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Abstract
Copper is a common element in the environment and hence a difﬁ cult contaminant to control on
silicon device manufacture lines. In p-type Si devices (e.g. solar cells), even very low copper
concentrations can lead to copper-related light-induced degradation (Cu-LID), that is, degradation
of the bulk minority carrier lifetime under excess carrier injection.
A s c o p p e r c o n c e n t r a t i o n s e ve n b e l o w t h e d e t e c t i o n l i m i t s o f a n a l y t i c a l m e t h o d s c a n c a u s e C u - LID ,
it is ne c e s s ary t o id e nt if y it s p re s e nc e d ire c t l y f ro m d e vic e -l e ve l e f f e c t s , w h ic h c an be p e rt u rb e d b y
the simultaneous occurrence of other light-induced degradation (LID) mechanisms. Hence, the
ﬁ rst aim of this work is to clarify the properties of Cu-LID that enable its distinction from other
LID me chanis ms at t he sol ar ce l l le ve l. Thu s , s t rong LID obs e rve d in ind u st rial p ass ivat e d e mit t e r
and rear contact (PERC) solar cells was characterized, and complemented with an analysis of the
effects of corona charging on lifetime sample wafers; a method that has earlier been used in the
detection of Cu-LID. The results reveal that Cu-LID in solar cells can be recognized based on its
relatively fast degradation rate and laterally heavy degradation patterns on extended defects. On
the other hand, Cu-LID and another LID mechanism called Sponge-LID showed mutually similar
properties, and further investigations possibly involving lifetime spectroscopic methods are
necessary to clarify their relationship.
The second objective of the thesis is to deepen the theoretical understanding of Cu-LID. Hence,
a physical model based on a theory of electrostatically limited copper precipitation was derived,
which together with a previously published Schottky junction model of metal precipitates enables
the modeling of Cu-LID directly at the minority carrier lifetime level. Agreement between the
model and experiments was obtained in most of the investigated cases. Consequently, the different
material properties and environmental conditions that affect the strength of Cu-LID were
identiﬁ ed. Theoretically, the strength of Cu-LID is mostly affected by the Cu and the doping
concentrations, and the density of heterogeneous nucleation sites, all of which inﬂ uence the ﬁ nal
precipitate size that was found to reside between few to few tens of nanometers in radius. These
results provide conﬁ rmation for the precipitation theory of Cu-LID, and provide insights for
mitigating its effects in silicon devices.
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Tiivistelmä
Kupari on yleinen alkuaine, ja siten hankalasti kontrolloitava epäpuhtaus piikomponenttien
tuotantolinjoilla. Jo hyvin pienet kuparikonsentraatiot p-tyypin piikomponenteissa (esim. aurinkokennoissa) voivat johtaa kuparin aiheuttamaan valodegradaatioon, eli vähemmistövarauksenkuljettajien bulkkielinajan lyhenemiseen ylimäärävarauksenkuljettajainjektion aikana.
Jo analyyttisten mittausmenetelmien herkkyysrajat alittavat kuparikonsentraatiot voivat johtaa
kuparin aiheuttamaan valodegradaatioon. Siksi on tärkeää tunnistaa kyseinen ilmiö suoraan
komponenttitason vaikutuksista, jotka voivat sekoittua samanaikaisesti ilmeneviin muihin valodegradaatiomekanismeihin. Tämän työn ensimmäinen tavoite on selkeyttää niitä aurinkokennotasolla ilmeneviä piirteitä, joita voidaan hyödyntää kuparin aiheuttaman valodegradaation
erottamisessa muista valodegradaatiomekanismeista. Teollisissa passivoidun emitterin ja takaosan
omaavissa aurinkokennoissa ilmennyttä voimakasta valodegradaatiota karakterisoitiin, ja analyysiä
täydennettiin tutkimalla koronavarauksen vaikutusta elinaikanäytteissä, jota on aiemmin käytetty
menetelmänä kuparin aiheuttaman valodegradaation tunnistamisessa. Tuloksista ilmenee, että
aurinkokennojen kupariin liittyvä valodegradaatio voidaan tunnistaa suhteellisen nopean
degradaationopeuden perusteella, sekä hiladefektien päällä ilmenevästä voimakkaasta
degradaatiosta. Kupariin liittyvän valodegradaation ja toisen valodegradaatiomekanismin, ns.
Sponge-LID:n välillä kuitenkin havaittiin samankaltaisia ominaisuuksia, ja lisätutkimukset esim.
elinaikaspektroskopiaa hyödyntäen ovat tarpeen näiden mekanismien suhteen selkeyttämiseksi.
Työn toinen tavoite on syventää kuparin aiheuttamaan valodegradaatioon liittyvää teoreettista
ymmärrystä. Tämän tavoitteen saavuttamiseksi johdettiin fysikaalinen malli perustuen sähköstaattisten vaikutusten rajoittamaan kuparin erkautumiseen, joka yhdessä aiemmin julkaistun
metallierkaumien Schottky-liitosmallin kanssa mahdollistaa kupariin liittyvän valodegradaation
mallintamisen suoraan vähemmistövarauksenkuljettajien elinajan tasolla. Mallin ja kokeiden välillä
havaittiin yhdenmukaisuus useimmissa tutkituista tapauksista. Kuparin aiheuttaman valodegradaation voimakkuus riippuu teoreettisesti pääosin kupari- ja seostuskonsentraatioista, ja
heterogeenisten ydintymispaikkojen tiheydestä. Kaikki ym. suureet vaikuttavat erkaumien
lopulliseen kokoon, joiden säteen pääteltiin olevan muutamien ja muutamien kymmenien
nanometrien välillä. Yllämainitut tulokset vahvistavat erkautumisteoriaa kuparin aiheuttaman
valoerkautumisen perimmäisenä syynä, ja antavat näkemyksiä kyseisen häviömekanismin
aiheuttamien vaikutusten pienentämiseen piikomponenteissa.
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1. Introduction

1.1

Background

Due to its commonness in nature and widespread use in electrical equipment, Cu is a typical contaminant in industrial manufacturing facilities.
In the Si industry, Cu is considered a major impurity because of its harmful
effects in Si-based devices. These include for example increased leakage
currents of p–n-junctions, increased probability of gate oxide failure in
metal–oxide–semiconductor (MOS) capacitors, and reduction of minority
charge carrier lifetime in the Si bulk regions [1].
Surface contamination of Si wafers may occur during ordinary procedures involved in Si device fabrication, such as wafer sawing [2] or wet
processing [3]. Consequent high-temperature process steps can easily
drive the surface impurities into the Si bulk due to the fast diffusivity of
Cu in Si [1], and even room-temperature in-diffusion of Cu has been reported [4]. In photovoltaic Si, impurity diffusion from the casting crucible
of multicrystalline Si (mc-Si) ingots represents a common source of bulk Cu
contamination [5, 6]. An additional potential source of Cu contamination
in the device fabrication stage is brought upon by current attempts to
transfer from screen-printed silver to Cu alloy metallizations [7–11]. Although this transition could improve the conductivity and reduce the cost
of electrical contact fabrication, potential drawbacks include an increased
risk of cross-contamination on the fabrication line, and the necessity of
an efﬁcient diffusion-barrier layer to prevent the Cu contamination of the
bulk.
In the case of solar cells, the most harmful effect of Cu contamination
is its tendency to degrade the bulk minority carrier lifetime. This can be
shown to result in direct losses in extractable voltage and current, which
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consequently diminish the energy conversion efﬁciency. The effects of Cu
contamination on the bulk minority carrier lifetime have been found to
depend on the doping type. In n-type Si, the effects of Cu are usually
immediately visible after the bulk contamination has occurred. On the contrary, a characteristic feature of Cu in p-type Si—the currently dominating
solar cell substrate material type—is the fact that notable concentrations
can be introduced without signiﬁcant degradation effects as long as the
material is kept in the dark. However, when the material is illuminated,
full negative implications of Cu contamination become visible [12]. This
mechanism, generally known as Cu-related light-induced degradation (CuLID), has been observed to be a major degradation mechanism especially
in the top third of p-type multicrystalline silicon (mc-Si) ingots both at
the as-grown wafer [13] and at the solar cell level [14]. The difference in
the emergence of minority carrier lifetime degradation between material
types raises questions such as whether the mechanism of minority carrier
lifetime degradation is the same both in n- and p-type Si, what are the
factors that affect its strength, and whether the amount of degradation
can be reduced through the choice of materials or their treatments prior to
illumination.
Experimental studies on Cu-LID are extensive, and include descriptions
on the behavior of this defect mechanism in intentionally Cu contaminated
minority carrier lifetime sample wafers when either the substrate growth
method [13, 15], dopant concentration [16], dopant element [17], bulk
microdefect density [18], temperature [16, 19], or the Cu concentration [16]
are varied. However, studies of Cu-LID at the device level are rare, and
the full effects and degradation characteristics of Cu-LID for example in
newly industrially adopted, well surface passivated solar cell structures
such as the passivated emitter and rear contact (PERC) solar cell are not
fully characterized. In addition, the underlying mechanism of Cu-LID
remained ambiguous and without concrete evidence until very recently,
when indications on the root cause were established through minority
carrier lifetime spectroscopy [20]. Hence, there is room for theoretical
work that could improve the understanding of both earlier observed and
newly found Cu-LID-related phenomena, and the underlying mechanisms
that affect the ﬁnal extent of the losses in minority carrier lifetime and
consequently the solar cell efﬁciency.
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1.2

