile. In the time evolution of PX pairs the term proportional to ∂xCX0 ' 0
can therefore be neglected in Eq. (4.13a).

One ends up with a single equation for each dopant-point defect pair PX, which only depends
on the global value of the concentration of the associated point defect CX0 . This global value of
CX0 only depends on RIV, which then is constant with respect to spatial variations and makes
Eqs. (4.7b) and (4.7c) much simpler. We furthermore note that for the particular case, in which
point-defect concentrations are in equilibrium CX0 = C∗X0 , the previous arguments all hold true
exactly, i.e. ∂xCX0 = 0.

Setting now ∂xCX0 = 0 in Eq. (4.13), we obtain

JP+Xz = −αfDP+Xz

( n
ni

)−zCX0

C∗
X0

∂xCP+ , (4.17)

where we have defined the effective diffusion coefficient for the P+Xz pair

DP+Xz = dP+XzkP+XzkXzC∗X0 (4.18)

The time evolution of the P concentration profile is described by Eq. (4.7a). Summing over the
charge states of PI and PV pairs as defined in Eq. (4.5), we thus obtain a single effective diffusion
equation

∂tC
total
P = ∂x

∑
X,z

(
αfDP+Xz

( n
ni

)−zCX
C∗X

∂xCP+

)
, (4.19)

where we have used Eq. (2.22) when replacing CX/C
∗
X = CX0/C∗X0 . If intrinsic conditions are

present, this reduces to

∂tC
total
P =

(
Dintr

PI

CI

C∗I
+Dintr

PV

CV

C∗V

)
∂2
xCP+ . (4.20)

where we defined the intrinsic diffusion coefficients

Dintr
PX =

∑
z

DP+Xz and Dintr
P =

∑
X,z

DP+Xz . (4.21)

In this work, we assume that P diffusion is mediated by P+I−, P+I0, P+V=, P+V− and P+V0

pairs, as is assumed in SP (2012). Fig. 4.4 compares our calibration for DP+I0 , DP+I− , DP+V=

and the resulting value for Dintr
P (Eq. (4.21)) with experimental data. The parameters DP+I0 ,

DP+I− , DP+V= are found in Appendix A.2 and will be used for the numerical calculations later
on. We do not show the parameters DP+V− and DP+V0 . They only contribute for temperatures
below 800 ◦C and lie outside the parameter regime we are interested in. We leave DP+V− and
DP+V0 as in the calibration of SP (2012).

As seen in Fig. 4.4, our choice of parameters yields an intrinsic diffusion coefficient close to the
fit of Pichler (2004), obtained by fitting many experimental results. DP+I0 is seen to dominate
the value of Dintr

P for temperatures above around 780 ◦C. Below the contributions from DP+V−

and DP+V0 , not shown, lead to a different slope of the curve. Our choice does not account for
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the fact that several experimental data points deviate from Pichler’s fit for low temperatures, but
includes the deviations visible for high temperatures.

It is interesting to compare the values obtained for the intrinsic P diffusivity with the values for
the effective P diffusivity for high P concentration diffusion shown in Fig. 4.2. For the temperature
T = 890 ◦C studied in Fig. 4.2, the fit of Pichler (2004) gives Dintr

P ' 1.5·10−15 cm−2/s, while
Fig. 4.2 reveals, for intrinsic concentrations, a value of Deff

P '7·10−14 cm−2/s, which is a factor 12
higher. Similar values were e.g. obtained by Fair and Tsai (1977). One can thus clearly state that
Deff

P 6= Dintr
P in the regime of intrinsic concentrations for high P concentration diffusion. In order

to nevertheless get an estimate for Deff
P based on the fundamental parameters DP+Xz , we therefore

must study the contributions which arise from the coupling of the PI and PV diffusion equations
via ∂xCX0 , which we neglected in this subsection. This is not only a question of fundamental
interest, but helps us to understand how the choice of input parameters, the diffusivities DP+Xz ,
affects the output of the simulation.

4.2.4. Results for the interacting system

It has long been known that the transport capacity of PI pairs can exceed that of isolated Is for
high P concentrations. The assumption that the diffusion equation for the single I equilibrates the
I concentration, such that the terms ∂xCX0 ∝ ∂x(CXC∗X

) can be neglected, is therefore invalid for high

P concentrations. To see this, consider the following example. Fig. 4.5 shows a numerical solution
of the P diffusion problem in the quasiequilibrium approximation (4.7) for realistic experimental
conditions and our set of calibrated parameters, as will be discussed in more detail in Sec. 4.3.10

In Fig. 4.5(b), the distribution of CX/C
∗
X is shown. This distribution is not constant but varies

by two orders of magnitude. This variation enters the flux of P atoms via ∂x(CXC∗X
) amplified by a

high number CP in Eq. (4.13a). Clearly, this contribution cannot be neglected.
First note that the following discussion is independent of any precipitation or clustering effects.

Terms accounting for these effects do not appear in Eqs. (4.13), the present object of study, and
will be discussed later on. When refering in the following to a flat high-concentration region,
as seen in Fig. 4.5(a), this should not be confused with the plateau in the electrically active
concentration, as seen in the scheme Fig. 4.1.

The flat high-concentration region observed in generic P diffusion profiles was explained by
Uematsu (1999) and Bentzen et al. (2006a) by a diffusion-limited value of the I concentration. In
the high-P-concentration region, the I concentration is much lower than in the regions deeper in

10As noted before, the complete set of calibrated parameters is specified in Appendix A.2. Here, we are interested
in generic properties of the model for which the specific values of the parameters are irrelevant. We only note
that although the initial profile has been implanted, the discussion in the present section is completely unrelated
to effects of TED. All figures are obtained for regimes long after TED.
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Fig. 4.5.: Details of P diffusion after an im-
plant of 4.5·1015 cm−2 at 10 keV annealed at
900 ◦C for 34 min. The state seen in the pan-
els is the state before the ramp-down starts. (a)
Draining of Is of the high concentration region
while the inverse is true for Vs. (b) Oversatura-
tion of point defects CX/C

∗
X as they appear in

the equations. (c) Transport capacity of of PX
pairs.

the bulk, causing the well known emitter-push effect. These features are evident in Fig. 4.5(a).
The panel furthermore shows that the V concentration increases in the high P concentration
region.

Having made these qualitative statements, we want to gain a quantitative understanding of
Fig. 4.5. For this, we rewrite Eq. (4.13) in terms of the diffusion coefficients DP+Xz ,

JP+Xz = −DP+Xz

( n
ni

)−z(
CP+∂x

(CX
C∗X

)
+ αf

CX
C∗X

∂xCP+

)
,

= −DP+Xz

( n
ni

)−z−1
∂x

(
CP+

CX
C∗X

n

ni

)
, (4.22a)

JXz = −DXzkXz

( n
ni

)−z
C∗X0∂x

(CX
C∗X

)
, (4.22b)

where, to obtain the second line of Eq. (4.22a), we used Eq. (4.12). This second line of Eq. (4.22a)
is on the one hand useful for an efficient numerical implementation, and on the other, to restate
the previous qualitative statements differently: The term CX/C

∗
X now does not appear in an

additional gradient, but modifies the argument of a single gradient that governs the whole equa-
tion. With this argument at hand, for the example under study, Fig. 4.5(b) allows to state the
following: In comparison to the deeper regions of the wafer, in the high-concentration region,
diffusion via PI pairs is reduced, and diffusion via PV pairs is increased. To obtain a quantitative
statment in the following, we proceed with an evaluation of the first line of Eq. (4.22a).

For low values of CP, clearly, CI0/C
∗
I0

will be unaffected by P diffusion and show a flat distri-
bution. Now, the main question is how to obtain, based on the values of DP+Xz and C∗X , the
value CP at which CI0/C

∗
I0

starts building up a gradient. That is the value CP at which CI0/C
∗
I0

starts decreasing in the high-concentration region due to the insufficient transport capacity of the
singly diffusing Is. This approach is different from the one of Uematsu (1999) and Bentzen et al.
(2006a), who extracted effective diffusion coefficients by fitting diffusion profiles, and obtained an
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effective diffusion model from that.

Determination of the kink concentration

Note that in the cases studied here, JPX transports point defects deeper into the bulk, while JX
transports point defects back to the surface. Comparing now the current contributions JPX with
JX , one observes that JPX in Eq. (4.22a) grows proportional to CP+ , while JX in Eq. (4.22b)
does not. At some value of CP, the high P concentration region will have much less point defects
than the low P concentration region, the latter being highly over-saturated with point defects as
seen in Fig. 4.5(a) and (b). This implies different effective P diffusion coefficients in both regions.
The kink concentration therefore appears when the transport capacity of the PX pair overtakes
the transport capacity of the single X.

The fraction of point defects that diffuses via PX relative to the fraction that diffuses isolated,
is obtained by comparing the respective transport capacities (Pichler, 2004, Sec. 3.4.7). The ratio
of transport capacities for X diffusion via PX pairs relative to isolated X diffusion is,

DPXCP+

DXC∗X
(4.23)

where the effective diffusion coefficients of PX pairs has been introduced as

DPX =
∑
z

DP+Xz

( n
ni

)−z
. (4.24)
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Fig. 4.6.: Panel (a): The impurity atom contribution to I diffusion rises much faster and starts dominating

that for V diffusion. The esimtates for the kink concentration Ckink,estim
P are given by position of the

intersection of the transport quotient for Is with 1, as defined in Eq. (4.25). The numerical values of
these estimates are shown for four different temperatures. Panel (b): Comparison of the estimate for the
kink concentration with a simulation for parameters as in Fig. 4.5. The poorer agreement for the lowest
temperature is explained in the following subsection.

This fraction is shown in its dependence on the P concentration in Fig. 4.6(a) for our calibrated
parameters of Appendix A.2. It is seen that the transition for domination of self-diffusion to
impurity-atom diffusion occurs for a much lower P concentration in the case of I as compared
to the case of V. But as diffusion via Vs can be neglected at low P concentrations, see Fig. 4.4,
the V mechanism does not lead to a second kink at a higher P concentration. More concretely
therefore, the intersections of the transport quotient for Is with 1 give the P concentration at
which the diffusion of Is via PIs starts dominating. This value is thus an approximation for the
appearance of the kink,

Ckink,estim
P defined by

DPIC
kink,estim
P

DIC∗I
= 1, (4.25)
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where it should be remembered that DPI and DI depend on CP via n
ni

. Isolation of Ckink,estim
P

in Eq. (4.25) is therefore tedious. The values for Eq. (4.25), as obtained for our parameters, are
shown for Is in Fig. 4.6(a). In Fig. 4.6(b) we plot these values as horizontal lines together with
the simulated P concentration profiles. Agreement is good even on a quantitative level, only
for the lowest temperature, it is poorer. The reasons for this will become clear in the following
subsection.

Let us briefly make the connection to the study of {311} nucleation after a Si implant into a P
implanted defect-free wafer11 performed by Keys (2001), as mentioned before. This author finds
that for low temperatures, smaller concentrations of P suffice to reduce the number of Is bound
in {311} defects than for high temperatures (Keys, 2001, p. 51). The P concentration at which a
significant reduction of the number of Is bound in {311} defects occurs, was found to correspond
to the kink concentration of P diffusion profiles. In the framework of the present discussion, this
observation can be explained in terms of the observation that for a given P concentration, the

transport capacity of Is bound in PI pairs relative to the transport capacity of isolated Is,
DPICP+

DIC
∗
I

decreases for increasing temperature. This means that the presence of P affects the transport of
Is at low temperatures stronger than at high temperatures. Thus, for lower temperatures, the
nucleation hierarchy of {311} defects can be affected by much lower concentrations of P than
at higher temperatures. This qualitative statement would also apply to the trapping of Is in
PnIm complexes, which will be seen to be stronger at lower temperatures, too, and provide an
alternative explanation (Sec. 4.2.5). Keys (2001) though finds that the temperature dependence of
the P concentration needed to significantly reduce the density of {311} defects exactly follows the
temperature dependence of the kink concentration (Keys, 2001, p. 52), which strongly supports
an explanation in terms of transport capacities. Simply speaking: PI pairs redistribute the
implantation-induced I profile. If the P concentration is high enough, this mechanism reduces the
I peak concentration to a level below the critical concentration needed for the formation of {311}
defects. This is consistent with the observation that implantation-damage levels in P implanted
solar cells are lower than in B implanted solar cells, which explains why only P-implanted cells
show a good performance for low thermal annealing budgets. P manages to transport away
implantation-induced Is much better than B. This will be discussed in more detail in Chap. 6.

Transition to the vacancy mechanism

As mentioned before, the P diffusion in the typical plateau region of P profiles is dominated by a
V mechanism. This domination starts at a P concentration that corresponds to the second arrow
in Fig. 4.2. We now aim to find an estimate for this concentration from our input parameters,
just as for the kink concentration. This proceeding is not equivalent to the ones of Fair and
Tsai (1977) and Bentzen et al. (2006a), who obtained this concentration as the P concentration
for which the Fermi level equals the level of the V= state. We note, that the input parameter
DP+V= = dP+V=kP+V=C∗X0 not only contains information about C=

V0 , but includes two other
temperature-dependent factors. It is therefore not a priori clear, which temperature dependence
results for the concentration for which the V mechanism starts dominating.

For an estimation of this concentration, we need to compare the transport capacities of PI and
PV pairs

DPVCV

DPICI
. (4.26)

We know that at low P concentrations, the I mechanism dominates and the V mechanism can be
neglected. But when approaching the high-P-concentration region close to the surface in Fig. 4.5
coming from the bulk, CI decreases from a high oversaturation strongly down to values close
to equilibrium due to insufficient self-diffusion. As discussed before, this reduction leads to the
kink in the P profile and can therefore be roughly quantified by the same quotient that was

used to determine the kink concentration: CI ∝ DIC
∗
I

DPICP+
. Due to the reduced transport capacity

11By means of preamorphization, recrystallization and annealing at 1100 ◦C for 1 h.
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Fig. 4.7.: Relevant factor for determination of
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of PI pairs DPICI, the V mechanism can become important in the high-P-concentration region.
Obviously CV is seen to be much less affected by the value of CP+ in Fig. 4.5 and CV ∼ const
is a reasonable estimate. Using these considerations to evaluate Eq. (4.26), one can estimate the
dependence of DPVCV

DPICI
on the P concentration:

DPVCV

DPICI
=
DPV

DPI

CV

CI︸︷︷︸
∝
DPICP+

DIC
∗
I

∝ DPVCP+

DIC∗I
. (4.27)

This fraction is plotted in Fig. 4.7. As for the estimation of the kink concentration, the
intersections of the ratio (4.27) with 1 give an estimate for the onset of the domination of the V
mechanism over the I mechanism. Here though the estimate is worse, as Eq. (4.27) provides a
simple proportionality, the prefactor of which is undetermined. While the exact value is therefore
not reliable, the temperature dependence of Cvac,estim

P should be correctly captured

Cvac,estim
P defined by

DPVC
vac,estim
P

DIC∗I
= 1. (4.28)

In Fig. 4.8, we compare this estimate with the simulations for the realisitic set of parameters of
Appendix A.2. We also plot the estimate of the kink concentration as obtained in Fig. 4.6(a) and
defined by Eq. (4.25). The actual transition from the V mechanism to the I mechanism is obtained
by comparing the values of the transport capacities DPICI and DPVCV, which are plotted versus
the right y-axis. DPICI andDPVCV cross at the actual P concentration for which the V mechanism
starts dominating. Eq. (4.28) yields a qualitativly correct prediction for this P concentration,
which allows two interesting conclusions for the lowest and the highest temperature.

For the lowest temperature, 800 ◦C, as shown in Fig. 4.8(a), the estimate for the concentration
of the onset of the V mechanism, gives a lower concentration than the estimate for the position of
the kink. In this case, therefore, the change of the profile form, the “kink”, is better characterized
by the onset of the V mechanism and the estimate for the kink concentration has to fail. For the
highest temperature, 900 ◦C, as shown in Fig. 4.8(d), the fact that the V mechanism does not
dominate in any regime of the profile, is mirrored by the fact that the horizontal line corresponding
to Cvac,estim

P barely intersects the P profile.

Finally, we note that Uematsu (1999) argued that the kink in the P diffusion profile is simply a
consequence of the fact that P diffuses via Is and Vs in two different charge states. This has to be
correctly interpreted, namely in their consequences on the transport capacities. Literally taken,
the statement is wrong: In Fig. A.19 in Appendix A.2.4, we illustrate that kink and tail profile as
well appear for diffusion via only the neutral charge state and essentially the same parameters,
as in the present section.
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Fig. 4.8.: Simulation results for P diffusion for (a) 800 ◦C, (b) 850 ◦C, (c) 900 ◦C, and (d) 950 ◦C. On the
left y-axis, we plot the P concentration, and, as horizontal lines, the estimates for the kink concentration
Ckink,estim

P (Eq. (4.25)) and the concentration for the transition to the V mechanism Cvac,estim
P (Eq. (4.28)).

On the right axis, we plot the transport capacities of PI and PV pairs, respectively. If the estimate Cvac,estim
P

would be exact, the position of its intersection with CP would equal the position of the intersection of the
transport capacities of Is and Vs. In panel (d), these transport capacities do not intersect. Note finally
that panel (c) of this figure shows the same calculation as panel (c) of Fig. 4.5.

Calibration of a model for diffusion via two point defect species

Let us briefly summarize the practical consequences of the preceding discussion. Given the
problem of an experimental set of diffusion profiles, and an uncalibrated parameter set {DP+Xz}
that leads to a wrong kink concentration and a wrong functional form of the diffusion profile.
Instead of rerunning the simulation for the whole data set with more or less arbitrary new values
for {DP+Xz}, one should first reproduce the plots Figs. 4.6 and 4.7 for this new set of parameters.
This takes no simulation time, will build intuition and show whether the proposed new parameters
are likely to improve the agreement between simulation and experiment. If this seems hopeless,
one can easily include another type of dopant-point defect with its corresponding {DP+Xz} and
see if Figs. 4.6 and 4.7 improve. Only if this looks promising one can then start rerunning the
simulations.

4.2.5. Segregation to the SiO2/Si interface

The tendency of P to segregate at the SiO2/Si interface has a strong influence on the diffusion
behavior of P, even at high doses and temperatures (Ruffell et al., 2005a). We will first derive some
fundamental properties of segregation, which will later allow us to understand the phenomenon
of transient dose loss. After that, we discuss the dynamic modeling approaches that exist in the
literature.
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Equilibrium number of segregated impurites

In a very similar calculation to the one which led to the equilibrium density (2.3) of Vs in
Sec. 2.1.1, one can obtain the number of segregated impurities. Consider a lattice, which contains
mobile impurities. An impurity is usually located on one of Nb bulk lattice sites, but is allowed
to segregate by occupation of one of Nt trap sites. The total number of impurities n is given by
the number of segregated impurities nt plus the number nb of impurities in the bulk.

Minimization of the Gibbs free energy yields

nt
Nt − nt

=
nb

Nb − nb
e∆G/kT , (4.29)

where we have defined ∆G = Gb − Gt > 0, using the assumption that Gt < Gb. Gt and Gb
denote the Gibbs free energy of a single trapped and free impurity, respectively. This equation
will be useful to check the equilibrium limit of a model for the reaction kinetics of segregation.
But before doing this, let us briefly discuss a simple limit.

Using nt = n − nb, where n is the constant total number of impurities, one can easily isolate
nt as a solution of the quadratic equation of Eq. (4.29). The resulting expression though is too
complicated to allow an intuitive understanding. Instead of discussing this expression, we employ
the following realistic approximation. In most cases, the number of lattice sites in the bulk is
much larger than the number of impurities Nb � nb, such that we can approximate Nb−nb ' Nb

12

In many cases, a similar assumption holds true for the segregation sites, namely when only few
of the segregation sites are occupied, e.g. for elevated temperatures. Then, instead of Eq. (4.29),
we are left with

nt
Nt

=
nb
Nb
e∆G/kT (4.30)

which has the solution
nt =

n

1 + Nb
Nt
e−∆G/kT

. (4.31)

Thus, for low temperatures nt ' n, almost all impurities will have segregated, while for high
temperatures their number approches the limit Ntn

Nt+Nb
. Noting that usually Nt � Nb,

13 the
number of segregated sites will simply go to zero for high temperatures.

The preceding discussion described equilibrium segregation. If we consider oxidizing conditions,
which lead to a moving interface between the oxide and the Si bulk, non-equilibrium segregation
occurs. Although the phenomenon is far from being generally understood, here we give some
tentative explanations. It is empirically found that the dynamic phenomon leads to very similar
trapped P doses at the interface as compared to the static phenomon (see e.g. Lau et al., 1989;
Biermann et al., 1996). This could be explained by noting that the interface moves very slowly into
the Si bulk as compared to the diffusion velocity of PI and PV pairs. Therefore, at each position
of the interface, we can assume a steady-state, in which the mobile particles have enough time
to restore the equilibrium configuration, which minimizes the Gibbs free energy. In addition,
it is known that P has a very low solubility in SiO2, which leads to exponentially smaller P
concentrations in SiO2 than in the Si bulk. By that, no significant transport or dose loss happens
from the interface into SiO2 (see e.g. Biermann et al., 1996; Aleksandrov and Afonin, 2005) and
the system can also in the non-equilibrium case be viewed as a two-state system, with trap sites
and sites in the Si bulk.

We finally observe the fact that, although both are segregation phenomena, the gettering
behavior of P, as discussed in Sec. 4.1, is only observed for low temperatures or long-time anneals,
while segregation to the interface is also observed for short times and for elevated temperatures.

12We have employed the same approximation when deriving the equilibrium number of Vs in Eq. (2.3).
13The impurity can generate a lot more configurational entropy in the bulk
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Dynamics of segregation to an interface

Lau et al. (1989) and Orlowski (1989) were the first to propose a model for the dynamic segregation
at the SiO2/Si interface, modeling the interface as an infinitely thin layer, a third phase, between
the SiO2 and the Si bulk. The traps in this layer dynamically capture and realease P to both
sides of the interface. Here, we shall discuss the variant of their model by Oh and Ward (1998),
which is implemented in SP (2012). This model is described by the flux in J t and out Je of
the interface, leading to the following time evolution equation of the number of trapped P atoms
NP

14

∂tNP = J t − Je (4.32)

J t = kt(Nt −NP)CP+ (4.33)

Je = keNP(Css,seg
P − CP+) (4.34)

Here, CP+ ≡ CP+(x)|x=0 is the P concentration on the bulk side of the interface that is situated
at x = 0. Css,seg

P is a limiting concentration in the bulk, usually a concentration that is at thought
to be at least the solid solubility, and kt and ke are trapping and emission rates. In the general
case, the interface can exchange dopants with both neighboring materials, such that one has to
add a sum in Eq. (4.32) according to ∂tNP =

∑
a=Si,SiO2

J ta − Jea .15 As mentioned before, almost

no dopant is exchanged from the interface with the oxide side, such that J tOx ' 0 and JeOx ' 0.
With this we can keep the simple notation of Eq. (4.32) and do not have to account for the
material depend terms. This is in accordance with the choice of parameters of e.g. SPAC (2012).

In equilibrium, Eq. (4.32) yields

NP

Nt −NP
=

CP+

Css,seg
P − CP+

kt
ke
. (4.35)

In equilibrium, diffusion limitation does not play a role, so that CP+ = const. By this, Eq. (4.35) is
equivalent to Eq. (4.29), as the number of P atoms in the bulk is simply obtained by multiplication
of CP+ with the wafer thickness. Css,seg

P times the wafer thickness should yield the number of
lattice sites, as P can occupy any lattice site in the bulk, thus Css,seg

P = CSi. Here it becomes
clear that the very high value of Css,seg

P = CSi is no actual limitation, as CSi � CP+ in all cases
of interest. This is confirmed by experiments: In POCl3 diffusion experiments it is observed that
CP+ reaches much higher concentrations than the usual bulk solid solubility of P. We now see
that kt

ke
can be identified as e∆G/kT ,

kt
ke

= e∆G/kT . (4.36)

As mentioned before, we must have ∆G > 0 to observe segregation of P at least for low tempera-
tures. From this one concludes that, if kt and ke both follow Arrhenius laws, the activation energy
of ke must be higher than that of kt, and we have derived a limitation for these parameters.

Segregation of PX pairs in the quasiequilibrium approximation

As the diffusing species is not P, but PI and PV pairs, we have to modify the boundary condition
Eq. (4.32) accordingly, replacing CP+ with CPX = CP+

∑
z kP+XzCXz ' CP+CX . In addition we

account for the fact that P+ has to become neutral when it occupies the trap at the interface,

14Lau et al. (1989) and Orlowski (1989) employ a factor 1 instead of the factor (Css
P − CP+ |x=xa) in the following

equation.
15The fluxes Jta and Jea then depend on CaP+ , kae and Css,aP with the same functional dependence as in Eq. (4.32).
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which introduces a factor n
ni

16

∂tNP =
∑
X=I,V

(J tX − JeX) (4.37)

J tX = kt(Nt −NP)CP+CX
n

ni
(4.38)

JeX = keNPC
ss
P (4.39)

These are thus boundary conditions for P, V and I, which have to be imposed on the evolution
equations of all three species. Here, in agreement with SP (2012), we replaced Css,seq

P − CP+

simply by the constant Css
P . The motivation for this replacement can be doubted, but one can

note that also Css,seq
P − CP+ should almost be constant as Css,seq

P � CP+ .

We mention here that, in addition to Eq. (4.37), we allow for clustering at the interface, as
implemented in the SPAC (2012). This is to reproduce the fact that for some experimental
conditions, one observes a more rapid segregation than predicted by Eq. (4.32). The clustering
equation does not exchange dopants with the neighboring materials and is thus simply solved in
the interface

∂tNP2 = kpair((NP)2 − kdisNP2) (4.40)

The equilibrium number of trapped P2 clusters is then N∗P2
= (NP)2

kdis
. The maximum number of

trapped P atoms is obtained if all trap sites are occupied by P atoms, i.e. NP = Nt, such that

Nmax = Nmax
P +Nmax

P2
= Nt + 2

(Nt)
2

kdis
. (4.41)

4.2.6. Clustering and precipitation

One finds that the active P concentration in P profiles is best characterized as a plateau (see e.g.
Bentzen, 2006; Soleimani, 1994). As all dynamical clustering models assume immobile clusters,
these clusters will remain where they have been initialized, and their concentration profile will
keep the rescaled shape of the implanted profile. This does not lead to a plateau for the elec-
trically active P concentration. Instead, we assume that the solid solubility is established by an
equilibrium reaction: Below solid solubility, the P concentration can participate in the diffusion
processes described above and is regarded active, above solid solubility, the P concentration is
assumed inactive and does not contribute to diffusion. In practice, in the diffusion equations
above, where substitutional P appeared as CP+ , we now replace it with the concentration of free
phosphorus CPfree , obtained from some total P concentration CP.

We found that this approach leads to very realistic results. It remains to specify the function
by which CPfree is obtained from CP. The exact definition is given by

CPfree '
{
Css

P for CP ≥ Css
P ,

CP for CP ≤ Css
P .

(4.42)

The problem with this function is that it is not smooth and therefore leads to non convergent
numerical solutions. Instead, we use the approximation

C free
P =

Css
PCP

Css
P + CP

(4.43)

implemented as the activation model Solid in Sentaurus Process (SP, 2012).17

16We already noted before that we do not account for the charge states of the point defect in the PX pair. The
factor n

ni
merely accounts for the positive charging of the P+ ion.

17A better smooth approximation to Eq. (4.42) is given by CPfree = CP(1+tanh((CP−Css
P+)/Css

P+/2)(Css
P+/CP−1)).

But we found that this definition still leads to a numerically instable solution.
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Fig. 4.9.: Equilbrium P activation model. The free (active) P concentration Cfree
P is obtained from the

total P concentration CP via Eq. (4.43). The SIMS data used in the left panel is taken from Sec. 4.3. The
exact value for CPfree is obtained by usage of Eq. (4.42) and the approximated value by usage of Eq. (4.43).

In Fig. 4.9, we show the approximation of the free P concentration together with the exact
relation. One observes a significant mismatch for the region around the CP = Css

P+ . The solid
solubility as used with the approximate expression (4.43) has thus to be considered an effective
parameter, employed to satisfy the necessity to use a smooth functional dependence of CP on
C free

P .

To calculate the sheet resistance and for further usage of the active profile in device simulation,
though, we employ the exact relation and use well-checked experimental values for the solid
solubility, as given in Fig. 4.10.
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Fig. 4.10.: Solid solubility Css
P of electrically

active P. The literature data is taken from the
compilation of Pichler (2004) and shows mea-
surements of Tannenbaum (1961), Abrikosov
et al. (1962), Solmi et al. (1996), Carabelas et al.
(1982) and Götzlich et al. (1983).

4.3. Experimental validation of the phosphorus model

In the following, we compare experimental results with simulations using the model of Sec. 4.2
for the unified parameter set as found in Appendix A.2. We start with experimental conditions
that are needed for the formation of ultra shallow junctions. After that, we study higher doses
and finally, we present experimental conditions that were explicitly chosen for the production of
solar cells. All parameters of the unified set in Appendix A.2, except the fundamental point de-
fect parameters, differ substantially from the Advanced Calibration of Sentaurus Process (SPAC,
2012), and should therefore constitue a novel approach to phosphorus modeling. The unified
parameter set has the purpose of providing the best overall agreement for a wide range of experi-
mental conditions. It is the one that is closest to a generic diffusion behavior of P. For some cases
we therefore had to accept that agreement is only approximate. Perfect agreement can then be
obtained by only slightly modifying the parameters.
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The initialization conditions are given by the analytic implant model of Sentaurus Process
(SP, 2012), the results of which have been carefully compared with experimental data from
the literature. In particular, for non-amorphizing implants, we initialize the I profile with a
“+1 model” (Giles, 1993), and for amorphizing implants, we initialize it with a “+1.4 model”
(Uematsu, 1999).
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Fig. 4.11.: P concentration profiles for annealing of implanted Phosphorus for relatively low doses. Sym-
bols depict experimental results, lines simulation results. The dashed line depicts the as-implanted profile.
The annealing temperatures and times are given in the panels. Experimental data is by, from left to right
and top to bottom Chang et al. (2002), Keys (2001), Griffin et al. (1995) and Chang et al. (2006).

4.3.1. Low dose, non-amorphizing implants

In Fig. 4.11, we show diffusion profiles obtained after implantation for non-amorphizing con-
ditions. For the low-temperature data, almost all diffusion is due to TED. This explains the
strong segregation observed in the experiments and reproduced in the model, studied in detail
in Figs. 4.12 and 4.13. For the 900 ◦C data, the transient behavior of the dose-loss phenomenon
is obvious: in-diffusion from the SiO2/Si interface layer can be seen in the decreased value of
the segregation peak. Perfect agreement for these experiments can be obtained by using a “+1.4
model” or by increasing the PI diffusion coefficient for low temperatures.

We study the dose loss in more detail by a quantitative comparison of the simulation with the
data of Griffin et al. (1995) in Fig. 4.12, and with the time evolution data of Chang et al. (2002)
and Keys (2001) in Fig. 4.13. In case of Fig. 4.12, agreement is seen to be at least qualitative.
One clearly observes the recovery of the segregated dose, obtained if after the 800 ◦C anneal, an
additional 1100 ◦C anneal follows.

In Fig. 4.13, then, we obtain quantitative aggreement for almost all temperatures of the sim-
ulation with experiment. For the 800 ◦C data in Fig. 4.13, the predicted segregated dose is too
low. This process is solely diffusion limited, which can be numerically checked by setting the seg-
regation rate to very high values. One could therefore fit the data when taking very high values
for the diffusion coefficients, which would be in agreement with the experimental values shown in
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Fig. 4.13.: Fraction of segregated P dose after implantation and annealing. Open symbols depict the
experiment, lines simulation results. Experimental data is from Chang et al. (2002) (left panel) and from
Keys (2001) (right panel).

Fig. 4.4. Nevertheless, using these high values for the intrinsic diffusivity lead to insconsistence
with a number of experiments, for which we compared diffusion profiles. We therefore accepted
the disagreement in Fig. 4.13.

We finally mention that Tsai et al. (2007) studied dose loss and recovery for cyclcing anneal
conditions for similar implantation energies and doses as in Fig. 4.12 and Fig. 4.13. These are
not relevant to us and we omit the comparison.

4.3.2. High dose, amorphizing implants

The previous subsection studied rather low-dose implants, for which P diffusion was only mediated
by PI pairs and PV did not play a role. Also, for these non-amorphizing implants, segregation
is more pronounced than for amorphizing implants. In this subsection we show data for higher,
amorphizing implantation doses. In Fig. 4.14, we compare our simulations to experimental results
of Soleimani (1994) and obtain very good agreement for furnace as well as for RTA processes, for
low as well as for high doses.

In Fig. 4.15, we compare the simulation to data of Ruffell et al. (2005a), who studied high-dose
and shallow P implants together with segregation phenomena, as potentially relevant to P plasma
implantation. These implantations led to amorphization depths of 11 nm for a P implantation
dose of 5·1014 cm−2 and to 20 nm for 5·1015 cm−2 (Ruffell et al., 2005b). In all cases, except for
the high-dose implant annealed at high temperature, we obtain very good agreement with the
experiment.

The experiments of Ruffell et al. (2005a) are in particular interesting, as these authors also
measured the segregated dose. In Fig. 4.16, we compare the simulation results for the experimen-
tally measured segregated dose. The agreement obtained is qualitativly correct. The increase of
the segregated dose up to the temperature of 800 ◦C and its decrease up to 1000 ◦C is correctly
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Fig. 4.14.: P concentration profiles for annealing of implanted Phosphorus at 20 keV and doses of
7·1013 cm−2 and 1·1015 cm−2. Symbols depict experimental results, lines simulation results. The an-
nealing temperatures and times are given in the panels. Times shorter than 1 min are RTA treatments,
subject to temperature ramps of 100 K/s. Experimental data by Soleimani (1994).
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Fig. 4.15.: P concentration profiles for an-
nealing of implanted P. Data from Ruffell
et al. (2005a).

reproduced. This behavior is due to the fact that for low temperatures, the segregation process
is diffusion-limited, while for higher temperatures, the tendency for segregation is reversed and
the segregated P atoms are released from the interface traps.