Objectives and scope

The ﬁrst goal of this thesis is to extend the study of Cu-LID to the device
level. Can Cu-LID be a problem at the solar cell level? What are the
possible origins of Cu in industrial devices? How can we recognize Cu-LID
from other light-induced degradation (LID) mechanisms in solar cells?
These questions are addressed by Publication I that characterizes strong
LID in industrially fabricated solar cells in the passivated emitter and rear
contact (PERC) architecture.
The second goal of the thesis is to improve the fundamental physics-level
understanding of Cu-LID, which also promotes the above-mentioned ﬁrst
goal by allowing improved predictions on how Cu-LID behaves at the ﬁnal
device level. What is the defect that is responsible for Cu-LID? How is it
formed, and can its effects be mitigated by a choice of substrate materials
or environmental conditions during illumination?
Answering the above questions requires that the theoretical foundation
of Cu-LID is extended. Hence, Publication II presents the derivation
of a self-consistent theoretical model of Cu-LID. The theory presented
in Publication II is veriﬁed with experimental data in Publication III.
Publication IV provides support for the above-mentioned results, and
strengthens and extends the veriﬁcation of the theoretical model. In
addition, due to the importance of low-temperature (∼140–320 ◦ C) recovery
and regeneration anneal treatments in different LID phenomena (as will
be introduced below in Sec. 2.4 of the thesis), it is important to understand
how the Cu-LID defect that is also potentially present behaves at these
conditions. Hence, Publication V presents a study on the effects of a
prolonged annealing treatment on the Cu-LID defect in its ﬁnal degraded
state.

1.3

Research process

Time evolution of the electrical parameters of PERC solar cells, fabricated
through a process that can be considered as industry standard for the
cell type, were measured as a function of illumination time, and lateral
differences in the strength of LID were characterized using photoluminescence (PL) imaging [21]. To extend the analysis, minority carrier lifetime
sample wafers were fabricated from similar substrate materials as the
PERC solar cells. Consequently, a well-established corona charging method
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was utilized for detecting Cu-LID in the wafers [22, 23]. Degradation rate,
lateral appearance, and annealing behavior of LID in the lifetime sample
wafers (characterized using both the quasi-steady-state photoconductance
(QSSPC) method [24] and microwave photoconductance decay (μPCD)
imaging [25]) were subsequently compared to those observed in the PERC
solar cells. To explain part of the results, correlation between the strength
of LID and the density of dislocations in the Si bulk was investigated
utilizing Wright–Jenkins defect etching and etch-pit density (EPD) counting [26]. The results of these measurements were then compared to known
characteristics of different LID mechanisms in the literature, and hence
the above analysis can be considered as a case study that illustrates the
appropriate methodology for distinguishing different LID mechanisms at
the solar cell level.
The second part of the thesis considers Cu-LID from a theoretical standpoint by introducing a theoretical model that was linked, through earlier
published theoretical calculations [27, 28], directly to the minority carrier
lifetime. This approach enabled comparing experimental QSSPC minority carrier lifetime data, measured from intentionally Cu contaminated
lifetime sample wafers under illumination, directly against the simulated
time evolution of Cu-LID. In addition, both the excess carrier concentration
and the temperature dependence of the ﬁnal Cu-LID-limited experimental
minority carrier lifetime data were evaluated against simulations. Consequently, the internal mechanisms of the model were analysed to obtain
insights into the physics of Cu-LID and the changes imposed when various
material and environmental parameters, for example the impurity Cu or
the doping concentration, or the temperature during Cu-LID, are varied.
Based on this analysis, factors that affect the ﬁnal strength of Cu-LID,
were evaluated.
Finally, the prolonged annealing behavior of Cu-LID was investigated
and subsequently compared to the prediction provided by a simulated
annealing treatment. For further investigations on the behavior of the
samples during the annealing treatment, residual dissolved Cu concentration was measured with the transient ion drift (TID) method [29], and
the possibility of degradation of the sample surfaces was evaluated by
determining the density of interface traps, Dit , with the contactless coronavoltage (C–V) method [30].
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2.1

Properties of semiconductors

The operation principle of many semiconductor devices such as crystalline
silicon (c-Si) solar cells relies heavily on the basic material properties of
semiconductors and their modiﬁcation by a process called doping. These
concepts are introduced in Sec. 2.1.1, which is followed in Sec. 2.1.2 by an
introduction to recombination lifetime which is one of the most important
material parameters in view of semiconductor device fabrication. This is
continued in Sec. 2.1.3 with a review of basic concepts related to lightinduced degradation of the recombination lifetime.

2.1.1

Conductivity and doping

The electrical conductivity of solids depends on the density of charge carriers that are able move freely in the crystalline lattice and carry electric
current. The movement of charge carriers, however, is limited based on
quantum mechanical principles of allowed and disallowed energy states,
and ﬁlling of these states based on the Pauli exclusion principle (i.e. the
number of electrons on each state is restricted). In a crystalline lattice,
discrete allowed electronic energy states associated with individual atoms
overlap and form continuous bands. The energy bands of metals are ﬁlled
with electrons such that there is a high density of unoccupied states within
the highest energy band that occupies electrons. This means that these
electrons can easily make transitions between vacant energy states corresponding to movement toward different spatial directions, which allows
for their relatively free motion within the crystalline lattice structure.
Hence, metals are good electrical conductors. On the contrary, the energy
band structure of insulators has a wide discontinuity, a so-called band gap,

5

Theory

between bands of allowed states with practically all of the states below
the band gap occupied and all of the states above it unoccupied. Below
the band gap, transitions between energy states corresponding to different
spatial directions are prevented since all of the allowed states are already
full. On the other hand, transitions across the band gap into vacant states
are also impossible due to the high requirement of external energy. Hence,
any changes in the average state of motion of the charge carriers are prevented, which causes the electrical conductivity of insulators to be very
low.
Semiconductors are materials whose electrical conductivity falls between
those of insulators and metals. Unlike in the case of metals, the conductivity of semiconductors increases with temperature and by illuminating the
material (i.e. irradiating it with photons). Similar to insulators, the band
structure of semiconductors has a band gap which, however, is sufﬁciently
narrow for thermal energy or energy transfer from photons to provide
electrons the necessary external energy to be excited from below the band
gap (i.e. from ‘valence band’) into energy states above the band gap (i.e.
into ‘conduction band’). In the conduction band, the electrons are able
to make similar transitions between vacant energy states as they would
in metals, and hence function as free charge carriers. In addition, each
excited electron leaves behind a vacant energy state. This vacant state can
be ﬁlled by a valence band electron, which consequently leaves the original
energy state of the valence band electron vacant. Hence, the vacant states
can be considered to be able to make qualitatively similar transitions in
energy and spatial direction as the electrons in the conduction band, and
can therefore be regarded as free positive charge carriers, that is, ‘holes’.
Subsequently, not only negative but also positive free charge carrier concentration is increased by electron excitation, which results in the mentioned
growth of the electrical conductivity with increasing temperature or photon
irradiation. The photon-induced excitation of electrons from the valence
band to the conduction band is called photogeneration, and is one of the
cornerstones of Si-based photovoltaics, as will be discussed further below
in Secs. 2.1.2–2.2.1.
In addition to changing the temperature or the intensity of photon irradiation, the free charge carrier concentrations and thus the conductivity
of a semiconductor can be modiﬁed through a procedure called doping,
during which small fractions of other elements are introduced into the
semiconductor lattice structure. In the example case of Si, this procedure
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involves mixing either ‘donor’ atoms with ﬁve valence electrons (e.g. phosphorus) or ‘acceptor’ atoms with three valence electrons (e.g. boron) into
the four-valent Si lattice. These atoms create new energy states within the
band gap, which are either donor states residing close to the conduction
band minimum energy, or acceptor states near the valence band maximum energy. Due to the proximity of these states to the valence and the
conduction bands, even a small amount of thermal energy is sufﬁcient
to excite electrons from the donor states to the conduction band, or from
the valence band to the acceptor states. Hence, either the free electron or
the free hole concentration is increased, which consequently increases the
electrical conductivity of the material. Si materials doped with donors or
acceptors are generally known as n- or p-type Si, respectively. Modiﬁcation
of the electrical properties of semiconductors by doping is the basis of many
device applications, including solar cells, as will be illustrated later in Sec.
2.2.1.