We mention that in the experiment, the segregated dose was measured by comparing SIMS
profiles before and after stripping an oxide of 1.7 nm width. For high temperatures though, i.e.
for the data points for 900 ◦C and 1000 ◦C, in addition to segregation, outgassing occured in
the experiment (Ruffell et al., 2005a). A high fraction of the segregated dose therefore has not
segregated, but outgassed from the wafer. If this phenomenon were absent, the value of the ex-
perimental data points were significantly lower. Given that, the agreement with the experimental
data is satisfying.18

18We further mention that in the original figure, Ruffell et al. (2005a) plotted the fraction of segregated dose
relative to the dose remaining in the wafer. By contrast, we plot the segregated dose relative to the implanted
dose. The results are equivalent for the data points for temperatures 600, 700, 800 ◦C and differ by a factor
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For the high-dose implant, the disagreement seen in Fig. 4.15 could be related to a snow plough
effect not taken into account by the simulation. Ruffell et al. (2005b) studied the role of SPER
for shallow P implants by analyzing partially regrown amorphized layers. These authors observed
the snow plough effect only for high concentrations: at least a P 5·1015 cm−2 implant dose was
required that lead to P concentrations higher than 6·1020 cm−3. For lower concentrations, the
snow ploug effect was not observed. For all concentrations, Ruffell et al. (2005b) found segregation
to the SiO2/Si interface already during SPER at temperatures below 600 ◦C. This observation
might provide an explanation for the fact that our model predicts a too low segregated dose
for low temperatures, as seen in Fig. 4.16. Another explanation has already been mentioned in
the previous subsection: the underestimation of the PI diffusion coefficient in the model for low
temperatures. Finally, in Fig. 4.17, we show a comparison of our simulation results with the
experimental data of Uematsu (1999) and obtain good agreement.
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Fig. 4.17.: P concentration profiles for anneal-
ing of implanted phosphorus. Symbols depict
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The annealing temperatures and time, as well
as implantation energy and doses are given in
the figure. Experimental data taken from Ue-
matsu (1999).

4.3.3. Own experiments for solar-cell processing

Before proceeding, it should be mentioned that an alternative parameter set was calibrated in
addition to the unified parameter set. Its objective was to fit the particular experiments of this
subsection. It can be found in Appendix A.2.2 together with the corresponding simulation results.
These results feature better agreement with experiment than those of the unified parameter set.

We performed experiments for conditions relevant to solar-cell processing. Experimental and
simulation results for the doping profiles are shown in Fig. 4.18. Agreement is satisfying, given
that, here, we used the unified parameter set. The diffusion profiles can be seen to be strongly
influenced by interface segregation, which is studied further in Fig. 4.19.

taking into account outgassing. The dose that has outgassed for the 1·1015 cm−2 implantation, was noted to be
15 % for 900 ◦C and 45 % for 1000 ◦C. For the lower temperatures, only negligible outgassing was found (Ruffell
et al., 2005a).
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Fig. 4.18.: P concentration profiles for annealing of implanted Phosphorus at 10 keV and doses of
1·1015 cm−2 and 4.5·1015 cm−2. Symbols depict experimental results, lines simulation results. The anneal-
ing temperatures and times are given in the panels. The interface to the oxide is at 0µm. Experimental
data by D. Grote (2012) of Bosch Solar Energy.

Interface segregation and dose loss

In Fig. 4.19, we show the segregated P dose for the samples implanted with 1·1015 cm−2. In
Fig. 4.19(a), the time evolution data of the simulation is shown. While for the lowest temperature,
the segregated dose increases until saturation at the end of the annealing process, for the higher
temperatures, segregation is a temporary phenomenon. We note that at the end of the annealing
process, a slight increase of the segregated dose is observed. This can be avoided by ramping
down with much faster ramps. The increase of segregation during ramp down can be deleterious
for a back surface field, as it reduces the P surface concentration.
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Fig. 4.19.: The segregated P dose for the concentration profiles of the 1·1015 cm−2 dose in Fig. 4.18.
Lines and filled symbols depict the simulation, open symbols the experiment. Left panel: Simulated time
evolution. Right panel: Comparison with experiment. The ramp up and down proceed with 10 K/min,
starting and ending at 600 ◦C. 800 ◦C are therefore reached after 20 min of annealing. Up to this time and
slightly longer, all curves agree.
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The experimental values shown in Fig. 4.19(b) have been obtained by integrating the SIMS
profiles excluding the first 8 nm, in which the segregation-associated data point is found. This
gives the value of the remaining dose in the bulk. The segregated dose is obtained by substraction
of the remaining dose from the implanted dose. The value obtained by this method is quite
insensitive to variations of the integration boundary at 8 nm, as beyond the segregation peak the
profile is almost constant on the scale of a few nanometeres. Still this method is not quantitatively
controlled.19 But as it is applied to all profiles in the same way, it at least serves as an estimation
for the qualitative behavior of dose segregation.20

Sheet resistance

In Fig. 4.20, we show experimental and simulation results for the sheet resistance. We find
very good agreement using the method explained in Sec. 4.2.6. Also for the sheet resistance, we
find the signature of segregation: the values of Rs for the 800 ◦C data points are significantly
higher than the values of Rs obtained for higher temperatures. This is understood with the
explanation provided before: for higher temperatures, segregation is much less pronounced, as
most of the dose has already been recovered in the Si bulk (Fig. 4.19). One could oppose that
the phenomenon of the increased Rs for the lowest temperature could also be due to clustering
or precipitation. But this is very unlikely, as the phenomenon already appears for the dose of
1·1015 cm−2 for which the doping profile is below the solid solubility limit. Also, the effect would
be more pronounced for higher concentrations, if it was related to precipitation, whereas the data
shows the contrary. Finally, the limit of solid solubility only has a small temperature dependence
as observed in Fig. 4.10: it should not produce the step-like behavior around the 800 ◦C data
points. An explanation in terms of a transient reduced solubility due to P clustering in P-I clusters
is not established, according to the author’s knowledge. It seems furthermore not particularly
likely in the cases studied here, given their long annealing times.
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Fig. 4.20.: Sheet resistance measurements compared to values calculated from simulated profiles, using
the the mobility values of Sentaurus Process (SP, 2012). The corresponding concentration profiles for the
cases with a P dose of 1·1015 cm−2 and 4.5·1015 cm−2 have been shown in Fig. 4.18.

4.3.4. Literature experiments for solar-cell processing

In Fig. 4.21, a further comparison of experiment and simulation is shown for parameters relevant
to solar-cell processing. Agreement is satisfactory for the unified parameter set. Very good

19One could possibly improve the estimate of the segregated dose obtained in the described way by substracting
the P bulk background concentration close to the surface. This varies between experiments but is of the order
of 8 · 10−7 nm × 1020 cm−3 = 8 · 1013 cm−2. Agreement tends to become better by that, as this value would
shift the experimental data points down by 0.08 on the scale of Fig. 4.19.

20For a principle discussion of the problems of SIMS measurements of the segregated dose, e.g. related due to
different sputtering properties of the oxide, see e.g. Pei (2006).
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agreement is obtained using the improved parameter set of Appendix A.2.2. The disagreement
observed here could be related to deviations of the Arrhenius law of the intrinsic diffusivity in
Fig. 4.4 for very high temperatures.
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Fig. 4.21.: Annealed P concentration profiles after implantation. Lines depict the simulation, symbols
the experiment. Experimental data is from Kang et al. (2012) (left panel) and Chun et al. (2011) (right
panel) .

4.4. Summary and conclusion

In the previous sections we discussed the phenomena of P diffusion, segregation and clustering in
a comprehensive way. In Sec. 4.2, we provided a novel presentation of how the kink concentration
in a P diffusion profile forms and how to determine from the fundamental model parameters
the concentration at which the vacancy mechanism sets in. Using these results, we described
a practical way of how to calibrate the parameters of a P diffusion model. We furthermore
discussed formal aspects of transient segregation and a pragmatic, but predictive way to account
for P deactivation. The processes of P diffusion, segregation and deactivation are all relevant for
the processing of P-implanted solar cells, which will become more clear in Chap. 6. Finally, we
note that the models of Sec. 4.2 all exist in Sentaurus Process (SP, 2012), as already noted when
discussing the equations. Our particular combination of models though has not been proposed
by SP (2012). In addition, we have substantially recalibrated all parameters.

In Sec. 4.3, using the model of Sec. 4.2 with the parameters of Appendix A.2.1, we presented
results of a unified calibration that is predictive for a wide range of parameters. In Appendix
A.2.2, we present furthermore present parameters that are particularly suited for the experimental
conditions of solar cell processes. Our parameter sets are major improvements as compared to the
parameter set of the Sentaurus Process Advanced Calibration (SPAC, 2012), compare Appendix
A.2.2 with Appendix A.2.3.21 But still, the level of agreement we achieved in our modeling efforts
is not good enough, to consider the unified calibration to capture all effects occuring during P
annealing in a consistent way. Finally, we summarize the litarature data as well as the conditions
of our own experiments, performed by D. Grote of Bosch Solar Energy, in Tab. 4.1.

21Appendix A.2.3 shows conditions that lead to particularly bad agreement when using the SPAC (2012). The
SPAC (2012) yields good agreement, e.g., when applied to the low-concentration, low-temperature experiments
discussed in Sec. 4.3.1.
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Tab. 4.1.: Literature data used for calibration of the phosphorus model.

reference Fig. dose ( cm−2) E (keV) T ( ◦C) t (min)

D. Grote 4.18 1·1015-4.5·1015 10 800-950 34-74
Chang et al. (2002) 4.11 1·1014 30 750 5-45
Chang et al. (2006) 4.11 7·1013 50 900 0.5-120
Chun et al. (2011) 4.21 3·1015 40 930 30
Griffin et al. (1995) 4.11 1·1014 30 800 30
Kang et al. (2012) 4.21 1·1015 30 950-1050 90
Keys (2001) 4.11 1·1014 40 600-800 15-120
Ruffell et al. (2005a) 4.15 1·1015 5 900-1000 5
Soleimani (1994) 4.14 7·1013-1·1015 20 950 10-20
Uematsu (1999) 4.17 1·1014-1·1015 30 800-900 5



5. Modeling the annealing behavior of
implanted boron and fluorine

In this chapter, we present a fully calibrated and parameterized model for the diffusion of boron
with and without the presence of fluorine. This model reproduces experiments for a wide range
of different experimental conditions including non-amorphizing, partially amorphizing, and fully
amorphizing ion implantation. It is physical in the sense that fluorine interacts with boron
indirectly via point defects. The model extends existing work consistently and is computationally
more efficient. It should be suitable for the description of a large variety of experimental conditions
from the emerging field of BF3 plasma implantation in photovoltaics to the field of ultra-shallow
junctions. The first four sections of this chapter have been published in Solid-State Electronics
(Wolf et al., 2013).

5.1. Motivation and literature survey

Much research has been carried out to study the effects of fluorine on the diffusion of boron in
silicon (Downey et al., 1998; Impellizzeri et al., 2004, 2006). Apart from fundamental studies
(Wilson, 1983; Kim et al., 1988), this research was mainly stimulated by the application of F
coimplantation in the formation of ultrashallow junctions (Park et al., 1999; Suzuki, 2001; Marcon
et al., 2004; Impellizzeri et al., 2004; Chang and Tsai, 2008) and some general beneficial effects of
F on electrical properties of devices (Tsai and Streetman, 1979; Cowern et al., 2005; Kah et al.,
2008; Impellizzeri et al., 2007). Today, the advent of the plasma implantation technology in the
photovoltaic industry (Vervisch et al., 2006; Benick et al., 2010; Yelundur et al., 2011; Ohrdes
et al., 2011; Hieslmair et al., 2011, 2012a), with BF3 as an important doping source, motivates
the study of other experimental conditions than what has been the main line of research before.

The effects of fluorine on the diffusion of boron severely depend on the experimental conditions.
To make this dependence more transparent we consider two groups of experiments. The first group
refers to non-amorphizing doping conditions. Here, the effects of F on B are solely governed by
the diffusion mechanism of fluorine in crystalline Si (Vuong et al., 1995; Kham et al., 2007;
El Mubarek et al., 2004, 2005; López et al., 2008; Noda, 2004). The second group refers to
amorphizing doping conditions. The effects of F on B are then governed by the defect formation
processes that happen during solid phase epitaxial regrowth (SPER). It is notably these defects
that have been most studied experimentally (Narayan et al., 1985; Pi et al., 2003; Simpson et al.,
2004; Noda, 2004; Abdulmalik et al., 2006; Boninelli et al., 2006b; Bernardi et al., 2007; Boninelli
et al., 2008; Salvador et al., 2009; Umeda et al., 2010; Mastromatteo et al., 2010) and theoretically
(Diebel and Dunham, 2004; Lopez et al., 2005; Vollenweider et al., 2009; Lopez and Fiorentini,
2006). In all cases, the annealing behavior of boron differs fundamentally from the case when no
fluorine is present.

Although in recent years models for the diffusion of boron in the presence of fluorine have
been published (Vollenweider et al., 2010; Marcon and Merabet, 2008; Marcon et al., 2004; Dusch
et al., 2002; Suzuki, 2001; Uematsu, 2000) and exist in the framework of Sentaurus Process (SPAC,
2012), the topic cannot be considered settled. To the author’s knowledge, the sole comprehensive
model taking into account F defect formation during SPER, F diffusion and the influence of F
on B was published by Vollenweider et al. (2010). These authors performed extensive ab initio
calculations for fluorine clustering and implemented the results in a kinetic Monte Carlo model
with a high number of species. In the experimental validation, they focused on the behavior of
fluorine, while the correct description of the consequences for the diffusion of boron was supported
only by few examples. The other models (Uematsu, 2000; Suzuki, 2001; Dusch et al., 2002; Marcon
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et al., 2004; Marcon and Merabet, 2008) were presented exclusively for very specific experimental
conditions. These were mainly anneals dealing with ultra-high B surface concentrations (Suzuki,
2001; Dusch et al., 2002; Marcon et al., 2004; Marcon and Merabet, 2008) governed by boron
enhanced diffusion (BED) or anneals following non-amorphizing implants (SPAC, 2012).

In this chapter, we present an alternative to the model of Vollenweider et al. (2010). Our
model is much simpler but still describes the effects of the presence of fluorine on boron diffusion
in a physical way, i.e. correlations of F and B are mediated via point defects. Our model yields
agreement with experiments falling into the two previously mentioned fundamental groups and
their combination: (i) diffusion of B after non-amorphizing implants, i.e. without SPER having
taken place, (ii) diffusion of B after deep preamorphizing implants, i.e. after SPER has taken
place, (iii) diffusion after implants which produced an amorphous layer of intermediate depth.

The chapter is structured as follows: In the second section we briefly present a model for the
diffusion of B without F. This allows to discern additional F-induced effects from B-related effects
later on. In the third section we present the model for F diffusion and in the fourth section its
experimental validation. The fifth section concludes the paper.

5.2. The boron model

For the boron model, we rely on the simulation tool Sentaurus Process (SP, 2012) and its existing
models. The fundamental parameters of equilibrium point defect concentrations, point defect
diffusion, pairing of boron with interstitials and diffusion of boron are well established and we
leave them unchanged. We employ the structure of the boron interstitial cluster (BIC) model as
provided by Ref. (SPAC, 2012) but calibrate the formation energies as given in Appendix A.3.1.
Furthermore, we employ the interstitial (I) clustering model of Zographos et al. (2007) in the
implementation of SPAC (2012). The reason for using this model instead of the new models
of Chap. 3, was to build the boron and fluorine modeling in consistence with a well-established
model, rather than a new model the interaction with which would not be transparent to a critical
reader. It turned out though, that for the diffusion processes shown in this chapter, also the
new model of Chap. 3 yields almost the same results. The detailed initialization of clustered and
unclustered B and I concentration profiles was thoroughly calibrated and is described in Appendix
A.3.1.

We compared the B model to around 70 experimental profiles from own experiments and 10
publications (Solmi et al., 1991; Cowern et al., 1990a; Wilson, 1983; Impellizzeri, 2004; Chang and
Tsai, 2008; López et al., 2008; Kang et al., 2012; Kim et al., 1988; Vuong et al., 1995; Schermer
et al., 2008) for a broad set of experimental conditions. The parameters listed in Appendix A.3.1
were chosen in order to obtain the best possible overall agreement. In Fig. 5.1 we show examples
for two relatively high doses and a variety of temperatures and times for the experimental data
of Solmi et al. (1991). In Fig. 5.2 we show results for much lower doses for experimental data of
Cowern et al. (1990a).1 In all cases, simulation agrees well with the experiment. Our model thus
describes the transient enhanced diffusion (TED) as well as BIC formation quantitatively.

5.3. The fluorine model

We first present the diffusion equations, then define three fluorine-point defect clusters, and in
the third subsection, specify their reaction kinetics.

1Later, in Figs. 5.4, 5.5 and 5.6, additional examples are depicted together with cases where F has been coim-
planted.
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Fig. 5.1.: Boron concentration profiles after
implantation into crystalline silicon and an-
nealing. Lines depict simulations, symbols
experiments. Black dotted lines depict as-
implanted profiles. Experimental data is from
Solmi et al. (1991).
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Fig. 5.2.: Boron concentration profiles for im-
plantation into crystalline silicon and anneal-
ing. Lines depict simulations, symbols experi-
ments. Black dotted lines depict as-implanted
profiles. Experimental data is from Cowern
et al. (1990a).

5.3.1. Diffusion equations

The diffusion of fluorine (F) via interstitials (I) and vacancies (V) is modeled as implemented in
the Sentaurus Process Advanced Calibration (SPAC, 2012) by

∂tCF =
∑
X=I,V

(−RFX +RFX,X) +RFclus, (5.1a)

∂tCFX = −∇JFX +RFX −RFX,X , (5.1b)

∂tCX = −∇JX −RFX −RFX,X +RXclus, (5.1c)

where X stands for I or V. If X=I then X=V and vice versa. C and J denote concentrations
and fluxes of substitutional F, I, V and the pairs of F and point defects FI and FV. The fluxes
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and reaction terms are given by

JFX =− dFX∇CFX , JX = −dX∇CX , (5.2a)

RFX = lFX(CFCX −
CFX

kFX
), (5.2b)

RFX,X = lFX,X(CFXCX − kFXCFC
∗
I C
∗
V), (5.2c)

where kFX is a binding constant and determines the equilibrium value of CFX . dX is the diffusivity
of X and dFX the diffusivity of the uncharged FX pair. lFX and lFX,X are rate constants for
the interaction of F with point defects. C∗I and C∗V denote the equilibrium concentrations of I
and V. The clustering terms RFclus and RXclus will be discussed later on, though we note that
RIclus contains the contribution of pure I clusters (Zographos et al., 2007) already mentioned in
the preceding section. The parameters that differ from Ref. (SPAC, 2012) are given in A.3.1.

The most important aspect of the model is the strong binding energy of the FI pair (Pi et al.,
2003; Vollenweider et al., 2010) which determines the temperature dependence of kFI. The binding
energy gain of FI was calculated as 4.59 eV (Vollenweider et al., 2010) and therefore much higher
than the BI estimate of 1.1 eV (Zhu et al., 1996). This leads to the assumption that already
during implantation, all Fs bind to Is (Pi et al., 2003). For non-amorphizing implants, this is the
dominant interaction of point defects with F. Thus, the model as described up to here is sufficient
to reproduce experiments without amorphization. For the detailed implementation, see A.3.2.

For amorphizing implants the situation is more complex. It is known that fluorine-vacancy (F-
V) clusters form during SPER (Impellizzeri et al., 2004; Pi et al., 2003; Diebel and Dunham, 2004).
These F-V clusters massively reduce the I concentration in the SPER regions during subsequent
annealing. The reduction produces a gradient in the I concentration and thus influences CI also
beyond the a/c boundary. As Is diffuse rapidly compared to other species, this non-local influence
is important.

To model the situation after an amorphizing implant and SPER we introduce three different
immobile cluster species that dissolve during subsequent annealing. These are initialized using
the local F concentration after ion implantation in the amorphized region. To minimize the model
complexity we do not take into account the experimentally observed redistribution of F during
SPER.

5.3.2. Fluorine-vacancy clusters

The role played by the clusters and their detailed initialization is as follows: For an as-implanted F
concentration up to 3·1018 cm−3, all F is initialized in form of an F3V cluster. This cluster dissolves
rapidly upon reaction with a self-interstitial with a rate constant characterized by a moderate
activation energy. Its introduction into the model allows to precisely describe experiments for
low concentrations and temperatures as shown in Figs. 5.5(a) and 5.6. The fact that we initialize
already low concentrations in form of the F3V cluster is in agreement with the observation of F-V
clusters already for the low implanted dose of 2·1014 cm−2 (Simpson et al., 2004). F-V clusters are
not only a high-concentration phenomenon. We note that in the notation of Diebel and Dunham
(Diebel and Dunham, 2004), our F3V cluster corresponds to a F3V4 cluster.

For the range of as-implanted F concentrations between 3·1018 cm−3 and 5·1020 cm−3 a large F-
V cluster FVlc is initialized. This cluster dissolves slowly upon reaction with a self-interstitial with
a rate constant characterized by a high activation energy. The introduction of this phenomenolog-
ical cluster is necessary to describe intermediate temperature regimes and higher concentrations
as shown in Figs. 5.5(b) and (c).

Fluorine concentrations exceeding the limit for FVlc formation are initialized as FI2 clusters.
FI2 is again a phenomenological cluster needed to describe experimental observations of enhanced
boron diffusion for high BF2 doses. The introduction of FI2 accounts for the reduced I capturing
efficiency of the SPER region, observed for the highest dose experiment in Fig. 5.7(a).
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Fig. 5.3.: Initial concentration profiles after a
BF2 implantation with 50 keV and 3·1015 cm−2.
The concentration depicted by the horizontal
line associated to the F3V clusters is given by
1·1018 cm−3. In the case of the FVlc clusters it is
given by 5·1020 cm−3. The vertical dotted line
depicts the a/c boundary. To keep the figure
simple, we do not show the initial concentra-
tion of FI: in the non-amorphized region, this
concentration equals the one of Ftot, and in the
amorphized region, it is zero. The B clusters B2

and Blc are discussed in Appendix A.3.1.

The complete initialization procedure for fluorine and the defects associated is illustrated in
Fig. 5.3. It is shown how the total implanted F dose in amorphized and regrown regions is divided
among the three F clusters F3V, FVlc and FI2. As mentioned before, in the crystalline region,
the F atoms are assumed to be present initially only as FI pairs. The initialization of Is and Vs
induced by F implantation is explained in detail in Sec. 5.4.1. B is initialized in form of a B2

cluster and a large boron cluster Blc. Both is discussed in Appendix A.3.1.

5.3.3. Reaction kinetics of fluorine-vacancy clusters

The dissolution of the immobile F clusters is described by

∂tCF3V = −RF3V with RF3V = kF3VDICF3VCI, (5.3a)

∂tCFVlc
= −RFVlc

with RFVlc
= kFVlc

DICFVlc
CI, (5.3b)

∂tCFI2 = −RFI2 with RFI2 = kFI2CFI2 , (5.3c)

where kF3V = 1.5 · 108e−3.23 eV/kT cm, kFVlc
= 5.01 · 1022e−7.23 eV/kT cm and kFI2 = 1.28 ·

1028e−6.77 eV/kT s−1, k is the Boltzmann constant and T the temperature in Kelvin. CF3V and
CFI2 denote the concentration of F3V and FI2 clusters, respectively. In contrast, CFVlc

denotes
the concentration of clustered FV pairs bound in large FVlc clusters. We do not take into account
formation terms in Eqs. (5.3). In agreement with the experimental evidence outlined above, we
assume the clusters to form only during the non-equilibrium process of SPER.

The dissolution processes described by Eq. (5.3a) and (5.3b) locally reduce CI and increase
CF as constrained by particle number conservation. The terms RFclus and RIclus introduced in
Eq. (5.1) thus read

RFclus = 3RF3V +RFVlc
+RFI2 , (5.4a)

RIclus = −RF3V −RFVlc
+ 2RFI2 −RIc , (5.4b)

where RIc incorporates the contributions from pure I clusters (Zographos et al., 2007) mentioned
before. None of the Eqs. (5.3a) and (5.3b) influences CV directly as the I triggering the dissolution
of the FV cluster consumes the vacancy. The dissolution described by Eq. (5.3c) is solely thermally
activated and adds one F and two Is to their respective balances.

We note that Eq. (5.3b) describes a release of a single F and a single V from a large FVlc

cluster at a time. Eq. (5.3b) is analogous to the I cluster model of Rafferty et al. (1996) which
describes the evolution of I clusters solely in terms of the concentration of clustered Is and not
in terms of the concentration of I clusters.

Another important point is to realize that the released F atoms tend to bind with Is again
so that the overall reduction of CI by the dissolution of F-V clusters is stronger than the direct
influence described by Eqs. (5.3a) and (5.3b).



106 5. Modeling the annealing behavior of implanted boron and fluorine

Finally, we note that a completely different, frequently observed influence of F on B diffusion,
the prevention of boron enhanced diffusion (BED), is not explicitely taken into account in our
model. In experiments dealing with very high B surface concentrations, boridation, i.e. the
formation of the phase SiB4, leads to BED (Agarwal et al., 1999). The presence of F seems
to prevent this process (Downey et al., 1999; Suzuki, 2001; Marcon et al., 2004; Marcon and
Merabet, 2008). Modeling the effects of boridation would unnecessarily complicate the situation
and introduce additional unknown parameters. This is out of the scope of this work and we
therefore neglect experiments dealing with surface concentrations of B higher than 1021 cm−3.

5.4. Comparison with the experiment

We consider three cases for the diffusion of boron in presence of fluorine. The first case is
diffusion of B after a non-amorphizing implantation. The second case concerns “full” amorphizing
conditions, i.e. a preamorphizing implant (PAI) that is much deeper than the initial boron profile.
After these two limiting cases we present results for the case in which the initial boron profile is
partly in the regrown region and partly in the non-amorphized region.

5.4.1. No amorphization

For non-amorphizing implants, no SPER precedes the annealing and no F-V or FI2 clusters are
assumed to form. Consequently, RFclus in Eqs. (5.1) vanishes. Boron diffusion is then solely
governed by the number of Is introduced by the B and F implants as well as by the dynamics
of FI pairing and I clustering. As mentioned above, all implanted F atoms are assumed to bind
to Is already during implantation (Pi et al., 2003). F therefore causes much less TED of boron
marker layers than comparable implanted species (Vuong et al., 1995). Nevertheless, diffusion
is significantly enhanced as compared to thermal diffusion (Vuong et al., 1995; López et al.,
2008). We account for these empirical findings as follows: For each introduced F atom one FI
pair is introduced together with 0.1 free Is as shown in Fig. 5.3. This choice is motivated by
the finding of López et al. (2008) that an F implantation induces as much TED as one tenth of
the corresponding Si dose which can be well described by a “+1 model”. To compensate for the
additionally introduced Is, we include the formation of vacancies close to the surface. The position
of the vacancy profile was calculated with the Monte-Carlo simulator of Sentaurus Process (SP,
2012). The presence of these vacancies has only a negligible impact on the B diffusion. In Fig. 5.4
we show the result for equilibrium diffusion compared to the weak TED produced by coimplanted
F and obtain quantitative agreement with experiment.
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Fig. 5.4.: Boron concentration profiles for non-
amorphizing implantation of F with 5·1014 cm−2

and 25 keV. The initial boron marker layers are
depicted by the black dashed line and were
grown by chemical vapor deposition. Experi-
mental data is from López et al. (2008). Lines
depict simulations, symbols experiments.

5.4.2. Full amorphization

The second limiting case is obtained after a deep PAI which contains the whole initial boron
profile. Thus, SPER precedes annealing and the effects of the F-V clusters dominate the diffusion



5.4. Comparison with the experiment 107

0 20 40 60 80 100 120 140
depth (nm)

1017

1018

1019

1020
co

nc
en

tra
tio

n 
(c

m
-3

)

(a)

1e14cm-2  10keV 
850 C 10min 
deep PAI

without F
with F

0 50 100 150 200 250 300
depth (nm)

1017

1018

1019

1020

1021

co
nc

en
tra

tio
n 

(c
m

-3
)

(b)

925 C 
20min 
deep PAI

B  5 1014cm-2 
B  2 1015cm-2 
BF2  5 1014cm-2 
BF2  2 1015cm-2 

50 100 150 200 250 300 350
depth (nm)

1016

1017

1018

1019

co
nc

en
tra

tio
n 

(c
m

-3
)

(c)

950 C 10min
deep PAI

without F
with F

Fig. 5.5.: Annealed boron concentration pro-
files after deep PAI. The a/c boundary is
beyond the maximum depth shown in the
figure. Lines depict simulations, symbols
experiments. Black dotted lines depict as-
implanted profiles. Panel (a): The as-
implanted profile agrees precisely with the B
profile after annealing in presence of F. B im-
plant of 1·1014 cm−2 at 10 keV. PAI by two Si
implants (3·1015 cm−2 250 keV, 2·1015 cm−2

40 keV). F implant of 4·1014 cm−2 at 100 keV.
Experimental data by Impellizzeri (2004).
Panel (b): B implants at 10 keV and BF2

implants at 45 keV lead to result in very
similar profiles for the same dose. PAI by
three Si implants of 2·1015 cm−2 (300 keV,
100 keV, 30 keV). Experimental data by Wil-
son (1983). Panel (c): PAI, F implant and
experimental reference as for panel (a). The
boron marker was grown by molecular beam
epitaxy.

of B via their interaction with point defects. Fig. 5.5(a) shows a profile annealed at 850 ◦C. Here,
the I capturing effect of F-V clusters is so strong that the implanted B profile does not change
noticeably during annealing.

Fig. 5.5(b) shows a profile annealed at 925 ◦C where B diffusion occurs also in presence of F.
This diffusion is though strongly reduced as compared to the case without F. The model describes
the effect quantitatively. Fig. 5.5(c) shows a profile annealed at 950 ◦C without any influence of
PAI-induced end of range (EOR) damage. In the experiment this was achieved by a Si1−yCy

layer between the initial B profile and the EOR damage (Impellizzeri, 2004). The diffusion shown
is thus purely thermal. The difference between Fig. 5.5(c) and Fig. 5.4 is striking. The former
shows a clear reduction of thermal B diffusion induced by dissolving F-V clusters while the latter
shows F-induced TED. Both cases are quantitatively reproduced by our model.

5.4.3. Partial amorphization

We proceed with simulation results that model the diffusion of B that is initially situated partly
in an SPE-regrown region and partly in a non-amorphized region. This is typically the case for all
BF2 implantations into c-Si but can as well be produced by PAIs with an intermediate depth. The
validation for these cases is crucial for two reasons. First, the previously presented calibration of
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the model for the two limiting cases of F-induced B TED (Fig. 5.4) and F-reduced B diffusion
(Fig. 5.5) provides no information about the transition between these cases. A quantitatively
correct model has to reflect this transition in a strong dependence on the amorphization depth.
Second, the study of the limiting cases does not give any information about the correlation
between the I-consuming SPER region and the I-producing EOR region, mediated by the induced
CI-gradient.
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Fig. 5.6.: Annealed boron profiles after an Si
implant that amorphizes half the depth of the
MBE-grown B markers. Lines depict simula-
tions, symbols experiments. The vertical line
depicts the a/c boundary and the second dotted
black line depicts the initial profile. PAI was
done as in Fig. 5.5(a) and (c). In the case where
F is present, 5·1014 cm−2 of F was coimplanted
at 150 keV. Experimental data from Impellizzeri
(2004).

The initial conditions for partially amorphizing implants result from a combination of the
previous two cases. In the amorphized region, the fluorine atoms are initialized as in the case for
full amorphization. Similarly, in the crystalline region below, the initial conditions are adopted
from the non-amorphizing case. However, we note that the surface-near vacancies introduced to
compensate for the free interstitials introduced in addition to the FI pairs are assumed to vanish
during SPER so that one obtains effectively a “1.1 model”.

0 50 100 150 200 250 300 350
depth (nm)

1017

1018

1019

1020

1021

1022

co
nc

en
tra

tio
n 

(c
m

-3
)

BF2  into c-Si

(a)

2 1015cm-2  750 C 60min
2 1015cm-2  850 C 30min
2 1015cm-2  850 C 60min
3 1015cm-2  850 C 60min

0 50 100 150 200 250 300 350
depth (nm)

1017

1018

1019

1020

1021

1022

co
nc

en
tra

tio
n 

(c
m

-3
)

B into c-Si

(b)

 2 1015cm-2  750 C 60min
 2 1015cm-2  850 C 30min
 2 1015cm-2  850 C 60min
 3 1015cm-2  850 C 60min

Fig. 5.7.: Panel (a): Profiles of boron after BF2 implantation into c-Si and subsequent annealing. Lines de-
pict simulations, symbols experiments. The vertical lines depict a/c boundaries and other dotted black lines
depict as-implanted profiles. The 2·1015 cm−2 implants were done at 40 keV and the 3·1015 cm−2 implant
at 50 keV. Black vertical dotted lines depict the a/c boundaries for both implants, gray dotted lines the
as-implanted profiles. The references for the experiments are as follows: 2·1015 cm−2 750 ◦C 60 min (Kim
et al., 1989), 2·1015 cm−2 850 ◦C 30 min (Takenaka et al., 1999) and 60 min (Kim et al., 1989), 3·1015 cm−2

850 ◦C 60 min (Sakamoto et al., 1998). Experiments with almost the same conditions and outcome, not
shown here to avoid redundancy, have been published by Chang and Tsai (2008). Panel (b): Profiles
of boron after B implantation into c-Si and subsequent annealing. No experiments, only simulations are
shown for comparison with panel (a). The 2·1015 cm−2 implants were done at 8 keV and the 3·1015 cm−2

implant at 10 keV.