2.1.2

Recombination lifetime

When a semiconducting material is illuminated, concentrations of free
charge carriers are increased from their thermodynamic equilibrium concentrations by photogeneration. The photogenerated electrons, also known
as excess electrons, are in a thermodynamically unstable state, and hence
they tend to recombine with holes. Consequently, the change in the excess
electron density, Δne , can be written as
dΔne
∇ · Je
= G − Rtotal +
,
dt
e

(2.1)

where G is the generation rate, Rtotal is the total recombination rate, and
Je is the electric current density due to drift and diffusion of electrons. A
similar equation can be written for holes with the exception that the sign
of the last divergence term is negative due to the effective positive charge
associated with holes.
Effective recombination lifetime deﬁnes the decay time constant of free
charge carriers back to their thermal equilibrium concentrations in the
absence of generation and drift–diffusion currents. This quantity is deﬁned
as the ratio between the excess free carrier concentration and the total
recombination rate, and can be written in the example case of electrons as
τeﬀ (Δne ) ≡

Δne
,
Rtotal (Δne )

(2.2)

where the value of τeﬀ is typically strongly dependent on Δne , as further
illustrated below in this section.
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Both in silicon wafers and solar cells, the effective recombination lifetime is limited by several different recombination mechanisms. These
mechanisms include radiative recombination, Auger recombination, and
recombination through defect states also known as Shockley–Read–Hall
(SRH) recombination. The radiative recombination occurs directly between
a free electron in the conduction band and a free hole in the valence band,
and the recombination energy is released as a photon. In the case of Auger
recombination, instead of being released as a photon, the recombination
energy is discharged as movement of a third charge carrier that can be either an electron in the conduction band or a hole in the valence band. Both
radiative and Auger recombination involve direct band-to-band transitions
of charge carriers, and are so-called intrinsic recombination mechanisms
due to the fact that their occurrence in Si is inherent to the material and
cannot be avoided. On the other hand, the SRH recombination occurs
through energy states within the band gap that exist due to impurities
and defects. In addition to the Si bulk, SRH-type recombination occurs
also on Si wafer surfaces through surface defect states, in which case it is
referred to as surface recombination.
The recombination rates of all of the above-mentioned mechanisms can
be summed to obtain Rtotal . Hence, based on Eq. (2.2), the inverse effective
recombination lifetime can be written as the inverse sum of component
recombination lifetimes as
1
1
1
1
=
+
+
.
τeﬀ
τradiative τAuger τSRH

(2.3)

Note that τSRH can, in a similar fashion, be further dissected into recombination lifetimes limited by different contributing SRH defects. Typical
sources of SRH recombination in c-Si solar cells include for example defects
composed of transition metal impurities such as Ti, Cr, Ni, Cu, and Fe [31],
and all light-induced defects (that will be introduced in Sec. 2.4).
The typical excess carrier concentration-dependent shapes of τSRH , τintrinsic
(due to Auger and radiative recombination), and the resulting τeﬀ of electrons, are illustrated in Fig. 2.1 in the case of p-type Si and different
acceptor doping concentrations, NA (marked next to each τSRH curve in the
ﬁgure). The shape of τSRH follows from statistical considerations related
to capture and emission of electrons and holes by defect levels within the
band gap, and their consequent recombination through this pathway [33].
In Fig. 2.1, τSRH is plotted assuming a single mid-gap bulk defect and
capture time constants of τn0 = 30 μs and τp0 = 600 μs for electrons and
holes, respectively. Note that these parameters also include the necessary
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Figure 2.1. Excess carrier concentration dependence of τSRH , τintrinsic , and τeﬀ at different
acceptor doping concentrations, NA (marked next to each τSRH curve). τSRH
was calculated assuming a single mid-gap defect with capture time constants
of τn0 = 30 μs and τp0 = 600 μs for electrons and holes, respectively. The
parametrization of Richter et al. [32] was used for obtaining τintrinsic . Values
of Δne corresponding to 0.1 × NA are marked with red stars.

information regarding the concentration of the SRH defect in the bulk.
The excess carrier concentration-dependent shape of τintrinsic was plotted
using the parametrization of Richter et al. [32], and is dominated by the
increased probability of Auger recombination with increasing density of
charge carriers. Due to the same correlation between Auger recombination
and the charge carrier density, τintrinsic can be seen in Fig. 2.1 to decrease
with the doping concentration.
In Fig. 2.1, it is important to note that the theoretically calculated τeﬀ
assumes similar values at all of the doping concentrations when evaluated
at Δne corresponding to a ﬁxed fraction of the doping concentration, 0.1 ×
NA (marked with red stars). In addition, at this Δne range, τeﬀ is clearly
dominated by τSRH rather than τintrinsic . Therefore, in addition to being
comparable between different doping concentrations, τeﬀ at this particular
ﬁxed fraction of the doping concentration also gives a good estimation of
the SRH-limited recombination lifetime. Hence, for example the timedependence of the recombination lifetime is evaluated in this work at
Δne = 0.1 × NA .
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Figure 2.2. Recombination lifetime of electrons at Δne = 0.1 × NA as a function of illumination time in a p-type Si wafer with an acceptor doping concentration of
NA = 4.1 × 1015 cm-3 .

2.1.3 Light-induced degradation and normalized defect
concentration
As mentioned above in Sec. 2.1.2, light-induced degradation follows from
a decrease of τSRH due to an increase in the recombination activity of one
or several light-activated defects. Fig. 2.2 shows an example of lightinduced changes observed in the recombination lifetime of electrons at
Δne = 0.1 × NA in a p-type Si wafer with an acceptor doping concentration
of NA = 4.1 × 1015 cm-3 . According to the SRH theory, the recombination
activity, Rt , of point-like bulk defects that introduce a single defect-related
energy level within the band gap of a semiconductor is directly proportional
to the density of such recombination active defects [33]. For a defect whose
recombination activity is initially negligible but is activated by light, the
defect-related recombination rate can be written as
Rt (Δne , t) = Rtotal (Δne , t) − Rtotal (Δne , 0),

(2.4)

where t is the illumination time and any other changes due to light have
been neglected. Hence, provided that τeﬀ is determined at the same Δne at
time t and at t = 0, the concentration of activated defects is proportional to
a quantity known as the normalized defect concentration, deﬁned as [16,34]
N ∗ (t) ≡

1
1
−
.
τeﬀ (t) τeﬀ (0)

(2.5)

N ∗ (t) can be utilized for an extraction of degradation rates from recombination lifetime data. Assuming that the rate of change in the density of
recombination active defects is proportional to the density of nonactivated
defects, it follows that
dN ∗ (t)
∗
= Rdeg [Nmax
− N ∗ (t)] ,
dt
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∗
where Rdeg is the degradation rate and Nmax
is the eventual maximum

value of the normalized defect concentration (proportional to the total
concentration of both activated and nonactivated defects), N ∗ (t) can be
solved as
∗
[1 − exp (−Rdeg t)] ,
N ∗ (t) = Nmax

(2.7)

where
∗
Nmax
=

1
1
−
.
τeﬀ (∞) τeﬀ (0)

(2.8)

Hence, Rdeg can be obtained by ﬁtting N ∗ (t) with an exponential rise to
maximum function. In the case of several defects with varying defect
parameters (such as in Fig. 2.2 with two clearly differing degradation
stages), these functions can be superposed, which increases the number
of ﬁt parameters accordingly. Although all light-activated defects in c-Si
(introduced later in Sec. 2.4) are not necessarily describable with such a
simple model, this procedure nevertheless provides a means of quantifying
the timescale of the degradation process.

2.2

Silicon solar cells and characteristic parameters

Conversion of light to electricity in solar cells is based ﬁrst on photogeneration, and second on separation of the free charge carriers of different
type to create an electric potential difference. The concept of forming a
charge-separating junction of n- and p-type materials is described in Sec.
2.2.1 together with other physical phenomena that occur in a solar cell.
This is followed in Sec. 2.2.2 by a description of the current and voltage
characteristics and the energy conversion efﬁciency of c-Si solar cell devices. In addition, Sec. 2.2.3 includes an illustration on how the energy
conversion efﬁciency and other characteristic parameters of solar cells are
dependent on the recombination lifetime.

2.2.1

Operating principle of silicon solar cells

Fig. 2.3 (a) illustrates the band diagram of a solar cell under thermal
equilibrium conditions (i.e. in the dark). Note that all examples of this
section consider the p-type c-Si solar cell, which is currently the industrially
most relevant solar cell type. This type of solar cell employs a few hundred
microns thick p-type base region, over which a thin n-type emitter region is
typically created through a high-temperature phosphorus diffusion process.
In the n-type region, the doping-induced increase of the free electron
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density shifts the chemical potential of electrons, the so-called Fermi
level, EF , to higher energies toward the conduction band edge, EC . On
the other hand, in the p-type base, the doping-induced increase in the
free hole concentration has the opposite effect of shifting EF to lower
energies toward the valence band edge, EV . Hence, when a p–n-junction
is formed, free electrons on the n-side and free holes on the p-side diffuse
over the junction to balance the chemical potential difference, leaving
behind uncompensated ionized donor and acceptor atoms, respectively.
The opposite charge of these ionized atoms at the different sides of the
junction interface forms a built-in electric ﬁeld, which ultimately prevents
further diffusion of the charge carriers over the junction when the state of
thermal equilibrium is reached (i.e. EF is constant over the junction). This
built-in electric ﬁeld is the physical root cause of charge separation in c-Si
solar cells.
Fig. 2.3 (b) illustrates the band diagram and the processes of photogeneration, recombination, and charge separation in an illuminated solar
cell under open circuit conditions (i.e. when no charge is extracted from
the cell). Charge separation occurs when photogenerated minority charge
carriers (i.e. holes on the n-side where electrons form the majority and
electrons on the p-side correspondingly) diffuse into the depletion region
and are subsequently swept across the junction by the built-in electric
ﬁeld. The separation of photogenerated electrons (e− ) and holes (h+ ) is
associated with an electric photocurrent density, jopt , which can be written
as



w

jopt = e

G(x)ηcol (x)dx,

(2.9)

0

where e is the elementary charge, ηcol (x) is the depth-dependent minority
charge carrier collection probability of the junction, and w is the thickness
of the cell. The ηcol (x), on the other hand, is dependent on the recombination rate of minority carriers both in the bulk (e.g. through defect states
Et ) and at the cell surfaces. Consequent to the accumulation of majority
carriers on the different sides of the p–n-junction, an open-circuit photovoltage, Voc , is formed, which equals the difference between the chemical
potentials of electrons on the n-side and holes on the p-side (also known as
n-side , and holes, E p-side , respectively).
the quasi-Fermi levels of electrons, EFn
Fp

It is noteworthy that jopt is counteracted by so-called diode current density, denoted in Fig. 2.3 with jD , following from diffusion of majority charge
carriers toward and back across the p–n-junction. In general, jD can be
divided into contributions from the base, the emitter, and the depletion
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Figure 2.3. The band diagram of a p-type solar cell (a) in thermal equilibrium (i.e. in the
dark) and (b) under illumination at open circuit conditions. A p–n-junction
associated with an electric ﬁeld separates the photogenerated electrons and
holes spatially.
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Figure 2.4. Schematic of a passivated emitter and rear contact (PERC) solar cell.

region. The base contribution derives from electron injection from the
emitter to the base, and depends strongly on both bulk recombination in
the base region and surface recombination at the rear of the cell. Correspondingly, the emitter contribution of jD is due to hole injection from the
base to the emitter, and correlates with both bulk recombination in the
emitter and surface recombination at the front of the cell. Finally, the
depletion region contribution stems from recombination of electrons and
holes through defect states located within the band gap. [35]
The emitter region is usually created only a few hundred nanometers
to one micrometer thick to avoid a reduction of the minority carrier (hole)
collection efﬁciency due to signiﬁcant Auger recombination at the emitter
(caused by typically high P doping concentrations >1019 cm-3 ) [36, 37], and
to keep the high-temperature diffusion time short during industrial solar
cell processing. Due to the relative thinness of both the emitter and the
depletion region, only photons with the shortest wavelengths are absorbed
within these regions in a considerable fraction, whereas the majority of
excess charge carriers are typically generated in the considerably longer
p-type base. Hence, one of the most important factors likely to limit ηcol ,
and consequently jopt , is the bulk minority carrier lifetime in the base
base in the following). In addition, τ base notably affects the base
(denoted τbulk
bulk

contribution of jD , which constitutes a major current loss pathway at
typical solar cell operating voltages [35]. However, this does not mean that
Auger recombination in the emitter, and surface recombination both at the
front and the back surfaces of the cell can be omitted as loss mechanisms.
On the contrary, surface recombination can even become the dominant
loss mechanism in the case it is not inhibited by using different surface
passivation methods (as discussed further below).
It is noteworthy that surface recombination is mitigated at the front
surface by a dopant concentration gradient in the emitter (following from
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the P-diffusion process) and at the rear surface by a heavily doped p-type
diffusion layer (so-called back-surface ﬁeld) commonly included in the solar
cell fabrication process, which both induce electric ﬁelds that repel minority
carriers from the surfaces. However, these diffused layers are usually
not sufﬁcient to prevent the occurrence of notable surface recombination.
Therefore, as illustrated in Fig. 2.4, modern solar cell architectures such
as the passivated emitter and rear contact (PERC) solar cell are almost
entirely covered from both sides by passivating dielectric layers, excluding
local areas where current-collecting ohmic contacts are created [38]. Due
to the low recombination activity at the surfaces, the PERC structure has
a higher efﬁciency potential than the more traditional aluminum backsurface ﬁeld (Al-BSF) cells that do not utilize dielectric layers for rear
base has a pronounced signiﬁcance in
surface passivation. Consequently, τbulk

view of the performance of PERC solar cells. The dependency of important
characteristic parameters, such as the energy conversion efﬁciency, on
base , is discussed further in the following sections (Secs. 2.2.2–2.2.3).
τbulk

2.2.2

Current–voltage behavior and efﬁciency of solar cells

The most important ﬁgure of merit of a solar cell is the energy conversion
efﬁciency, that is, the amount of electric power the cell produces per each
incident watt of sunlight. The electric power density, p, is given by the
product of the current density, j, that is extracted from the solar cell, and
its voltage, V . Fig. 2.5 illustrates the typical dependence between j and V ,
and the consequent voltage dependence of the output power density. The
shape of the j − V -curve is mostly dictated by near-exponential voltagedependence of the diode current density, jD [see Fig. 2.3 (b)], although also
parasitic series and shunt resistivities (not considered in detail here) can
have a signiﬁcant impact [35, 39]. The maximum power density, pmpp , is
reached at the so-called maximum power point (MPP). The corresponding
current density and voltage are marked in Fig. 2.5 as jmpp and Vmpp ,
respectively. The energy conversion efﬁciency is given by
η=

pmpp
jmpp Vmpp
jsc Voc FF
=
=
,
psun
psun
psun

(2.10)

where psun is the irradiation power density, jsc is the short-circuit current
density, Voc is the open-circuit voltage, and FF is the so-called ﬁll factor
relating pmpp to the product of Voc and jsc .
Based on Eq. (2.10), η depends directly on three characteristic parameters of the solar cell, that is, jsc , Voc , and FF. Subsequently, any losses
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Figure 2.5. An example current/power density–voltage curve of a solar cell.

experienced by these parameters multiply to determine the total efﬁciency
loss of the solar cell. When the cell is short-circuited, the extracted current
density can be estimated with the optically generated current density of
the p–n-junction, that is, jsc ≈ jopt [39]. Therefore, jsc can be directly
base . On the other
linked to jopt , and hence through ηcol (see Eq. (2.9)) to τbulk

hand, at open circuit, jD can be approximated with a single exponential
such that





jopt − jD ≈ jopt − j0 exp

eVoc
mkB T




− 1 = 0,

(2.11)

where j0 is the reverse saturation current density, m is the diode ideality
factor, kB is the Boltzmann constant, and T is the temperature [35, 39].
Consequently Voc can be written as
Voc ≈

mkB T
ln
e




jopt
+1 .
j0

(2.12)

Similar to jD in Sec. 2.2.1, the value of j0 in Eqs. (2.11) and (2.12) can be
divided into emitter, base, and depletion region contributions. Importantly,
at voltages around Voc , j0 is heavily dependent on its base contribution,
that is, the injection of electrons from the emitter to the base, and the
consequent recombination of these electrons either at the rear surface
(effectively inhibited in the PERC solar cell) or at the bulk of the base
base not only through one but
region [35]. Hence, Voc is dependent on τbulk

two parameters, that is, jopt and j0 . Although the FF can be considerably
inﬂuenced by losses related to the series resistance or possible shunts in
base (as will be shown below in
the cell, this parameter is also affected by τbulk
base cause a response in η that is
Sec. 2.2.3). Consequently, changes in τbulk

affected by all of the component parameters. In the following section (Sec.
2.2.3), the link between the characteristic parameters and the minority
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Figure 2.6. Dependence of the characteristic parameters of a typical industrial PERC
base
solar cell on the bulk minority carrier lifetime of the base material, τbulk
.

carrier lifetime in the base is elaborated further using solar cell device
simulations.

2.2.3

Correlation between characteristic parameters of PERC
solar cells and minority carrier lifetime

Dependence of the solar cell characteristic parameters (η, jsc , Voc , and
base , was simulated
FF) on the bulk minority carrier lifetime in the base, τbulk

using the PC2D v3.1 software [40]. Instead of the simpliﬁed case described
above in Secs. 2.2.1–2.2.2, these simulations provide a complex approach
that considers the effect of realistic physical phenomena, including the
effect of different electrical, optical, and cell geometry-related variables
on the solar cell performance. These variables were chosen to correspond
to industrially fabricated, well surface passivated p-type solar cells of
the PERC architecture, exactly as described in Ref. [41]. The results of
these simulations, illustrated in Fig. 2.6, indicate that in order to avoid
base should preferably reside on the order
signiﬁcant efﬁciency losses, τbulk

of several hundred μs. Hence, it is important to minimize different bulk
recombination mechanisms at the base, including those that emerge after
illumination.

2.3

Silicon materials and wafering for photovoltaic applications

Recombination activity in the solar cell base depends to a great extent
on the structural uniformity and impurity concentrations of the silicon
substrate material. These factors are largely dependent on the silicon
ingot growth process. Generally, the growth of silicon ingots is a tradeoff between material quality and cost. This section introduces the most
important crystalline silicon growth and wafering methods currently used
in the PV industry.
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2.3.1 Monocrystalline silicon
Monocrystalline Czochralski silicon (Cz-Si) growth is started by melting
high-purity Si feedstock in a quartz (SiO2 ) crucible. Dopants are typically
added into the molten Si. The crystal growth is initiated by bringing a
monocrystalline seed crystal in contact with the melt. Subsequently, the
seed is slowly rotated and pulled out, which results in the formation of
a cylindrical monocrystalline ingot whose diameter depends on the pull
rate and temperature gradients. Typically, Cz-Si has a high impurity
oxygen concentration on the order of 1018 cm-3 , deriving from partial
melting of the quartz crucible in contact with the Si melt. Nevertheless,
the monocrystalline Cz-Si is generally of high crystalline quality with low
concentrations of e.g. transition metals, and can be considered practically
dislocation-free due to a special necking technique [42].
Another type of monocrystalline Si fabrication method, the so-called ﬂoatzone (FZ) method, is based on using polysilicon feed rods that are heated
locally with radio frequency coils. The local heating creates a molten
"ﬂoating zone", from which monocrystalline ingot growth can be initiated
by using a seed crystal. Since the molten silicon is not in contact with a
crucible, oxygen and transition metal impurity concentrations of FZ-Si can
be kept very low. However, FZ-Si is more expensive than Cz-Si due to costs
associated with the fabrication of the high-purity Si feed rod instead of
using polysilicon chunks as feedstock such as in Cz-Si fabrication [43].