Impellizzeri (2004) studied the diffusion of molecular beam epitaxy (MBE) grown B markers
on both sides of the a/c boundary with and without F implantation after a Si PAI. The respective
experimental and simulation results are shown in Fig. 5.6. Without F coimplantation, massive
TED occurs over the whole depth of the sample such that the initial marker profile can barely be
recognized after diffusion. With F coimplantation, on the left hand side of the dashed line which
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marks the a/c boundary, diffusion is strongly, but not completely, suppressed by the dissolving
F3V clusters. The boundary up to which diffusion occurs agrees with the boundary up to which
the F3V clusters have dissolved. Due to the high supersaturation of Is in the EOR region, this
dissolution occurs rapidly. On the right hand side of the a/c boundary, F coimplantation has
almost no effect. All features of the experiment are correctly reproduced by the simulation.
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Fig. 5.8.: Boron profiles after BF2 implantation
with and without PAI and annealing. Lines de-
pict simulations, symbols experiments. The ver-
tical lines depict a/c boundaries and other dot-
ted black lines depict as-implanted profiles. PAI
by two Ge implants (1·1015 cm−2, 30 keV and
60 keV). Experimental data by Dusch et al.
(2002). The simulated profiles for the PAI ex-
periments almost agree with each other.

In Fig. 5.7(a), the agreement of our simulations with experimental data of several authors for
BF2 implantation into c-Si can be seen. For comparison, in Fig. 5.7(b) we show the corresponding
simulated profiles for B implantation into c-Si. After BF2 implantation, diffusion at intermediate
B concentrations is more pronounced than after B implantation. On the other hand, B implan-
tation leads to a slightly deeper low-concentration tail. Nevertheless, taking the difference of the
initial conditions and diffusion mechanisms into account, the junction depths after B and BF2

implantation are suprisingly similar. This can as well be seen in the experiments of Chang and
Tsai (2008).

Finally, we present simulation results for much higher temperatures and three different amor-
phization depths for experimental data by Dusch et al. (2002). Fig. 5.8 compares BF2 implan-
tation into c-Si and into preamorphized Si. The magnitude of diffusion reduction by the further
amorphization agrees with the modeled behavior.

5.5. Segregation of boron

We supplement the preceding discussion of B diffusion and clustering by a brief discussion of the
segregation behavior of boron. Here, though, we will not define a new model, but rely on existing
work.

In Fig. 5.9, we show a B concentration profile that is strongly influenced by segregation of
B from bulk Si to SiO2 during oxidation. B segregation is seen to be different from the pile-up
behavior of P, which we studied in the previous chapter. Although B is observed to pile-up during
inert annealings, too, its magnitude is much smaller. B segregation is usually characterized by
the segregation coefficient m = CSi

B /C
SiO2
B . It is relevant to us as significant amounts of the B

dose can be lost due to segregation during annealing experiments. This dose is then not available
as active B concentration for the functionality of the cell and has to be compensated by higher
implantation doses, which comes at high cost.

One of the first studies of the phenomeon was carried out by Fair and Tsai (1978). The
results for the segregation coefficient observed after oxygen annealing were independent of surface
concentration and oxidation time and read m(950 ◦C) = 0.17, m(1050 ◦C) = 0.33, m(1150 ◦C) =
0.45 and m(1150 ◦C) = 0.58.2 As in the case of the precedingly discussed segregation of P in

2Further studies found similar dependencies: Charitat and Martinez (1984) find segregation coefficients
m(850 ◦C) = 0.32, m(900 ◦C) = 0.36, m(950 ◦C) = 0.54, m(1100 ◦C) = 0.58 for similar circumstances as Fair
and Tsai (1978). Sakamoto et al. (1987) finds m(1000 ◦C) = 0.16, m(1050 ◦C) = 0.36 and m(1100 ◦C) = 0.43
for 1·1014 cm−2 of B implanted at 80keV. Kim et al. (1988) finds m(900 ◦C) = 0.14.
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Fig. 5.9.: Left panel: Segregation of B from Si to SiO2. 1·1014 cm−2 B implanted at 50 keV and annealed
for 60 min at 1050 ◦C in dry O2. Taken from Fair and Tsai (1978). Right panel: Segregation at the SiO2/Si
interface. Experimental data for (a) is from Kim et al. (1988), for (b) from Fair and Tsai (1978) and for
(c) from Sakamoto et al. (1987). The initial SiO2/Si interface (before oxidation) was situated at 0 nm.
The SiO2/Si interface after dry oxidation is marked by the step in the simulated concentration profiles.
See Tab. 5.1 for a detailed description of the processes.

Chap. 4, it becomes clear that segregation is more pronounced at low temperatures than at
high temperatures. A general strategy for avoiding dose loss due to segregation is therefore to
anneal at higher temperatures and at the same time reduce the annealing time. Concerning
the influence of the presence of F, Kim et al. (1988) and Shima et al. (2001) found the same
segregation coefficients independent of the presence of F. In the right panel of Fig. 5.9 then, we
show results obtained with the three-phase segregation model of Sentaurus Process (SP, 2012)
in the Advanced Calibration (SPAC, 2012) compared to experiments from the literature. Very
good agreement is found.

5.6. Summary and conclusion

We presented a model for the diffusion of boron in the presence of fluorine that reproduces the
qualitatively different effects that occur for a wide range of generic experimental conditions, in
particular, for non-amorphizing and amorphizing conditions. Quantitative agreement with exper-
iment is found. The model should be in particular suitable for technology fields in which annealing
conditions are not clearly defined yet and which require a broad scanning of experimental condi-
tions. This is, for example, the case in the emerging technology field of BF3 plasma implantation
in photovoltaics. Finally, Tab. 5.1 summarizes the list of experiments used to calibrate the boron
and fluorine model.3

3Some minor comments on this: We compared our model not only to the experiments in Tab. 5.1, but also to
results of Kang et al. (2012), Florakis et al. (2012) and own experiments under oxidizing atmosphere, all of
which were explicitley designed for the production of solar cells. In all of these experiments B diffusion was
intrinsic and no complicated effects occured such that we do not show figures for them but simply note that
we found good agreement. We mention that we could not fit the high dose results for B diffusion of Cowern
et al. (1990a), as these contradicted the ones of Solmi et al. (1991). We also could not fit the interesting and
well-documented experiments of Downey et al. (1999) and Suzuki (2001) who study shallow, high-dose B and
BF2 implants, which massively display the effect of BED not accounted for by our model, as mentioned before.
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Tab. 5.1.: Literature data used to calibrate simple diffusion (first part), segregation (second part) and
effects of F (third part) for the B diffusion model.

reference Fig. dose ( cm−2) E (keV) T ( ◦C) t (min) amb

Cowern et al. (1990a) 5.2 2·1013 – 8·1014 20 900 15 N2

Solmi et al. (1991) 5.1 2·1015 – 5·1015 20 800 – 1000 30-120 N2

Fair and Tsai (1978) 5.9 1·1014 50 1050 30 O2

Sakamoto et al. (1987) 5.9 1·1014 80 1100 60 O2

Kim et al. (1988) 5.9 2·1015 35 900 190 O2

Wilson (1983) 5.5 5·1014, 2·1015 10 925 20 PAI
Kim et al. (1989) 5.7 2·1015, 3·1015 40 850 60 —
Dusch et al. (2002) 5.8 4·1014 15 1000 0.5 PAI
Impellizzeri (2004) 5.5, 5.6 MBE marker — 850, 950 10 PAI
Impellizzeri (2004) 5.5 1·1014 10 850 10 PAI
López et al. (2008) 5.4 MBE marker — 850 3 —





6. Implications of annealing processes for
electronic properties of implanted solar
cells

In this chapter, the results of the preceding chapters shall be discussed with respect to their
relevance for electronic properties of solar cells. This means in particular to address the new
problems arising for implanted solar cells as compared to POCl3-diffused cells, which up to now
have been the main object of industrial research and development. One of the first questions to
ask in this context is how remaining implantation damage affects solar cell performance. After
treating this question, we will investigate the questions of how dopant deactivation, diffusion and
segregation affect cell performance.

6.1. Motivation and literature survey

We start by discussing the literature on the consequences of implantation damage for electronic
properties of the cell. We then carry on with discussing the particular case of dislocations.

6.1.1. Influence of implantation damage on solar cell performance

Kringhoj et al. (1994) was one of the first to correlate the critical, but non-amorphizing dose for
the appearance of disloction loops with the formation of electrically active defects. Macdonald
et al. (2003) then distinguished lifetime degradation caused by EOR damage and degradation
attributed to deeper lying defects. The latter were attributed to consist of EOR-emitted Is, which
upon annealing diffuse deep into the bulk. Macdonald et al. (2004) found that for Si doses higher
than 2·1014 cm−2 implanted at 36 keV, lifetime degradation sets in. As this dose equals the critical
dose for dislocation-loop formation (Jones et al., 1988), the lifetime degradation was attributed
to loops. Still, such a conclusion is not completely straight-forward as higher implantation doses
also increase other recombination centers by e.g. introducing higher amounts of impurities like Fe
(Macdonald and Geerligs, 2004).

Barakel (2004) studied cells produced by means of BF3 PIII and RTA annealing. He attributed
the fact that for 25 keV implants diffusion lengths of only 70 nm1 were measured, whereas for
5 keV, 300 nm were measured, to reduced implantation damage in the second case. Janssens
et al. (2009) studied PH3-plasma-doped cells and found massive differences in lifetime and J0

comparing annealing at 860 ◦C and at 1000 ◦C. They concluded that for the lower temperature a
high damage level remained, while for the higher temperature, almost all damage was annealed.

Benick et al. (2010) studied the influence of implantation damage by comparing solar cells
produced by BBr3 diffusion with cells produced by B implantation. They confirmed on a qualita-
tive level that for high-temperature annealing no implantation damage remained. Lanterne et al.
(2012a) studied P-implanted cells and invoked the presence of loops for the observed performance
degradation for moderate annealing temperatures. As mentioned already in Chap. 2, many other
authors were able to fabricate high-performing implanted solar cells, but did not discuss implan-
tation damage in greater detail (Benick et al., 2012; Hermle et al., 2011; Bateman et al., 2011;
Lanterne et al., 2012b; Kang et al., 2012). We explicitely mention the work of Ho et al. (2011) who
studied implanted and RTA-annealed cells struggling with the problem of incomplete annealing.
We study similar experiments in Sec. 6.2.

Florakis et al. (2012) carried out a rough quantitative analysis, comparing annealing processes
with pre- and postoxidation and under inert conditions. Preoxidation is known to enhance the

1And hence very low Jsc.
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growth of dislocation-loops. The authors compared their J0e measurements with those of damage-
free diffused B emitters of King and Swanson (1991). They could then correlate simulated loop
densities using Sentaurus Process (SP, 2012) with the implant-damage-related part of J0e. A
second quantitative analysis was presented by Mok et al. (2012), who employed SP (2012) with
the DL model of Martin-Bragado et al. (2008). They could qualitatively correlate simulated
dislocation-loop densities with J0e measurements. A thorough, but also qualitative analysis was
presented by Pawlak et al. (2012). These authors conjectured that implantation-related BICs
induce the observed dose-dependent lifetime degradation, which will be readressed in Sec. 6.3.1.
For now, we conclude that first steps towards a better understanding of the deleterious effects
of implantation damage on solar cell performance have been made, but many open questions
remain.

6.1.2. Recombination at dislocations

Based on Holt and Yacobi (2007) and Seibt et al. (2009), we briefly discuss the general recombi-
nation mechanism, before providing quantitative expressions.

General recombination mechanism

Recombination at dislocations is governeed by three aspects, which were combined in a quantita-
tive theory by Kveder et al. (2001). Following Seibt et al. (2009), who studied the example of an
n-type substrate, these aspects are: (i) First, the strain field of a dislocation slightly alters lattice
spacings and thereby modifies the band structure producing shallow states, the 1D bands EDe
and EDh sketched in Fig. 6.1. (ii) The dangling bonds at the dislocation core give rise to deep
levels, i.e. states near the middle of the band gap, which are indicated as EDD in Fig. 6.1. Further-
more, dislocations attract impurities, whose configuration at the dislocation core is energetically
favorable in comparison to a configuration in the perfect lattice. These impurities are known to
produce further deep levels (Myers et al., 2000). The concentration of deep levels associated with
decorated dislocations therefore strongly depends on the concentration of trapped impurities. (iii)
Finally, one has to note that the electrons trapped by defect states at the dislocation charge the
dislocation and induce a Coulomb band-bending qΦ, see Fig. 6.1. This repels further majority
carriers and attracts minority carriers. Written in form of an SRH model, the theory of Kveder
et al. (2001) reproduces most of the experimental studies performed by electron beam induced
current (EBIC) and deep level transient spectroscopy (DLTS).2

We summarize that to first order, only impurity-decorated dislocations show recombination
(Kveder et al., 2001; Schröter and Cerva, 2001; Seibt et al., 2009). Typically, for solar cell mass
production, one usually has to accept a certain impurity concentration due to material cost
restrictions, and the decoration of dislocations with impurities must be assumed (Swanson, 2006;
Seibt et al., 2009).

Dependence of the minority carrier lifetime on dislocation density

Several publications of the effective minority carrier lifetime τd in dependence on the dislocation
density have been discussed and extended by Donolato (1998). He obtained3

τd =
1

2πρLDe/h
(− ln(ε

√
ρL) +

De/h

εvs
+ const). (6.1)

Here, ρL is the dislocation line density, De/h the minority carrier diffusivity, and ε and vs are radius
and surface recombination velocity of the torus that models the dislocation line, respectively.

2Many authors have performed EBIC and DLTS measurements. See e.g. Libertino et al. (2001), Arguirov et al.
(2003b), Arguirov et al. (2003a), Pizzini et al. (2003), Sztucki et al. (2003), Chen et al. (2007), Ali et al. (2011).

3We cite his result in an approximated form that has already earlier been obtained by van Opdorp et al. (1976).



6.1. Motivation and literature survey 115

238 M. Seibt et al.

− impurity atoms in the dislocation core or in the strain
field of dislocation in the form of very narrow (�1 nm)
clouds.

Please note, that—since dislocations are topological
defects—the electronic energy levels of impurities incor-
porated into the dislocation core in general should differ
significantly from the energy levels of the same impurities
incorporated as individual atoms within the bulk. Recent cal-
culations for substitutional copper in the dislocations core
confirm this basic argument [31]. In contrast to the num-
ber of states of one-dimensional bands, concentrations of
deep electronic states related to core defects and impurities
strongly depend on the material’s thermal history and can
vary in a very wide range. This statement is strongly sup-
ported by numerous experimental data obtained mainly by
EBIC and deep level transient spectroscopy (DLTS), which
permits to measure the concentrations of electrons and holes
captured by dislocation-related deep states.

Before DLTS data are summarized, we briefly discuss the
main features of minority carrier recombination at disloca-
tion. Let us consider for certainty n-type Si, so that electrons
are majority carriers, and their concentration n is higher than
the concentration of holes p, which are minority carriers in
this case (see Fig. 2).

Fig. 2 Charge carrier recombination at dislocations. The important
feature is the Coulomb barrier Φ appearing around a dislocation due
to its line charge caused by majority carriers—electrons in this fig-
ure—captured to the dislocation states. For clean dislocations, the re-
combination rate is determined by direct recombination of electrons
and holes captured by the 1D dislocation bands EDe,EDh (path (1)). In
the presence of defects with a deep energy level EDD, recombination
occurs directly via the deep level (path (2)), and, in addition, the carri-
ers captured to 1D-bands recombine by path (3) via this deep level [2];
EC, EV refer to the edges of the conduction and valence band, respec-
tively, and EF indicates the position of the Fermi level. In addition, the
radius LSCR of the space charge layer around dislocations is indicated

When considering the capture of free electrons and holes
and the occupation statistics of electronic energy states at
dislocation, we should first of all remember that majority
carriers captured by electronic states at the dislocation cre-
ate a Coulomb band-bending eΦ around it (see Fig. 2). As a
result, the capture rate of free electrons to such states is re-
duced approximately by the factor exp(−eΦ/kBT ) and fi-
nally limits the total equilibrium occupation of dislocation
states by electrons. At the same time, this electrostatic po-
tential is attractive for minority carriers and accelerates their
capture and recombination at dislocations.

The interaction of free charge carriers with the disloca-
tion line charge is an important feature, which has been in-
vestigated in detail in the literature and has been taken into
account in all models for recombination at dislocations (see,
for example, [2, 32–35]). The exact calculation of eΦ is a
difficult problem (for details, see [3]), but in many cases it
can be approximated by the simple formula

eΦ = e2Ntot

2πεε0
(lnNtotLscr − 0.5), (1)

where Ntot is the total dislocation charge per unit length
(the concentration of electrons or holes captured to all dis-
location energy states), ε is the dielectric permittivity of Si,
and nd is the concentration of shallow donors. Equation (1)
assumes that the screening radius Lscr of the electric field
around the dislocation is of about

Lscr =
√

Ntot

πnd
. (2)

As a result, the total dislocation charge Ntot per unit length is
limited by the screening potential rather than the total num-
ber of states NDD per unit length. The presence of excess
minority carriers results in a nonequilibrium occupation of
dislocation energy states, and the dislocation electrostatic
potential eΦ is reduced, roughly like eΦ � kBT ln(n/p),
which is a consequence of the fact that fluxes of electron
and holes to the dislocation have to balance each other in
stationary conditions.