2.3.2 Multicrystalline silicon
Multicrystalline silicon (mc-Si) is a low-cost solar cell substrate material
alternative to monocrystalline Si. This material type is fabricated by casting molten Si feedstock in a quartz crucible. Mc-Si is less expensive than
Cz-Si due to lower feedstock quality requirement, higher throughput, and
simpler manufacture process and equipment. In addition, mc-Si typically
contains considerably less impurity oxygen than Cz-Si [44]. However, the
bulk minority carrier lifetime and consequently the solar cell efﬁciency
can be considerably limited in mc-Si by a high density of grain boundaries and intra-grain extended defects such as dislocations and subgrain
boundaries [45–47]. Moreover, mc-Si is inﬂicted with impurity diffusion
from crucible edges and segregation of impurities to the top of the ingot, transition metals such as Fe, Cr, Ni and Cu being among the worst
minority carrier lifetime killers. These limitations and the fact that mc-
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Si is incompatible with alkaline surface texturing with low reﬂectance
can present a considerable drawback in view of high-efﬁciency solar cell
performance [48].
Recently, it was found that controlling the grain size of mc-Si and creating
very small grains during ingot growth can suppress dislocation formation
[49–52]. This so-called high-performance multicrystalline Si (HPMC-Si)
has a high density of grain boundaries but a low intra-grain dislocation
density, which results in an improved electrical performance compared to
conventional mc-Si. Hence, HPMC-Si is expected to completely replace
conventional mc-Si within the next decade [53].

2.3.3

Quasi-monocrystalline silicon

In addition to the above-mentioned minimization of grain size (HPMC-Si)
to suppress dislocation formation, recent approaches of improving the electrical performance of low-cost cast Si for high-efﬁciency solar cells include
the use of monocrystalline seed crystals to promote monocrystalline growth.
This so-called quasi-monocrystalline silicon (qm-Si) is cast similarly to mcSi, but additionally utilizes seed crystals at the bottom of the crucible that
initiate the growth of one single grain such that the majority of the grown
ingot is monocrystalline. A combination of favorable properties follows,
including lower density of grain boundaries and extended defects than
in conventional mc-Si, and a potentially lower cost than in the case of
e.g. Cz-grown monocrystalline silicon [54]. Similar intra-grain dislocation
densities both in HPMC-Si and qm-Si were recently determined, which
were notably below dislocation densities associated with conventional mcSi [55]. Nevertheless, qm-Si has an added advantage of allowing the use
of alkaline surface texturing, which has been found to improve the solar
cell (Al-BSF) efﬁciency ∼0.7 % absolute due to reduced surface reﬂectance
compared to acidic texturing [54].
Despite some favorable properties, the crystalline quality of qm-Si is not
on par with Cz-Si. Growth of small-angle grain boundaries and dislocation
cascades have been observed from different sources; from the surface of
uneven seed crystals [56], gaps between the seed crystals [57,58], and from
precipitates of Si, C, and N [59]. Therefore, qm-Si is known to contain a
network of dislocations whose density typically increases toward the ingot
top [54, 58]. Furthermore, the casting of qm-Si is susceptible to similar
impurity diffusion and segregation as described above in the case of mc-Si.
In addition, the necessity of monocrystalline seed crystals increases the
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fabrication costs compared to mc-Si. Hence, both the material properties
and price of qm-Si wafers typically lie between those of mc-Si and Cz-Si.

2.3.4 Wafering
To produce substrates for solar cells, Si ingots are sawn into thin, ∼ 180
μm thick wafers. Industrial wafer slicing is typically performed with wire
saws with either ﬁxed (diamond) or slurry-based (silicon carbide) abrasives.
Despite an ongoing transition to diamond wire sawing, the slurry-based
slicing is still the current industry-dominating technology in the case of
mc-Si [53]. Although also several kerﬂess (i.e. without the material loss
associated with the sawing process) techniques have been proposed to
replace wafer sawing (e.g. String Ribbon [60], 1366 Direct Wafer [61],
and Epi [62]), these techniques are not expected to gain a signiﬁcant
market share in the near-future due to generally lower associated solar
cell efﬁciencies and less mature technology compared to the sawing-based
approach [53]. The substrates that were used in the fabrication of solar
cells in this work (i.e. in Publication I) were cut using the slurry-based
sawing.
It is noteworthy that the wafering stage and subsequent chemical treatments present a prominent contamination source. Slurry-based multi-wire
slicing has been found to contaminate the wafer surface especially with
Cu [2, 63, 64]. Moreover, the KOH solution used in the subsequent alkaline
saw damage removal (SDR) step has a low solubility for metals, which has
been found to result in Cu precipitation on the wafer surface in concentrations between 7 × 1013 cm-2 and 2 × 1014 cm-2 [63]. On the other hand,
sawing with nickel-plated diamond wire has been found to be a potential
source of Ni contamination, also capable of forming recombination active
defects in the Si bulk [65].

2.4

Light-induced degradation in silicon solar cells

In addition to stable extended and point defects that deteriorate the electrical properties of solar cell substrate materials, these materials are also
susceptible to light-induced degradation (LID). LID is an umbrella term
that covers several different types of defect mechanisms, all of which result
in the deterioration of solar cell performance under illumination. It is noteworthy that since in most cases the fundamental cause of degradation are
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the excess charge carriers induced by illumination, the term light-induced
degradation is often used interchangeably with the phrase carrier-induced
degradation (CID). LID at the solar cell level generally follows from the
degradation of all of the characteristic parameters (Isc , Voc , and FF), and
base . It is important to note that the
is returnable to the degradation of τbulk

emergence of different LID mechanisms is highly dependent on the substrate growth method. This section reviews the most important properties
of known LID mechanisms in c-Si.

2.4.1

Boron–oxygen light-induced degradation

The most widely studied LID mechanism to date is the boron–oxygen defect
(BO-LID) [34], which typically causes a 1-3 % relative degradation of η in
solar cells made of p-type substrates with a high oxygen concentration on
the order of (5−11)×1017 cm-3 such as those grown with the Cz process [66].
On the other hand, the effects of BO-LID in mc-Si are typically small in
comparison due to O concentration lower by a factor of ﬁve [44]. The effect
of the BO defect on the minority carrier lifetime is generally considered to
derive from an illumination-induced change in the recombination activity
of a point defect composed of impurity oxygen and boron originating from
doping [67]. Characteristics of BO-LID include a two-stage degradation
process in which the so-called fast recombination center (FRC) forms on a
timescale of few minutes of illumination, whereas the full formation of the
so-called slow recombination centers (SRC) lasts tens of hours (at 25 ◦ C and
>0.01 sun) [68, 69]. The BO defect is fully reversible through an annealing
treatment that involves heating at >140 ◦ C in the dark [68]. Permanent
deactivation of the BO defect through the so-called regeneration treatment,
involving simultaneous heating and illumination, has recently been a
subject of considerable research interest [70].

2.4.2

Cu-related light-induced degradation

Cu-LID has been observed to degrade the minority carrier lifetime of ptype Si wafers at Cu concentrations as low as 1011 cm-3 [18]. Both mc-Si
wafers [13] and solar cells [14] have been found to be inﬂicted by Cu-LID
with an especially pronounced effect in the top parts of mc-Si ingots, which
means that the origin of Cu in these cases was most likely segregation
from the Si melt during ingot growth. However, as will be shown in Sec.
4.1 of this thesis, also wafers and solar cells from the middle part of the
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ingot may suffer from signiﬁcant light-induced effects of Cu, where the
impurities most likely originate from surface contamination. The strength
of Cu-LID has been shown to increase with the density of intentionally
created oxygen precipitates, also known as bulk microdefects (BMD) [18].
Despite the fact that grain boundaries generally provide efﬁcient sinks for
transition metals like impurity Cu, considerable Cu-LID has been found to
occur also in intra-grain areas of mc-Si [71]. Contrary to the full recovery
of for example BO-LID, Cu-LID has been reported to recover only slightly
upon annealing at 200 ◦ C for few minutes [19]. A characteristic feature of
Cu-LID is the fact that it can be inﬂuenced by surface charging. A negative
corona charge deposited on a thermally oxidized wafer surface has been
reported to fully prevent Cu-LID [22, 23].

2.4.3 Light- and elevated temperature-induced degradation
Recent introduction of high-efﬁciency solar cell structures, such as the
PERC, into industrial production has brought forward an LID mechanism
that is only observed under illumination at elevated temperatures (>50 ◦ C),
and has therefore been named light- and elevated temperature-induced
degradation (LeTID) [72,73]. Although the root cause of LeTID is currently
unknown, hydrogen that is introduced from the rear surface passivation
layer into the bulk likely plays a role [74]. Although LeTID has been
reported also in solar grade Cz-Si [75], it has mainly been a problem
of cast Si substrates, and diminishes the advantage following from the
relative absence of BO-LID in these low-oxygen substrate types over Cz-Si.
Based on the characterization of minority carrier lifetime sample wafers,
LeTID appears as a two-stage defect process with a fast stage forming
on a timescale of hours at 75 ◦ C and 1 sun, followed by a slow stage
lasting hundreds of hours [74, 76]. Despite two stages being observed
at the minority carrier lifetime level, LeTID in solar cells seems to be
dominated by the slowly forming stage [72, 77]. After illumination, the
defect appears laterally uniform [76], although grain boundaries have also
been associated with slightly lower recombination activity than intra-grain
areas [73]. LeTID has been found to be reversible by recovery annealing
above 200 ◦ C [73, 78], and exhibits a regeneration behavior upon combined
heating and illumination.
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2.4.4

Sponge-LID

A new LID mechanism called Sponge-LID was recently reported in Al-BSF
cells made on HPMC-Si substrates [79]. Sponge-LID can cause up to 10 %
relative degradation in η, most of which occurs during the ﬁrst 24 hours of 1
sun illumination at 25 ◦ C. Its distinctive features include laterally uneven,
sponge-like degradation patterns that are especially pronounced over grain
boundaries. Sponge-LID has been associated with a partial recovery upon
30 min anneal at 200 ◦ C, in which one third of the initial η-degradation
recovered [79]. However, this recovery was not clearly separated from
that of BO-LID which was also likely to be present. Sponge-LID has
been distinguished from BO-LID and iron–boron pair dissociation [79],
and it has several features separating it from LeTID (e.g., degradation
occurs below 50 ◦ C and the non-uniform degradation patterns). However,
a distinction from Cu-LID has not been established.

2.4.5

Iron–boron pair dissociation

Iron (Fe) is a common contaminant on photovoltaic manufacture lines. Fe
contamination of Si wafer surfaces occurs easily through a mechanical
contact with manufacturing equipment or contaminated chemical baths,
from where the contaminants end up in the Si bulk during following hightemperature steps through moderately fast diffusion of the interstitial Fe+
i
ion [80].
−
The Fe+
i ions pair easily with the negatively charged dopant Bs ions.

These Fe–B pairs are stable at room temperature (RT) in the dark, but
have the ability to cause illumination-induced changes in the bulk recombination activity that derive from their dissociation back into the separate
constituents under illumination or at an elevated temperature above 150
◦ C.

A single exponential time constant of 9.5 min of 1 sun illumination at

RT has been found for Fe–B dissociation, after which re-association occurs
with a time constant of ∼ 33 h in the dark at RT [80]. Both Fe+
i and Fe–B
pairs introduce deep energy levels in the Si band gap. However, the Fe+
i
species has a more pronounced excess carrier concentration dependence
that causes it to have a lower recombination activity than Fe–B above a
crossover point of Δne ≈ 1014 cm-3 , whereas below the crossover point the
recombination activity of Fe+
i is higher than that of Fe–B. At the illumination intensity of 1 sun (0.1 W cm-2 ), the excess carrier concentration in the
solar cell bulk depends strongly both on the minority carrier lifetime and

23

Theory

the operation mode (open circuit, short circuit, or MPP), and may reside
on either side of the crossover point [81]. Hence, the solar cell characteristic parameters may even increase upon illumination, which is a feature
that can be utilized to distinguish Fe–B dissociation from the other LID
mechanisms.

2.5

Impurity copper in silicon

To base the analysis of Cu-LID in solar cells and lifetime samples, the most
important properties of impurity Cu in Si are reviewed in this section. The
relevant defects include interstitial and substitutional Cu, their complexes,
and Cu precipitates. This revision is followed by a brief introduction of
different root cause hypotheses that have been presented for the occurrence
of Cu-LID. The section is concluded with considerations regarding the
mitigation of impurity Cu concentrations by the so-called gettering process.

2.5.1 Interstitial Cu
Interstitial Cu has been associated with a donor energy level at EC − 0.15
eV [82], and a very low recombination activity both in n- and p-type
Si [82, 83]. Cu can move quickly through the Si lattice as a positively
charged Cu+
i ion. Due to its electric charge, Cu pairs easily with negatively
charged dopant ions such as boron. Unlike the Fe–B pairs, Cu–B pairs are
unstable at RT. This temporary trapping both increases the solubility [84]
and decreases the diffusivity [85] of Cu in p-type silicon.
The solubility of interstitial Cu is discussed in detail in Sec. III D of Publication II, where solubility values between 102 − 108 cm-3 were calculated
for B doping concentrations between 1013 − 1017 cm-3 by extrapolating from
high temperatures to RT. This means that the RT solubility is expected to
be very low compared, for example, to the typical impurity Cu concentrations of 1013 − 1015 cm-3 found in as-grown mc-Si wafers [5, 76, 86–88]. This
means that, at RT, Cu should have a high tendency to form precipitates at
any signiﬁcant concentrations.
Fast diffusivity of Cu+
i means that Cu contaminants originally residing
on the wafer surface are likely in-diffuse during high-temperature process steps, although even room-temperature in-diffusion of Cu has been
reported [4]. On the other hand, Cu+
i has been found to diffuse from the
bulk of p-type Si to the wafer surfaces within hours after the removal of
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surface oxides if the interstitial Cu concentration remaining after hightemperature steps exceeds the solubility at room temperature [89]. It is
noteworthy that a similar out-diffusion phenomenon was not observed in
the case of n-type Si. The Cu-LID-mitigating effect of negative surface
charging, mentioned in Sec. 2.4.2, has been hypothesized to derive from
electrostatic attraction between positively charged Cu+
i ions and the surface, and consequent drift/out-diffusion of this species from the p-type Si
bulk to the wafer surfaces [22, 23].
Although interstitial Cu ions as such are not signiﬁcantly recombination
active, they are capable of forming other, more recombination active defects
in the Si bulk. The most important ones are substitutional Cu (Cus ) and
Cu precipitates, which are discussed in the following two subsections (2.5.2
and 2.5.3).

2.5.2

Substitutional Cu

Substitutional Cu (Cus ) is formed in the Si bulk through an exothermic reaction between Cu+
i and vacancies [90]. Three different energy levels have
been associated with Cus , two acceptor levels residing at EV + 0.41...0.45
and EC − 0.16 eV, and a donor level at EV + 0.22 eV [3, 20, 91]. The location
of these energy levels suggests that if Cus is present in the Si bulk, it
should be associated with notable recombination activity [92, 93].
Photoluminescence spectroscopy studies have shown that the Cus defect
and Cu+
i ions form pure Cu complexes in Si [94]. These complexes were
initially identiﬁed as Cus –Cui pairs but were later found to consist of four
Cu atoms that are most likely arranged as Cus Cui3 [95, 96]. The energy
level of this complex resides at EV + 0.1 eV [97], which as a shallow hole
trap suggests a considerably lower recombination activity than in the case
of Cus [93]. Hence, Cu+
i can be considered to electrically passivate the Cus
defects. In this context, it is noteworthy that the concentration of Cus can
increase in the Si bulk through the dissociation of the Cus Cui3 complex,
which has been observed during annealing above 150 ◦ C [98, 99].

2.5.3

Cu precipitates

Deep level transient spectroscopy (DLTS) results have indicated that Cu
precipitates introduce a band of energy states in the band gap of Si, forming
an effective minority carrier recombination channel. In addition, the
precipitates were found amphoteric, that is, they are positively charged
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if electron occupation of the precipitate-related energy states is low, and
negatively charged if the occupation level is high. The precipitates were
found electrically neutral when the Fermi level resides at approximately
0.2 eV below the conduction band of Si. [100]
Different types of precipitation behavior have been observed in n- and ptype silicon. In n-type Si, Cu has been observed to precipitate immediately
after cool-down from the Cu in-diffusion temperature [100]. On the other
hand, in the case of p-type Si, a signiﬁcant concentration of Cu that
notably exceeds the solubility (i.e., [Cu] even as high as the p-type doping
concentration) can remain in the interstitial state for long periods of time
[29]. Since the Fermi level position in n-type Si is typically located close
to or above the mentioned neutral level of EC − 0.2 eV while in p-type
Si the opposite is true, the difference in the Cu precipitation behavior
between n- and p-type Si was attributed to the differing charge state of
the precipitates. Hence, in p-type Si, the positively charged Cu+
i ions
experience an electrostatic repulsion from the Cu precipitates, leading to a
retardation of the precipitation process. [100]
Supporting evidence for the above theory was provided by transient
ion drift (TID) [29] measurements, which indicated that beyond a threshold Cu concentration corresponding to [Cu] = [B] + 1016 cm-3 the rate of
precipitation increases considerably [101]. This threshold concentration
was calculated to compensate the existing p-type doping with n-type Cu+
i
donors to an extent to lift the Fermi level to the precipitate neutral level of
EC − 0.2 eV, consequently removing the repulsion between the Cu+
i ions
and the precipitates. These results have also been replicated through simulations [102]. Identical conclusions were reached by another experimental
study that linked the precipitation phenomenon above the neutral level
directly to a notable decrease of the minority carrier diffusion length [103].