Another important feature of recombination at disloca-
tions is the significant influence of 1D-bands on the re-
combination process due to electronic transitions between
1D-bands EDe,EDh via the deep localized states EDD

caused by overlapping of their wave functions (recombi-
nation path (3) in Fig. 2). It should be noted that these tran-
sitions have to be taken into account for a proper description
of the recombination activity of dislocations [2].

Transitions between 1D-bands (path (1) in Fig. 2) are as-
sociated with a relatively small recombination rate, i.e., the
recombination activity of “clean” dislocation is small un-
less the temperature is below about 90 K. The recombina-
tion can be drastically enhanced by the presence of even a

Fig. 6.1.: Electron-hole recombination mech-
anism at dislocations. EC , EV , and EF de-
note conduction band, valence band and Fermi
level energy, respectively . LSCR denotes the ex-
tension of the space charge layer around a dis-
location. For clean dislocations, the recombi-
nation rate is determined by direct recombina-
tion of electrons and holes captured by the shal-
low strain-induced states EDe and EDh (1). In
the presence of defects with a deep energy level
EDD, recombination is much increased due to
the new recombination paths (2) and (3). Taken
form Seibt et al. (2009).

For our purposes, we further approximate the result Eq. (6.1) and neglect the weakly varying
logarithm term. One then obtains a simple inverse proportionality

τd '
1

αLτDe/hρL
(6.2)

where the proportionality constant αLτ is of order unity.4 This rough information will be sufficient
for the conclusions to be drawn later on.

Consequences for cell parameters

Using the approximate result Eq. (6.2), we do now want to calculate the effects on the cell
parameters. In Sec. 2.4.4, we obtained the dependence of the cell parameters on the minority
carrier lifetime in Eqs. (2.79). Assuming now almost all recombination in the depletion region
to take place in the emitter, which is a meaningful assumption if defect levels are high, τeff is
dominated by the defect level recombination characterized by τd.

5 In addition, the recombination
current J0 = J0e + J0b will be dominated by the recombination in the emitter, J0e, whereas the
recombination in the base will negligible, J0b ' 0.

In Eqs. (2.79) we can then express the minority carrier diffusion length Le/h =
√
De/hτeff with

τeff ' τd and set J0 = J0e. To obtain the functional dependencies, we only need to consider
one type of minority carriers, such that we can drop the index e/h and rewrite Eqs. (2.79) as a
function of τd

Jsc = qG
√
Dτd (6.3a)

J0e =
qn2

i

C

√
D

τd
(6.3b)

Voc =
kT

q
ln
(GC
n2
i

τd + 1
)

(6.3c)

where C is the majority carrier density, G the mean optical generation and D the diffusivity of
the relevant minority carrier. Using Eq. (6.2), we can now express these quantities in terms of

4Alberi et al. (2012), e.g., give an empirically determined value of
√
αLτ = 2.6± 0.2.

5Compare Eq. (2.76), where a general SRH defect level recombination contribution is denoted as τSRH.
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the dislocation line density

Jsc ∝
√

1

ρL
(6.4a)

J0e ∝
√
ρL (6.4b)

Voc ∝ ln
( GC

αLτDn2
i

1

ρL

)
, (6.4c)

where we neglected a constant 1 in the logarithm term, so that Eq. (6.4c) becomes identical to a
result obtained by Alberi et al. (2012) by a slightly different argumentation.6 Alberi et al. (2012)
found good agreement for the relation Eq. (6.4c) for many experimental data points.

6.2. Correlation of emitter saturation currents and
dislocation-line densities

In this section, we aim at correlating dislocation densities with J0e measurements in their de-
pendence on annealing conditions. The experiments for this work have been carried out by J.
Krügener and others at the University of Hannover and ISFH Hameln within the research initia-
tive CHIP. The present author contributed with model development, simulations, comments on
the experiment setup and the text of the present section, which served as a basis for parts of two
publications (Krügener et al., 2013, 2014).

Before comparing simulation results with the experiment, we explain the definition of the
relevant simulated quantities. In all of the following sections, simulations were performed using
the alternative calibration (Appendix A.1.2) of the dislocation-loop model of Chap. 3, which
heuristically proved to be more predicitive for B implantation.7

6.2.1. Defining the simulated observables

From the simulated dislocation-loop concentration DL and the concentration of Is bound in loops
CL, compare, e.g., Eq. (3.2) in Chap. 3, we obtain the areal density of dislocation loops NL and
the areal density of bound Is by integration over the wafer depth

NL =

∫
dxDL(x).

NL =

∫
dxCL(x).

Furthermore, we define the mean dislocation-loop radius, see Eqs. (3.5) and (3.32), as

rL =

√
NL

nLπNL
.

6Dropping the constant 1 is indeed justified, as the following estimation of parameters of Alberi et al. (2012)
shows: G = 2·1020 cm−3s−1, C = 1·1016 cm−3, a room temperature ni = 1.3·1010 cm−3 , a room temperature
Dh = 10 cm2s−1 and αLτ = 6.76 give a prefactor GC

αLτDhn
2
i
' 3·1014 cm−2. As ρL takes at maximum values of

around 1010 cm−2, the constant that would be added to GC
αLτDhn

2
i

1
ρL

can indeed be neglected. The value of

the majority carrier concentration C = 1·1016 cm−3 is typically exceeded in an implanted emitter of a c-Si cell.
Futhermore, Alberi et al. (2012) studied thin film cells. Then the preceding estimate for G can be considered
a lower bound for the case of conventional c-Si cells, which are thicker. Hence the argument that justifies
neglecting the constant 1 is even more justified for conventional c-Si cells.

7This became clear comparing results shown in Sec. 3.4 with those shown in Appendix A.1.2.
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In analogy to that, we define the mean dislocation-line density by taking the mean of Eq. (3.7)

ρL = 2πrL
NL

wdefects
, (6.6)

where wdefects is the width of the defect band. Therefore, NL
wdefects

is the mean density of loops in
the defect band. In the following, let us briefly estimate the width of the defect band.

Defect band

On the right ordinate, Figs. 6.2 show the simulated concentrations of disloction loops DL for
faulted (FL) and perfect (PL) dislocation loops for several of the experimental conditions to
be considered in the following. On the left ordinate, for comparison, Figs. 6.2 show both the
as-implanted and the annealed B concentration profiles. The situation displayed here should be
compared with the calibration experiment in Fig. 3.21, where similar conditions were present.
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Fig. 6.2.: Simulated boron (left ordinate) and dislocation-loop (right ordinate) concentrations for a B
implant of 1.5·1015 cm−2, 10 keV annealed at 900 ◦C for (a) 10 min and (b) 40 min and at 1100 ◦C for (c)
1 min and (d) 5 min. We show the annealed and the as-implanted B profile, and the concentrations for
perfect (PL) and faulted (FL) dislocation-loops.

The defect band width wdefects can be seen in Figs. 6.2 as the extent of the region with significant
dislocation-loop densities, situated in a depth interval from 10 nm to 110 nm. This defect band
width varies, but not very strongly. For the extreme cases of the parameter space considered,
900 ◦C, 10 min and 1100 ◦C, 5 min, it varies at most by a factor two. We could now define this
quantity as the extent of the region at the boundaries of which dislocation number densities
have fallen to, e.g., one tenth of their maximum value. It is though usual to only consider the
integrated quantities,8 i.e. an areal characterization, of dislocation-loops. As therefore the local

8Remember that in Sec. 3, we only compared the areal densities NL, rL and NL to the experiment, all of which
were not depth-resolved.
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resolution is beyond the scope, we define the defect band width simply as a constant

wdefects = 100 nm. (6.7)

By that defintion, we maintain a simple relation of ρL to the calibrated quantities NL and rL via
Eq. (6.6).

6.2.2. Simulation study of full parameter space

The experimental conditions for the RTA annealing experiments of B-implanted wafers are given
in Tab. 6.1, which lists the parameters that entered the simulations. For further experimental
details, consult the publications of Krügener et al. (2013) and Krügener et al. (2014).

Tab. 6.1.: Implant and annealing parameters. One split group was implanted through 20 nm screening
oxide, another without a screening oxide. All anneals are inert and subject to a heating ramp of 60 K/s.
The cooling ramp was assumed to be −10 K/s. The implanted dose, energy, annealing tempeature and
annealing time are given below.

dose ( cm−2) E (keV) T ( ◦C) t (min)

1.2·1015 10 900 – 1250 0.1 – 40

In the preceding section we have already seen that the dislocation-line density ρL should be a
good observable to predict lifetime degradation. In the following, we will also show results for the
dislocation-loop density NL, which is better understood from experiments for microelectronics
applications. We furthermore pointed out its relevance for the characterization of dislocation-
induced stress fields in Sec. 3.1.4, which are expected to be relevant for recombination, too.
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Fig. 6.3.: Panel (a) areal density of dislocation loops NL. Panel (b) mean dislocation-line density in
defect band ρL. Simulations were performed using the alternative calibration (Appendix A.1.2) of the
dislocation-loop model of Chap. 3.

Let us first discuss the dislocation-loop density NL. In Fig. 6.3(a), NL shows an exponential
dependence on annealing time and temperature. This is seen by noting that the contour lines
are almost parallel and equally spaced. For the relevant part of the parameter space shown,
reductions of around two orders of magnitude are seen when increasing the thermal budget. For
temperatures above 1050 ◦C, the data point obtained for the longest annealing time always shows
a loop density smaller than 1·107 cm−2. This is the regime of a reference process (1050 ◦C, 20 min)
that has before been proven to produce well-peforming solar cells. From this, we conclude that a
loop density of around 1·107 cm−2 can be considered a sufficient degree of implantation-damage
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annealing. For such a low loop density then, other recombination mechanisms, like Auger and
surface recombination, are expected to dominate the minority carrier lifetime.

In Fig. 6.3(b), we plot the dislocation-line density ρL. This quantitiy shows a slightly weaker
dependence on the annealing conditions than NL in Fig. 6.3(a), but with the same qualitative
features. Here, the reference process (1050 ◦C, 20 min) is characterized by the regime with ρL .
1·108 cm−2. Both ρL and NL take significantly higher values in the regime around 900 ◦C and
950 ◦C. This confirms previous experience that this regime is insufficient to obtain well-performing
solar cells.

6.2.3. Comparison of simulation with experiment

In Fig. 6.4, we show measured values for the emitter saturation current for the high-temperature
region.9 We observe the same general trend as in Fig. 6.3, with high values of J0e for short
annealing times and low values of J0e for long annealing times. The magnitude of the data points
that have a low value (colored deep blue) is similar to the result of measurements of Richter
et al. (2012) who studied BBr3 diffused cells. The values of the data points for short times or low
temperatures are significantly higher than the results of Richter et al. (2012). This confirms the
previous assumption that the longest annealing times considered,10 lead to defect levels as low as
in the case of the reference process (1050 ◦C, 20 min). Having made these qualitative statements,
let us now establish a more quantitative comparison.
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Fig. 6.4.: Measured values for the emitter sat-
uration current.

We have shown that, to a first approximation, the emitter saturation current density J0e should
be proportional to the square root of the disloction line density in the emitter region

√
ρL,

which coincides with the defect band, see Eq. (6.4) and Fig. 6.2. Equivalently, J2
0e should be

proportional to ρL. The absolute values of J2
0e and ρL cannot be related at this stage. But their

relative magnitudes should have the same dependence on annealing conditions if J0e is dominated
by SRH recombination at the dislocation-lines, and not by Auger or surface recombination. It
is important to note that on the logarithmic scales we are now going to study, propotionality
factors are just constant shifts. The logarithmic axis thus reveals a net functional dependence of
a quantitiy, disregarding its prefactor.

Isochronal annealing dependence

In Fig. 6.5(a) we compare the dependence of the simulated mean dislocation line density ρL and
experimental values for J2

0e on the annealing temperature. This corresponds to horizontal cuts
through the parameter space shown in Fig. 6.3. Consider first the lowest temperatures shown,

9Only for this region we dispose of enough data points such that a scatter plot is meaningful. For low-temperature
data, see the discussion below.

10These correspond to the contour lines 1·108 cm−2 and 1·107 cm−2 in Fig. 6.3(a) and (b), respectively.



120 6. Implications of annealing processes for electronic properties of implanted solar cells

for which the annealing time was fixed to 20 min. For this annealing time, we show values for
samples implanted with and without a screening oxide. For both cases, J2

0e shows a strong
dependence on temperature. It decreases by around three orders of magnitude when increasing
the temperature from 900 ◦C to 1050 ◦C. Also the simulated ρL shows a strong dependence on
the annealing temperature, although it decreases only by around two orders of magnitude.11 The
simulated areal density of dislocation-loops NL, shown in Fig. 6.5(b), depends much stronger on
the annealing temperature and a decrease of almost three orders of magnitude is observed. The
strong decrease of J2

0e could be related to this simulation result via the following argumentation:
For low annealing temperatures, a loop population of many small faulted loops is present, which
on the time scales studied here evolves, around temperatures from 950 ◦C – 1000 ◦C, rapidly to a
population of large perfect loops (cf. Chap. 3). This transition should have significant effects on
the dislocation-induced strain fields in the emitter region and is mirrored in the steep decrease of
NL. As the strain fields are known to increase the minority carrier recombination in this region
(cf. Sec. 6.1.2), the steep decrease of NL explains the high efficiency of increasing the annealing
temperature in the regime between 900 ◦C and 1050 ◦C.
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Fig. 6.5.: Comparison between the annealing temperature dependence of the simulated dislocation den-
sities (filled symbols) and the square of the emitter saturation current density J0e (open symbols). Note
the same relative scales of the left and the right ordinates. Lines are a guide to the eye. The split group
marked by * in the legend did not have a screening oxide. (a) Simulation of the mean dislocation-line
density in the defect band ρL. (b) Simulation of the areal density of dislocation loops NL.

Let us now study the temperatures higher than 1000 ◦C, for which in Fig. 6.5 we plot emitter
saturation current densities for annealing times of 10 min, 5 min, 1 min and 0.5 min. In this
regime, only perfect loops dominate the loop population and Ostwald ripening happens at a
reduced speed. The dislocation-line density ρL should therefore be a sufficient characterization
of the recombination activity. Clearly, the variations of ρL and of J2

0e, are much smaller than for
temperatures below 1000 ◦C. For the annealing time of 10 min, the variation of both ρL and J2

0e

is almost negligible. For temperatures higher than 1050 ◦C, the simulation shows an exponential
reduction of ρL with temperature. The shape is almost constant for the different annealing times
(5 min, 1 min and 0.5 min), only the absolute values vary sligthly. J2

0e shows a decrease w.r.t to
annealing time of the same order of magnitude as the decrease of ρL. Only for the highest
temperatures of each of the split groups of 5 min, 1 min and 0.5 min, no further decrease of J2

0e

is observed.12 For these conditions, we are in the previously discussed regime of the reference

11The difference for the simulated ρL between the two split groups, with and without screening oxide, is due to
the fact that the initial number of implantation-induced Is depends on the screening oxide in the simulation.
It is not related to the annealing kinetics. The experiment seems to show a much weaker dependence on these
split groups if one excludes the data point for 1000 ◦C.

12Only three data points support this statement. It’s validity has to be critically questioned.
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process (1050 ◦C, 10 min) in which the dislocation-line density has been so much reduced that it
is no longer the governing influence on τeff and J0e.

Isothermal annealing dependence

In Fig. 6.6(a) then, we compare simulated values for ρL and measured values for J2
0e in their

dependence on annealing time. For the data points of the lowest temperatures in Fig. 6.6(a),
1050 ◦C and 1100 ◦C, we find almost the same, clearly exponential dependence of ρL and J2

0e

on annealing time. For 1050 ◦C, both ρL and J2
0e decrease by a factor of 4 when increasing

the annealing time from 5 min to 20 min. For 1100 ◦C, ρL decreases by a factor of 10 when
increasing the annealing time from 1 min to 10 min, and J2

0e decreases by a factor of 8. For the
higher temperatures shown, an approximatly exponential dependence of ρL leads to a smaller and
smaller variation w.r.t. the shown annealing times. This trend is also seen in the experimental
data for J2

0e. For 1150 ◦C, there is a reduction of J2
0e of comparable magnitude as in ρL. For all

other data points that are subject to a higher thermal budget, J0e does not seem to depend on
the dislocation density anymore, resulting in a weak and irregular dependence on the annealing
time.
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Fig. 6.6.: Comparison between the annealing time dependence of the simulated dislocation densities
(filled symbols) and the square of the emitter saturation current density J0e (open symbols). Note the
same relative scales of the left and the right ordinates. Lines serve as a guide to the eye. (a) Simulation of
the mean dislocation-line density in the defect band ρL. (b) Simulation of the areal density of dislocation
loops NL.