2.5.4 Root cause hypotheses of Cu-related light-induced
degradation
Early studies based on DLTS attributed Cu-LID to the dissociation of the
Cus Cui3 complex, mentioned in Sec. 2.5.2, under illumination [12, 93].
However, it was later shown that the degradation rate of Cu-LID varies
greatly depending on whether the electron quasi-Fermi level under illumination resides above or below EC − 0.2 eV, that is, the earlier determined
neutral level of the Cu precipitates (see Sec. 2.5.3) [104]. Hence, it was
considered plausible that Cu-LID is a precipitation process of Cu+
i that
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is moderated by electrostatic repulsion existing between the positively
charged precipitates and interstitially diffusing Cu+
i ions, and that illumination reduces the electrostatic barrier in an analogous manner to n-type
doping [104–106].
The precipitation hypothesis was later supported by the experimental
observation of Cu+
i -related TID signal disappearing during illumination,
which was not explainable by out-diffusion to the wafer surface [107].
Although surface precipitation has been suggested to form a secondary
degradation pathway [108], it was later shown that Cu-LID is exclusively
a bulk phenomenon at least in the case when the surface dielectric is
SiO2 [16]. Importantly, the energy levels of the Cu-LID defect that were
determined in a recent injection-dependent lifetime spectroscopy study
were comparable to those earlier determined for Cu precipitates [109].
Hence, Cu precipitation in the bulk provides a credible root cause for the
occurrence Cu-LID in p-type Si.

2.5.5

Gettering of impurity Cu

During the solar cell emitter formation, concentrations of transition metals
such as Cu in the base region are typically reduced by a phenomenon
known as gettering. This phenomenon is based on the higher doping
concentration of the emitter compared to the base, and a consequent
higher solubility of transition metals in the former region. Hence, during
the high-temperature emitter formation process, interstitial Cu tends to
diffuse from the base region with a low solubility to the emitter region
with a high solubility. The gettering effect can be made more efﬁcient by
increasing the emitter dopant concentration to levels that are higher than
what is optimal for the solar cell energy conversion efﬁciency. In this case,
the process is called heavy gettering.
A notable decrease in the bulk Cu levels to below the available methods
of elemental analysis [e.g. inductively coupled plasma mass spectroscopy
(ICP-MS)] have been reported through the process of heavy phosphorus
diffusion gettering [86,110]. However, the gettering efﬁciency of the lighter
doped solar cell emitter depends on the process details and the cell architecture. In addition, materials with high concentrations of extended
defects have been associated with a reduced gettering efﬁciency [111, 112].
Moreover, even a Cu concentration lower than the detection limit of ICPMS (i.e. <1013 cm-3 ) has been reported to be capable of limiting the solar
cell efﬁciency [113]. As also the purity of the processing environment plays
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a large role, the possible presence of Cu contamination at the device level
should be evaluated case by case.

2.6

Precipitate nucleation, growth, and electrical activity

In order to conﬁrm the precipitation theory of Cu-LID on the one hand,
and to provide insights into its physics on the other hand, Publications
II and III of this thesis study Cu-LID from the mathematical modeling
point of view. The ﬁrst of the two mentioned publications introduces
a full theory for modeling Cu-LID at the Si wafer level. This section
reviews the main characteristics of the model, which are complemented
with background information regarding the precipitation theory. The
topics included are the energetic aspects of precipitation (Sec. 2.6.1), the
precipitate shape and nucleation mode of Cu-LID (Sec. 2.6.2), the electrical
activity of the precipitates in the Si lattice (Sec. 2.6.3), and the kinetic
theory of precipitate growth extended in Publication II to take into account
electrostatic effects (Sec. 2.6.4). In addition, a detailed description is given
in Sec. 2.6.5 on how the effective minority carrier lifetime limited not only
by Cu-LID but also by other coexisting recombination mechanisms can be
modeled at the Si wafer level.

2.6.1 Energetics of precipitation
The energetic driving force of both precipitate nucleation and growth comes
from the supersaturation of dissolved species in the Si lattice, which in the
case of Cu mainly comprise interstitial Cu+
i ions and Cu–B pairs, as other
Cu states and pairs exist in concentration fractions lower than 0.1 % [114].
The Gibbs free energy change upon the formation of a precipitate with a
number of n previously dissolved atoms can be written as [115, 116]


CCui
ΔGn = −nkB T ln
+ ΔGex
(2.13)
n ,
SCu
where CCui is the dissolved Cu concentration, SCu is the solid solubility
of Cu, and ΔGex
n is the excess Gibbs energy change. The ﬁrst term in
Eq. (2.13) arises from the supersaturation of the dissolved species, and
quantiﬁes how much the free energy of the system is reduced upon moving
a number of n dissolved Cu atoms into the separate precipitated phase.
On the other hand, the second term in Eq. (2.13), ΔGex
n , takes into account
forces imposed by the Si lattice that oppose the precipitate formation
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Nucleation barrier height
Critical size
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Figure 2.7. The typical shape of the Gibbs energy change as a function of the precipitate
size n in the case of spherical precipitates.

process, and is given by [115]
ΔGex
n = Vn ΔGS + An γ,

(2.14)

where Vn is the precipitate volume, ΔGS is the free energy change per
precipitate volume due to lattice strain, An is the precipitate–Si interface
area, and γ is the associated interface energy.
It is noteworthy that, whereas the ﬁrst term of Eq. (2.13) is a monotonically decreasing function of n, ΔGex
n is monotonically increasing. Fig.
2.7 illustrates the typical shape of the ΔGn curve in the example case
of spherical precipitates. At low n, ΔGn increases, which means that
ΔGex
n dominates the energetics in the case of small precipitates. However,
the signiﬁcance of ΔGex
n decreases at increasing precipitate size n due to
decreasing strain and surface energy to surmount upon single dissolved
atom addition. Hence, at n corresponding to the so-called critical size,
the increase of ΔGex
n when a single atom is added is fully compensated
by the free energy reduction deﬁned by the ﬁrst term of Eq. (2.13). The
critical size marks the point beyond which the precipitate growth becomes
spontaneous, that is, no external energy is required for the growth process
to continue.
A precipitate growing beyond its critical size and becoming energetically
stable is referred to as nucleation. The value of ΔGn corresponding to the
critical size (i.e. the apex of the ΔGn vs. n curve) is called the nucleation
barrier (NB) height, which equals the total amount of external energy
required for a single dissolved Cu atom to grow into a stable nucleus.
Based on the above considerations, the NB height is dependent both on the
level of supersaturation, deﬁned by the ratio between the concentration
of interstitial Cu and the solid solubility (the ﬁrst term of Eq. (2.13)), and
ΔGex
n (the second term) that affects the NB height through the energetic
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parameters ΔGS and γ. Due to uncertainties related to the accurate
values of ΔGS and γ on the one hand, and the exact precipitate shape on
the other hand, these energetic quantities are used as ﬁt parameters in
Publication III.