For comparison, in Fig. 6.6(b), we plot the areal dislocation-loop density, which also shows the
same trends, but varies much stronger w.r.t. annealing time in a clearly exponential dependence.
Here we study the regime for which loop populations can be assumed to consist of large PLs. The
loop population should not display strong changes in the strain fields as compared to the regime
of the transition from many small FLs to much fewer large PLs, when strain fields should have
reduced very strongly. In contrast to the discussion of isochronal annealing before, the density of
dislocation loops NL can therefore not yield any additional information.

6.3. Discussion of various experiments related to implantation
damage

Only few studies of J0e or lifetime and their relation to implantation and annealing conditions
exist in the literature. We compare the predictions of our model to theses results.
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6.3.1. BICs versus dislocation loops as relevant implantation damage

Pawlak et al. (2012) studied back junction cells with a B-implanted emitter and front doping
performed by POCl3 diffusion. They consider the performance of the cell for different B doses
for a single annealing recipe (900 ◦C preoxidation, 2 min, 1000 ◦C, 10 min) and two different
passivations. As seen in Fig. 6.7, they find a severely reduced lifetime for doses higher than
1·1015 cm−2, which reduces Voc. The authors suppose that the increasing number of BICs, which
they assume to be the dominant recombination centers, is responsible for the lifetime damage for
higher B doses.

An alternative assumption would be that the relevant implantation damage is present in form
of dislocation loops. We study the question in a similar approach as in in the previous subsection
and plot lifetime and dislocation densities on logarithmic scales in Fig. 6.7. In both panels we
observe qualitative agreement.
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Fig. 6.7.: Simulated mean dislocation-line density ρL in the defect band (a) and areal dislocation loop
density NL (b). Poth panels show furthermore experimental values for the inverse effective lifetime 1/τ .
Filled symbols depict the simulation and open symbols the experiment. Note the same relative scales of
the ordinates. Lines are a guide to the eye. B was implanted with different doses at 5 keV. All samples were
annealed with 900 ◦C preoxidation for 2 min followed by a 1000 ◦C annealing for 10 min. The experimental
data is from Pawlak et al. (2012).

We perform the same comparison with the simulated BIC density in Fig. 6.8. Note two features:
(i) The BIC density increases steeply over the whole range of implantation dose, whereas the
inverse lifetime stops increasing at an implantation dose of 1.5·1015 cm−2. (ii) Comparing the
relative scales of the ordinates in Fig. 6.8, one observes that the BIC density varies over four
orders of magnitude, while lifetime only varies over two orders of magnitude. The loop density,
by contrast, shows a much more similar behavior to the inverse lifetime, as it also varies over
two orders of magnitude. Furthermore, although the loop density does not saturate, it shows
a significantly reduced curvature for high implanted doses as compared to low doses. Both
observations strongly suggests that an explanation of lifetime degradation by loops is much more
likely than by BICs. This statement is furthermore supported by noting that nothing is known
about the recombination activity of BICs.13

13Pawlak et al. (2012) cite Luo et al. (2003) as reference for the electrical behavior of BICs, who did not calculate
electronic energy levels.
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6.3.2. Dependence of Voc on implantation energy

Barakel (2004) performed BF3 plasma immersion ion implantation and a subsequent RTA anneal.
While he only found minority carrier diffusion lengths of 70 nm for a 25 keV implant, for a
5 keV implant, he found diffusion lengths of 300 nm. To extend the experimental basis, we studied
implantations of P with a dose of 2·1015 cm−2 and different energies, which were subsequently
annealed at 930 ◦C for 150 min.14 In Fig. 6.9, we compare Voc with the logarithm of the inverse
dislocation-line density, which should be proportional according to Eq. (6.4c). We find qualitative
agreement.
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Fig. 6.9.: Logarithm of inverse mean
dislocation-line density and Voc for P im-
plants of 2·1015 cm−2 versus implant energy.
Filled symbols depict the simulation of the
dislocation line density and open symbols depict
the experimental measurements of Voc. All
samples were annealed at 930 ◦C for 150 min.

Analyzing the simulated concentration profiles of interstitials and the dynamics of the sub-
sequent loop evolution, we observe that the increase of ρL with increasing implantation energy
is related to the increase in the depth of the peak concentration of implantation-induced Is. It
is not related to the net number of implantation-induced Is behind the a/c boundary, which is
predicted to be almost constant for all implantation energies by the Monte Carlo Implantation of
SP (2012).15 The increase of the dislocation loop densities with respect to implantation energy
is therefore a consequence of the surface-proximity effect .

6.3.3. Dependence of J0e on implantation dose

Using experimental data of Mok et al. (2012), we compare the dependence of J0e and ρL in their
dependence on different implantation doses. In Fig. 6.10, we find good correspondence for the
(950 ◦C, 30 min) process. For the (1050 ◦C, 30 min) process, the simulation predicts defect levels
that are already in the regime of the above mentioned reference process (1050 ◦C, 20 min), see
Sec. 6.2, which proved to yield high-performing cells for which recombination via implantatation

14These experiments have been coordinated and performed at Bosch Solar Energy in Arnstadt by, among others,
T. Boescke.

15In order to find these arguments reliable, remember the good agreement of simulation with experiment for P
implantation and annealing of Chap. 4.
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damage does not play a significant role. Mok et al. (2012) also performed simulations, and
obtained qualitative agreement with the experiment.
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Fig. 6.10.: Simulated dislocation-line density
(filled symbols) compared to the square of
the experimentally measured emitter saturation
current (open symbols). Implantations were
done at 15 keV and a simple furnace anneal for
30 min was performed. Experimental data from
Mok et al. (2012).

6.4. Exemplary device simulation

In the following subsections, we discuss the consequences of process-simulation results for de-
vice simulation. We studied the example of a solar cell that has an implanted B emitter and
an implanted P back surface field (BSF). B and P implantation were both done at a dose of
1.2·1015 cm−2 and an energy of 10 keV. For B, these implantation conditions have already been
used in Sec. 6.2, see Tab. 6.1.16 Annealing of the implanted samples was then simulated for a
wide variety of inert conditions. For process simulation, we employed the models of Chaps. 3, 4
and 5.17 For device simulation, we use a set of standard models provided by the simulation tool
Sentaurus Device (SD, 2012), which cannot be specified in greater detail due to confidentiality
reasons. This is justified, as here, we only strive to explain generic qualitative implications of
process design for implanted cells on device performance.

We will now first discuss the dependence of the B-implanted emitter on annealing conditions,
then the dependence of the P-implanted BSF and finally the dislocation loop densities formed in
both cases.

6.4.1. Boron implanted emitter

To study the dependence of the cell performance on the annealing behavior of the B emitter,
for the device simulations, we assume a constant P BSF independent of the annealing conditions
and characterized by an erfc profile with a surface concentration of 1·1020 cm−3 and a depth of
210 nm. These values should be used as input parameters for the Sentaurus Structure Editor
(SDE, 2012).

In Fig. 6.11, we show the simulated profile characteristics of the B emitter and in Fig. 6.12,
the corresponding cell parameters. In Fig. 6.12(a), Jsc is almost constant for a wide part of the
parameter space. It only decreases for very high thermal budgets, for which the p-n junction is
seen in Fig. 6.11(b) to be situated deep in the bulk where much less electrons are photo-excited
than close to the surface. In Fig. 6.12(b), Voc is seen to first increase and finally decrease with
increasing thermal budget. This observation is explained by two facts: (i) Varying an emitter
profile, an optimum is obtained when a decrease in surface recombination is balanced by an
increase in bulk recombination (Schumacher and Wettling, 2001). Fig. 6.11(a) and (b) show that
the emitter profile undergoes such a variation when increasing the thermal budget, if we neglect

16The dose of 1.2·1015 cm−2 implanted on a planar surface corresponds to a dose of around 2·1015 cm−2 on a
texturized surface.

17We use them in the following calibrations: for the loop model we use the calibration of Appendix A.1.2, for the
P model the calibration of Appendix A.2.2 and for the B model, the single calibration used in this work, which
is found in Chap. 5 and Appendix A.3.1.
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deactivation. (ii) The high deactivation observed for low thermal budgets in Fig. 6.11(c), which
strongly increases for slightly higher thermal budgets, is responsible for the sharp increase of
Voc for small thermal budgets. This decrease of Voc is independent of recombination. For the
very high deactivation observed in Fig. 6.11(c), a significant part of the dopants simply does not
contribute to decreasing the quasi-Fermi level on the p-side, and hence decreases Voc.
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Fig. 6.11.: Profile characteristics of the B emitter.

In Fig. 6.12(c), the dramatic variation of the fill factor FF for low thermal budgets is again due
to the dopant activation that starts at very low values and increases rapidly (Fig. 6.11(c)). As
seen in Fig. 6.11(d), insufficient activation leads to extremely high values for the sheet resistance
Rs, which then decreases rapidly for higher thermal budgets. A high value of Rs leads to high
series resitance losses, which are known to decrease FF . In Fig. 6.12(d) finally, the cell efficiency
η displays the combined effects, as given by Eq. (2.44).

Further effects not present in the device simulation

We stress that the preceding discussion is incomplete. The cell performance is much more sensitive
to profile variations and details of the annealing process than the device simulation results of
Fig. 6.12 may suggest. The contact resistance of the B emitter for example, is a very critical
issue for two reasons. First, the contacting metal paste, in the case of the emitter usually an
Ag paste, etches in form of spikes into the wafer up to depths of 500 nm, which causes defects
at the paste/Si boundary.18 If these defects are within the center of the depletion region, they
can massively degrade the cell. It is therefore observed that emitters with insufficient depths
can display strongly decreased Voc values. Second, in order to form a good contact, sufficiently
high doping levels are needed. If the surface concentration of a B emitter is lower than a value
typically in the interval of 1·1019 cm−2 to 5·1019 cm−2, the contact quality decreases rapidly.

18A detailed experimental resolution and discussion of cell degradation by defects at the Ag/Si boundary and bulk
defects in their dependence on junction depth has been presented by Jiang et al. (2012). Examples for spiking
of other metal contacting pastes, e.g. Al spiking into Si, which shunts the p-n junctions have e.g. reported by
Ebong et al. (2006). The latter is e.g. relevant for the P BSF discussed below.
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Fig. 6.12.: Cell parameters of the B emitter shown in Fig. 6.11.

A quantitatively correct simulation of profile charateristics is therefore crucial to meet these
requirements. We note that these arguments hold true independent of the doping species.

6.4.2. Phosphorus-implanted back surface field

For the P BSF, the profile characteristics are shown in Fig. 6.13 and the corresponding simulated
device performance in Fig. 6.14. Clearly, the profile characteristics have a much smaller influence
on the cell performance than in the case of the B emitter. In Fig. 6.14(a), Jsc is almost independent
on the annealing conditions. In Figs. 6.14(b), (c) and (d), open circuit voltage Voc , fill factor
FF and efficiency η start at high values, decrease and then increase again when increasing the
thermal budget. The high values for a low thermal budget are due to the fact that a high surface
concentration guarantees a good minority-carrier screening efficiency of the BSF. The high values
for the high thermal budget is due to the minimization of sheet resistance losses, see Fig. 6.13(d).

Again, we note that spiking and contacting problems lead to much severer requirements on
the profile form of the BSF than Fig. 6.14 might suggest. As a general rule, one can state that
reasonable BSF contacts are only obtained for Cs > 1020 cm−3.19

An interesting question is whether a B emitter and a P BSF can be annealed in a single
processing step. The device simulation results of Fig. 6.14 suggest that the influence of the
BSF on the cell performance is almost independent of the thermal budget, such that one could
arbitrarily optimize the B emitter using, e.g., very high thermal budgets. In reality, this is not
true due to contacting problems of the BSF. Fig. 6.13(a) shows that high thermal budgets rapidly
reduce the surface concentration Cs of the P BSF much below the requirement of Cs > 1020 cm−3.
If this cannot be prevented, the realization of a single anneal step seems almost impossible.

19The contacting of the wafer via an Ag-Si interface relies on quantum- mechanical tunneling and thus requires a
high P surface concentration. Hieslmair et al. (2011), e.g., defined a requirement of Cs >2·1020 cm−3.
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Fig. 6.13.: Profile characteristics of the P BSF.
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Fig. 6.14.: Cell parameters for the P BSF shown in Fig. 6.13.

6.4.3. Dislocation loop densities in emitter and back surface field

In Fig. 6.15, we show the dislocation-loop density and the dislocation-line density for the B
emitter and the P BSF discussed above. Due to amorphization and the high efficiency of P in
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transporting away implantation-induced Is,20 P implantation leads to lower dislocation densities
than B implantation. For the B emitter, to reach a level of around ρL = 108 cm−2, temperatures
of around 1050 ◦C are required. This value of the dislocation-line density was already identified in
Sec. 6.2 as the damage level of a reference process (1050 ◦C, 20 min) that lead to well-performing
cells. To achieve the same defect level for P implantation, much lower temperatures of only
around 900 ◦C are needed. This is in agreement with general experimental experience made in
the research and development department of Bosch Solar Energy Arnstadt.
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Fig. 6.15.: Dislocation loop densities in the B emitter (a) and (b) and the P BSF (c) and (d).

BF2 implantation

In Fig. 6.16 finally, we show that following on BF2 implantation, the F-V clusters discussed in
Chap. 5 lead to strongly reduced loop densities, as compared to the results shown in Fig. 6.15.
This can be understood by the fact that F-V clusters annihilate a large part of the implantation-
induced I dose. The model for F-V clusters employed here has been calibrated in order to correctly
describe B diffusion (see Chap. 5). The results shown in Fig. 6.16 for the number density of
dislocation loops, by contrast, are so low, that they do not appear realisitic. A recalibration of
the dislocation loop model in presence of F would therefore be in order. This could contribute to
understanding BF3 plasma implantation, the commerzialization of which is still not realized.

6.5. Summary and conclusion

We started the present chapter by discussing existing literature on implantation-damage degrada-
tion of solar cells. We then presented the recombination activity of disloctions in more detail and
obtained the consequences of significant dislocation densities on cell parameters. In a detailed
comparison with various experiments, we were able to correlate predictions of the dislocation loop

20See the discussion in Sec. 4.2.4.
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Fig. 6.16.: Dislocation loop density for
equivalent BF2 implantation, i.e. a dose of
1.2·1015 cm−2 implanted at 50 keV.

model with different kinds of measurements of recombination activity and cell performance. Fi-
nally, we used device simulation results to clarify the key questions that arise when using process
simulation to predict production for optimized cells.

The correlations between implantation damage and cell performance shown in this chapter
go beyond the exisiting literature. Nevertheless, many open questions remain. In particular, a
quantitative theory implementing a dislocation-loop recombination model in device simulation
would be another great step further.





7. Conclusions and outlook

In Chap. 3, a predictive model for the annealing kinetics of implantation-induced dislocation
loops has been developed. This model is the first that is viable for solar cell processing conditions.
Nevertheless, several interesting points could not be adressed. One point concerns the influence
of an oxidizing ambient. Regarding this question, experimental evidence in the literature was not
conclusive and too rare to serve as a basis for a systematic calibration of the developed model.
Only qualitatively it was found that the model is in principle able to describe such situations, too.
The calibrations in this thesis should therefore be a good starting point to investigate oxidizing
conditions. Another point that could not be studied in detail is the dislocation-loop evolution
in the presence of fluorine-vacancy clusters, which strongly reduce the implantation-induced I
concentration. This phenomenon could be used to reduce annealing temperatures and times in
the annealing of BF2 or BF3 plasma-implanted cells. First calculations predicted a significant
reduction of implantation damage by the presence of F-V clusters (Chap. 6). A next step would
be to combine the model for F-V clusters of the present thesis (Chap. 5) with the loop model and
compare their predictions with experimental results.

In Chap. 4, a comprehensive model for diffusion, segregation and preciptiation of phosphorus
has been assembled from different exisiting models. It has then been calibrated and its results
compared with the experiment. This model performs much better than previous models in the
regime of solar cell processing conditions (Appendix A.2). Nevertheless, the new model is still
far from a fully coherent description of P diffusion. A systematic setup of experiments for high
P doses that address temperatures other than those studied in the present thesis should further
advance the understanding of high P concentration diffusion. A particularly interesting open
question is the high segregation velocity at low temperatures that could not be fitted with any
realistic set of parameters. This probably means that a fundamentally different approach for
modeling segregation should be derived. Independent of that, an open question concerns the
specfic features of PH2 plasma implantation. First results in the literature (Hieslmair et al.,
2012a) stated that plasma implantation leads to results comparable to beamline implantation,
and that, e.g., the presence of coimplanted H does not change the annealing or the electronic
properties of cells. Nevertheless, this question certainly needs to be studied in more detail.
Finally, it shall be pointed out that for the parameter regimes studied in this thesis, the present
models can be applied to realisitic problems of the industry.

In Chap. 5, a comprehensive model for the diffusion of boron in presence of fluorine has been
developed. This most importantly included the implementation of a model for the dissolution
of F-V clusters. In one of the previous paragraphs, it was already mentioned that it would be
worth studying the combination of the F-V cluster model with the model for dislocation loops
in detail. Another open question concerns the implications of the detailed profile shape that
results from plasma implantation. Very high concentration peaks close to the surface definitely
pose challenges to modeling. If this situation turns out to be relevant in solar cell processing,
a recalibration of the model could become necessary. Another very interesting open question is
the combination of the P and B models to study a joint annealing step, which would be both
efficient and elegant. The models presented here are calibrated to a degree that they can be
meaningfully employed in a large-scale design of experiments necessary to study this question.
Finally, an interesting point regards the topic of patterned doping. Although such processes will
not be realized within the immediate future, they could appear in industrial production within
the next five to ten years. The models discussed in the present thesis should in principle be able
to describe also two-dimensional scenarios. But this remains still to be verified and recalibrations
might be in order.

In Chap. 6, the implications of annealing processes on the electronic properties of implanted
solar cells were discussed. In particular, emitter saturation currents could be correlated with
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dislocation-line densities. Furthermore, several generic situations were discussed that clarified
key aspects of the annealing processes. Still, many open questions remain. For example, no
systematic experimental study for P implantation has been carried out, as well as long-lasting
furnace anneals and oxidizing conditions have not been considered. Texturized wafers (Krügener
et al., 2014), different geometries or wafer cappings were omitted, too. The models of this thesis
should nevertheless be of help to develop the yet not established best-practice in the wide field
of experimental possibilities for the annealing of implanted solar cells. Finally, as far as the
electronic properties of dislocation loops are concerned, it would be great to design a device
simulation model that can account for them.



A. Parameters of and supplements on the
simulations

This appendix lists parameters and supplements of the models discussed in previous chapters.

A.1. Dislocation loop model

We use the Sentaurus Process Advanced Calibration (SPAC, 2012) as a starting point and the
material paramaters mentioned in Sec. 3.3.4. The calibration parameters that deviate from SPAC
(2012) are listed in the following.

We present two calibrations. A unified calibration that uses both modeling ideas of Chap. 3:
the predictive modeling of the radius evolution discussed in Sec. 3.2 and the parallel ripening of
faulted and perfect loops discussed in Sec. 3.3. We furthermore present an alternative calibration.
This alternative calibration uses the equations for a single loop of Zographos et al. (2007) in a
model for parallel evolution of faulted and perfect loops, as derived Sec. 3.3.

A.1.1. Unified calibration

For faulted loops, we leave k311
FL , k̃311

FL , kI
FL unchanged. We set σFL/rFL = 0.3 and AFL = 0. For

perfect loops, we set k311
PL = 4 · 105 · e−6 eV/kT cm3/s, k̃311

PL = 0.05, kI
PL = 1.5 · 10−7 · e1.5 eV/kT ,

σPL/rPL = 0.4 and APL = −2.65. These choices are within the realistic boundaries derived in
Sec. 3.3.3.

A.1.2. Alternative calibration

In the following, we discuss the results of an alternative model which uses the implementation for
the description of one loop species as in the model of Zographos et al. (2007),1 but describes the
parallel annealing of faulted and perfect loops, i.e. models two loop species, as derived in Sec. 3.3.

The model equations are thus given by Eqs. (3.81), with the defintion of R311
FL , R̃311

FL , R311
PL and

R̃311
PL as in Eqs. (3.3) and the defintion of RI

FL, R̃I
FL, RI

PL and R̃I
PL as in Eqs. (3.4). We solve

these equations with the parameters of the unified calibration as specified in Sec. A.1.1 and only
change a single parameter: k311

FL = 9 · 10−5 · e−4.2 eV/kT .2

Figs. A.1 – A.13 show the results of this alternative calibration. They correspond to Figs. 3.14
– 3.27 discussed extensively in Chap. 3.
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Fig. A.1.: See
Fig. 3.14 for compar-
ison.

1That is, we use Eqs. (3.66) instead of Eqs. (3.65) for the description of a single species.
2We note though, that in the present framework the parameters for the variance σFL/rFL and σPL/rPL of the

unified calibration are not needed.
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Fig. 3.15 for compar-
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Fig. A.3.: See
Fig. 3.16 for compar-
ison.
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Fig. A.4.: See
Fig. 3.17 for compar-
ison.
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Fig. A.5.: See
Fig. 3.18 for compar-
ison.
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Fig. 3.21 for compar-
ison.
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Fig. A.8.: See
Fig. 3.22 for compar-
ison.
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Fig. 3.24 for compar-
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Fig. A.13.: See Fig. 3.27 for comparison.

A.2. Phosphorus model

We use the parameters of the Advanced Calibration of Sentaurus Process (SPAC, 2012). In the
following, we only specify the parameters that we changed. To obtain the results of Sec. 4.3,
we used the P models defined in the following together with the I clustering model of Rafferty
et al. (1996). The latter turned out to be sufficiently accurate for the conditions discussed in
Sec. 4.3. The I clustering (dislocation loop) models of Chap. 3 yielded almost equivalent results,
but required more computational time.

A.2.1. Unified set of parameters

The changed diffusion coefficients read DP+I− = 8.25 ·101 ·e−4.1 eV/kT cm−2/s, DP+I0 = 7.80 ·101 ·
e−4.0 eV/kT cm−2/s and DP+V = = 1.83 · 10−5 · e−2.9 eV/kT cm−2/s. The less relevant diffusivities
of DP+V − and DP+V 0 are left unchanged. We furthermore change one pairing rate: kP+V = =
2.1 · 10−26 · e1.0 eV/kT cm2.

The solid solubility used to solve the diffusion model is set to 2.0 · 1021 · e−0.1 eV/kT cm−3

while the solid solubility used to evaluate the simulated data, e.g. for obtaining Rs, is taken as
0.51 · 1022 · e−0.3 eV/kT cm−3.3

3The justification and explanation of this difference is discussed at length in Sec. 4.2.6. The activation model
discussed there is called solid in Sentaurus Process (SP, 2012), which is not the default of the Advanced
Calibration.
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Concerning interface segregation: The trapping rate is set to kt = 1.04 · 10−9 · e−3.4 eV/kT cm3/s
for T < 850 ◦C and kt = 1.66 · 10−11 · e−3 eV/kT cm3/s for T ≥ 850 ◦C. The emission rate is
set to ke = 2.1 · 10−29 · e−0.7 eV/kT cm3/s. The dissolution rate in Eq. (4.40) is set to kdis =
1.2 · 1028 · e−3 eV/kT cm−2.
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Fig. A.14.: P concentration profiles for annealing of implanted Phosphorus at 10 keV and doses of
1·1015 cm−2 and 4.5·1015 cm−2. Symbols depict experimental results, lines simulation results. The an-
nealing temperatures and times are given in the panels. The interface to the oxide is at 0µm. Simulations
performed using the improved parameters of Appendix A.2.2. Experimental measurements by D. Grote
at Bosch Solar Energy.

A.2.2. Improved parameters for solar cell processing conditions

For high dose implants and long-lasting furnace anneals, changing two diffusivities of the previous
calibration (Sec. A.2.1)) leads to better results. The diffusivities now are described by different
Arrhenius expressions below and above certain temperatures thresholds:4 DP+I− = 1.07 · 102 ·
e−4.1 eV/kT cm−2/s for T < 900 ◦C and DP+I− = 4.05 · 104 · e−4.7 eV/kT cm−2/s for T ≥ 900 ◦C.
DP+V = = 2.42 · 101 · e−4 eV/kT cm−2/s. These parameters lead to the results for the 1·1015 cm−2

dose of Fig. A.14 and the results of Fig. A.15. This calibration was used for the results discussed
in Chap. 6.

To finally get the 4.5·1015 cm−2 dose simulation in Fig. A.14 right, we again changed two
diffusivities: DP+I− = 8.25·101·e−4.1 eV/kT cm−2/s for T < 900 ◦C and 3.12·104·e−4.7 eV/kT cm−2/s
for T ≥ 900 ◦C. DP+V = = 9.59 · 10−4 · e−3.3 eV/kT cm−2/s.

A.2.3. Simulation results using the Sentaurus Process Advanced Calibration

In the present section, in Figs. A.16, A.17 and A.18, we show simulation results using the Sen-
taurus Process Advanced Calibration (SPAC, 2012). These should be compared to results of the
previous section and the results of Chap. 4.3, Figs. 4.18, 4.20 and 4.21.

4But are continuous at the threshold temperature.
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Fig. A.15.: Annealed P and defect concentration profiles after implantation. Simulations performed using
the improved parameters of Appendix A.2.2. Experimental data from Kang et al. (2012) (left panel) and
Chun et al. (2011) (right panel) .
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Fig. A.16.: P concentration profiles for annealing of implanted Phosphorus at 10 keV and doses of
1·1015 cm−2 and 4.5·1015 cm−2. Symbols depict experimental results, lines simulation results. The an-
nealing temperatures and times are given in the panels. The interface to the oxide is at 0µm. Simulations
performed using SPAC (2012). Experimental measurements by D. Grote at Bosch Solar Energy.

A.2.4. Kink and tail formation for diffusion via uncharged point defects

In Fig. A.19, we illustrate the appearance of the kink and tail form also for P diffusion only via
a neutral charge state.

A.2.5. Annealing protocols and implantation calibration

Furnace anneals were subject to heating and cooling ramps of 10 K/min that started and ended
at 600 ◦C. For the implantation modeling, we relied on the Sentaurus Process Monte Carlo im-
plantation (SPAC, 2012) in its default configuration. We found that we could obtain the same
implanted doping profile, net distribution of implantation-induced Is, and depth of the amor-
phized region to high accuracy also with the analytical implantation, when adjusting the number
of implantation-induced Is per P atom leaving all other parameters in the default configuration.
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Fig. A.17.: Annealed P and defect concentration profiles after implantation. Simulations performed using
SPAC (2012). Experimental data from Kang et al. (2012) (left panel) and Ruffell et al. (2005a) (right
panel). Compare this to Fig. A.17 and Fig. 4.15(a).
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Fig. A.18.: Sheet resistance measurements compared to values calculated from simulated profiles, using
the the mobility values of Sentaurus Process (SP, 2012). The corresponding concentration profiles for the
cases with a P dose of 1·1015 cm−2 and 4.5·1015 cm−2 have been shown in Fig. A.16. For the intermediate
values, no simulations have been performed. Simulations performed using SPAC (2012). Compare this to
Fig. A.18.

We set this number to be 1.4 for amorphizing doses (roughly above 2·1014 cm−2), and to 1.0 for
non-amorphizing doses.5 In practice, therefore, we used the recalibrated analtyical implantation
for reasons of computational performance.

A.3. Boron and fluorine model

A.3.1. Parameters of the boron model

The implanted boron profile is initialized as follows: For concentration values above limits speci-
fied within Sentaurus Process (SP, 2012), clustering is assumed to occur. In amorphous regions,
above the respective limit, half of the boron concentration is assumed to be clustered in Blc and
half is assumed to be substitutional. In crystalline regions, above the respective limit, half of the
boron concentration is assumed to be clustered in Blc and the other half in B2. Blc denotes a
large boron cluster described by the precipitate model of Ref. (SP, 2012) which ensures that the
clustered peaks in B profiles as observed in Fig. 5.1 are reproduced. Similar models have been
used by a variety of authors (Solmi et al., 1991; Uematsu, 1999; Marcon et al., 2004; Chang et al.,
2008). B2 is one of the clusters described by the charged cluster model. We take the standard
parameters of Ref. (SPAC, 2012) with modified formation energies given in Tab. A.1. For the
B-implantation-induced intrinsic point defects, we use a “+1 model” (Giles, 1991) in crystalline

5By redefining the function ifactor Phosphorus.
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Fig. A.19.: Kink and tail form appearing for diffusion via the neutral charge state.

regions. In amorphized regions after SPER, no Is and Vs are initialized. For all calculations, a na-
tive oxide of 2 nm thickness was assumed. Segregation to the oxide is described by the Advanced
Calibration values (SPAC, 2012) of the ThreePhaseSegregation model of Sentaurus Process (SP,
2012).

Tab. A.1.: Formation energies for boron interstitial clusters.

cluster B2 B2I B2I2 B3I B3I2 B3I3

energy (eV) 0.7 0.976 1.108 -0.2 -0.08 1.1

A.3.2. Parameters of the fluorine model

The fluorine model we employ as described in Eq. (5.1) is a modified version of the one found in
Sentaurus Process (SPAC, 2012). We perform two major changes. First, we reduce the pairing
coefficient to be kFI = 5 · 1024e−4.59 eV/kT cm3 keeping constant the activation energy. Second, we
do not employ any of the F clustering mechanisms of the Sentaurus Process Advanced Calibration
(SPAC, 2012). The whole F clustering as contained in RFclus is described in Sec. 5.3.

A.3.3. Annealing protocols

For furnace anneals, simulations were started at a temperature of 750 ◦C with ramping rates of
15 K/min up to the nominal process temperature. For cooling-down, a ramping rate of -5 K/min
was assumed down to a temperature of 800 ◦C. For the RTA experiments shown in Fig. 5.1(c) and
5.8, ramping rates of ±100 K/min were assumed for heating-up and cooling-down, respectively.



B. Symbols and abbreviations

Tab. B.1 lists symbols and Tab. B.2 abbreviations that occur in the thesis.

Tab. B.1.: List of symbols.

symbol value (unit) description

aSi 0.54 nm lattice spacing in Si
γ 70 mJ/m2 stacking fault energy per unit volume in Si
b (nm) modulus of the Burgers vector
c 3·108 m/s speed of light
CA (cm−3) concentration of dopant A
C∗A (cm−3) equilibrium concentration of dopant A
C+

A (cm−3) active concentration of dopant A
Css

A (cm−3) solid solubility of dopant A in Si
CSi 5 · 1022 cm−3 concentration of Si atoms in a Si crystal
Di (cm2/s) effective diffusion coefficient of species i
di (cm2/s) actual diffusion coefficient of species i
dn/p (nm) extension of the space-charge region on the n/p

side of a p-n junction
ε0 8.854 · 10−12 CV−1m−1 vacuum permitivity
εSi 11.8 relative permitivity of Si
η efficiency of solar cell
G 63.28 · 105 N/cm2 shear modulus in Si
gi (1/s) generation term for species i
h 4.14·10−15 eVs Planck’s constant
~ 6.60·10−16 eVs Planck’s constant
j (C/cm2) electrical current density per frequency (light

spectrum resolved)
J (cm−2s−1) or (A/cm2) particle current or electrical current
J0 (A/cm2) saturation current density
J0e (A/cm2) emitter saturation current density
Jsc (A/cm2) short circuit current density
ki (1/s) reaction rate for reaction i
k 8.62·10−5 eV/K Boltzmann constant
kT (eV) thermal energy per degree of freedom
Le/h (µm) diffusion length of electron/holes

Mi (m2V−1s−1) mobility of species i
ν Poisson ratio
n (cm−3) electron concentration
ni (cm−3) intrinsic electron concentration

N impl
A (cm−2) implanted dose of dopant A

NM
A (cm−2) areal concentration (dose) of dopant A in mate-

rial M
NM

A+ (cm−2) electrically active concentration (dose) of donor
A in material M

N number of dislocation loops
p (cm−3) hole concentration
pi (cm−3) intrinsic hole concentration
φ electron potential in Si
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Tab. B.1.: List of symbols.

symbol value (unit) description

q 1.602·10−19 C elementary charge
rL (nm) dislocation loop radius
ri (1/s) recombination term for species i
Rij (1/s) term describing reaction between species i and j

Rs/p (Ω) series/parallel resistance

S (cm/s) surface recombination velocity
T0 −273.15 ◦C absolute zero temperature
Voc (V) open circuit voltage
Ω 2 · 1023 cm−3 atomic volume in Si

Tab. B.2.: List of abbreviations.

abbreviation description

B boron
BSF back surface field
CIGS copper indium gallium selenide
DFT density functional theory
DLTS deep level transient spectroscopy
EBIC electron beam induced current
HF hydrofluoric acid
I silicon self-interstitial
IBC cell interdigitated back contact cell
ICP inductively coupled plasma
MBE molecular beam epitaxy
MOS metal oxide semiconductor
MOSFET MOS field effect transistor
P phosphorus
PERC passivated emitter and rear cell
PERT passivated emitter, rear totally-diffused cell
PIII plasma immersion ion implantation
PL photoluminescence
RTA rapid thermal annealing
SEM scanning electron microscopy
Si silicon
SIMS secondary ion mass spectrometry
SNMS secondary neutron mass spectrometry
SPER solid phase epitaxial regrowth
SRH Shockley-Read Hall
TED transient enhanced diffusion
TEM tunneling electron mircoscopy
V vacancy
wph wafer per hour
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black body, 23
boundary, see also surface
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Frank partial dislocation, 8, 17

Frank Turnbull reactions, 13

Frenkel pair, 16

Gauss’ theorem, 27

Gaussian, 50

generation current, 24

gettering, 27



164 Index

Gibbs free energy, 4

implantation
models, 18
PIII, 19

implantation damage, 16
indirect bandgap, 26
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Solid, 92
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