2.6.2 Morphology and nucleation mode of Cu precipitates
The question of precipitate shape is closely related to the energetics of
the precipitation process. A precipitate is likely to grow in a direction
requiring the least amount of energy, that is, toward a shape corresponding
to the lowest nucleation barrier height as according to Eq. (2.13), where
the precipitate shape-dependent energy terms are included in ΔGex
n . In
this context, it is relevant to note that Cu precipitation is associated
with a large volume change. A single Si atom embedded in the dominant
precipitated η  –Cu3 Si phase occupies a 2.3 times greater volume than a
single Si atom in its perfect lattice location [1]. Hence, the energetic cost of
accommodating this volume increase plays an important part in deciding
the shape of the precipitates [117].
Morphology of Cu precipitates in n-type Si has been observed to correlate
with the cooling rate from high temperatures. Spherical precipitates have
been observed with transmission electron microscopy after moderately fast
cooling (∼4 K/s). In this case, the precipitates were found to reside on existing defects such as dislocations and stacking faults, that is, heterogeneous
precipitation was observed. On the other hand, homogeneous precipitation
has been observed after fast cooling (hundreds–thousands K/s), and in this
case the precipitates were plate-shaped [100, 117, 118].
The above correlation between the precipitate shape and the cooling rate
in n-type Si can be understood based on the fast diffusivity of Cu, and
the rate of change in the level of supersaturation during cooling. Upon
moderately fast cooling, the level of supersaturation increases relatively
slowly with decreasing temperature, leaving time for the fast-diffusing
Cu+
i ions to ﬁnd heterogeneous sites on which the energy demand (and
consequently the necessary level of supersaturation) for nucleation to
occur is lower than in the surrounding Si lattice. On these sites, the abovementioned volume increase during precipitate formation can be more
easily accommodated due to the presence of existing defects, which can
enable the spherical shape e.g. by providing sinks for Si self-interstitials
whose emission may be necessary in order to minimize the lattice strain
[118]. On the contrary, fast cooling results in a rapid increase in the
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level of supersaturation that leaves no time for the Cu+
i ions to diffuse
on the preferential sites, resulting in a plate-like shape that minimizes
the high strain energy associated with the perfect Si lattice which has no
immediate sinks for self-interstitials that would promote the formation of
3D precipitates.
In p-type Si, if the total Cu concentration is below the doping level,
the majority of Cu resides in the non-precipitated interstitial state after
cooling from high temperatures. In this case, unlike in the case of n-type
Si described above, details of the defect shape and the nucleation process
during or after cooling are not known. In addition, no direct microscopic
observations exist on the ﬁnal defect associated with Cu-LID. For simplicity,
the precipitates are assumed in this work (i.e. in Publications II–V) to be
spheres. As will be shown in Sec. 4.2 of the thesis, in addition to allowing
a mathematically consistent treatment of the electrostatics-inﬂuenced
precipitation kinetics, this assumption was observed in Publication III to
be in good correlation with experimental data.
Degradation rate and ﬁnal minority carrier lifetime of Cu-LID have been
observed to depend considerably on the density of intentionally created
nucleation sites [18], which implies that Cu-LID occurs through heterogeneous precipitation in this case. On the other hand, homogeneous precipitation was speculated to occur in Si that did not experience the intentional
nucleation site creation treatment [18].
In Publication III, electronic-grade monocrystalline Si material is used
for model veriﬁcation. Since the role and the density of possible nucleation
sites in this type of material are unknown, homogeneous nucleation is assumed in order to keep the number of unknown parameters to a minimum.
However, the assumption of homogeneous nucleation does not mean that
the model is unusable also in the case of heterogeneous nucleation. As
will be discussed in detail later in Sec. 4.2.7, the effective increase of the
nucleation rate with increasing density of heterogeneous low-energy nucleation sites can be replicated by adjusting the NB height through varying
the values of the energetic ﬁt parameters, ΔGS and γ, in Eq. (2.14). Consequently, these parameters can be considered to assume effective values
that also take into account the varying density and type of nucleation sites,
such as oxygen precipitates, stacking faults, dislocations and vacancies.
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2.6.3 Modeling of Schottky junction effect of metallic
precipitates in silicon
As discussed in Sec. 2.5.4, electrostatic interactions between the Cu precipitates and the Cu+
i ions have been hypothesized to play an important role
in the precipitate formation associated with Cu-LID. Before proceeding
to the kinetic theory of precipitate growth, the necessary basic concepts
regarding the electrical activity of metallic precipitates in semiconductors
are reviewed in this subsection.
Metallic precipitates that are embedded in a semiconductor matrix can
be considered to form a Schottky junction with the host lattice. Fig. 2.8
(a) illustrates a spherical Cu3 Si precipitate consisting of a number of n Cu
atoms with a radius rn in a p-type Si lattice. Since the Schottky barrier
height, ΦBp , exceeds the energy difference between the Fermi level and the
valence band on the p-type Si side, holes are depleted from the vicinity of
the interface, which creates a positive electric charge inside the precipitates. Thermal equilibrium band diagram of the precipitate is depicted in
Fig. 2.8 (b), showing the Schottky junction and the aligned Fermi levels,
EFM and EF , on the metal and the semiconductor side, respectively. The
junction is associated with an electric ﬁeld with a corresponding builtin voltage, ΨSn , and a depletion region extending from rn to relec on the
semiconductor side. Fig. 2.8 (c) illustrates how electron injection through
illumination separates the electron and hole quasi-Fermi levels, EFn and
EFp , respectively. As will be shown in Sec. 4.2.1, the subsequent increase in
the excess carrier concentration leads to a reduction of the built-in voltage
and hence the electric ﬁeld at the interface is weakened. This reduces the
electrostatic repulsion experienced by positively charged mobile species
such as Cu+
i , and is expected to promote the growth of the precipitate.
The Schottky junction of spherical precipitates can be treated mathematically with a previously published model [27, 28] that is based on
solving continuity equations of electrons and holes simultaneously with
the Poisson equation using numerical methods. The explicit form of these
equations are written in the supplementary material of Publication II. This
approach enables the calculation of the above-mentioned physical parameters, that is, EFn , EFp , and Ψn , as functions of distance from the precipitate
center. In addition, the Schottky junction model can be used to calculate
the precipitate-limited minority carrier lifetime, τprec , in the Si bulk. This
property of the model is very important since, as demonstrated in Publica-
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Figure 2.8. (a) An illustration of a metallic precipitate embedded in semiconducting matrix, and the related Schottky junction energy band diagrams in conditions
corresponding to (b) darkness (thermal equilibrium) and (c) illumination. Reproduced from H. Vahlman, A. Haarahiltunen, W. Kwapil, J. Schön, A. Inglese,
and H. Savin, J. Appl. Phys. 121(19):195703, 2017, with the permission of AIP
Publishing.

tion III, it allows the modeling of precipitation phenomena directly at the
minority carrier lifetime level.
The principle for the calculation of the precipitate-related recombination
activity based on the thermionic emission of charge carriers across the
Schottky junction is described in Sec. III B of Publication II. A very
close approximation of the precipitate-limited lifetime at a wide range
of Schottky barrier heights (ΦBn from 0.45 eV to 0.7 eV, where ΦBn is
the Schottky barrier in reference to EC ) can be obtained using a recently
published parametrization based on the Schottky junction model [28].
It is important to note that a precondition for the calculation of τprec is
to estimate the precipitate size and density distribution in the Si bulk.
Details regarding the calculation of the size and density distribution, and
how this calculation is interlinked with the Schottky junction model, are
discussed in the following sections (Secs. 2.6.4–2.6.5).
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2.6.4 Kinetic modeling of precipitate growth
In order to have information on the size and density distribution of the
precipitates during and after Cu-LID, it is necessary to have a kinetic
model that also considers the effect of electrostatics on the precipitate
growth. The main equations of such a model, derived in detail in Secs.
III C–III E of Publication II assuming homogeneously nucleating spherical
precipitates, are listed below.
Precipitation is modeled with chemical rate equations that describe the
time-dependent change in the precipitate size and density distribution
∂fn
= In−1 − In ,
∂t

(2.15)

where fn is the density of precipitates of size n and In is the net growth
ﬂux of precipitates with n atoms to size n + 1. In is given by
In = gn fn − dn+1 fn+1 ,

(2.16)

where gn and dn are the precipitate growth and dissolution rates, respectively. The dissolved Cu atoms are treated as precipitates of size 1, and
their rate of change is given by
∞


∂f1
= −2I1 −
In .
∂t

(2.17)

n=2

The growth and dissolution rates of the precipitates were derived considering the drift and diffusion of Cu+
i ions around electrically charged
precipitates, yielding
∞
gn = λkin DCu CCu
i

(2.18)

dn = λkin DCu Sn∗ ,

(2.19)

and

∞ are the diffusion coefﬁcient and the bulk concenwhere DCu and CCu
i

tration of interstitial Cu, respectively, and λkin and Sn∗ are the so-called
kinetic growth factor and effective solubility, respectively. The latter two
quantities are deﬁned as
λkin ≡
and
int
exp
Sn∗ ≡ SCu



S
Eibulk − EFp

kB T

Aelec
,
Cu
relec + Dkeﬀ


exp

ex
ΔGex
n+1 − ΔGn
kB T

(2.20)


× (1 + Na KCu−B ),
(2.21)
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where Aelec is the outer surface area of the volume occupied by the spherical
int is
depletion region, keﬀ is the effective reaction rate (deﬁned below), SCu

the intrinsic solubility, Eibulk is the intrinsic Fermi level in bulk Si outside
S is the hole Fermi level at the
the precipitate-related electric ﬁeld, EFp

precipitate–Si interface, KCu−B is the pairing constant between interstitial
Cu and dopant B atoms [85], and ΔGex
n is the excess Gibbs energy change
of Eq. (2.14). The effective reaction rate of Eq. (2.20) is deﬁned as
S

keﬀ ≡

n
exp − keΨ
BT

1 + βn Jn

where
βn =
Jn is deﬁned as an integral

Jn =

relec
rn

rn2
× kn ,
2
relec

kn rn2
,
DCu


exp

×

e(Ψn (r)−ΨS
n)
kB T

r2

(2.22)

(2.23)

dr,

and kn is the interface reaction rate [119]


max (ΔGn+1 − ΔGn + ΔGact , ΔGact )
DCu
kn =
exp
,
δ
kB T

(2.24)

(2.25)

where δ is the length of a diffusion step (approximately the lattice spacing
of Si), and ΔGact is the chemical activation barrier of adding a Cu atom
into the precipitate.
In the above treatment, it is important to note that the effective solubility
of Eq. (2.21) is independent of the Schottky junction built-in voltage ΨSn .
This means that the energetics of the precipitation process is not affected
by the charge state of the precipitates. On the other hand, the effective
reaction rate keﬀ depends exponentially on ΨSn . Therefore, Cu-LID is
theoretically a kinetic phenomenon, where the transition of the system
into its thermal equilibrium precipitated state is kinetically limited by the
electrostatic repulsion between the Cu+
i ions and the positively charged
precipitates.

2.6.5

Modeling of Cu-related light-induced degradation at
silicon wafer level

In order to simulate the light-induced defect reaction due to Cu precipitation at the minority carrier lifetime level, the kinetic precipitate growth
model of Sec. 2.6.4 needs to be connected with the calculation of the recombination activity and the charge state of the precipitates. In addition,
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as the experimental lifetime data always reﬂects the effective lifetime as
measured at the Si wafer level, also other recombination mechanisms than
the Cu precipitates, including e.g. the surface, Auger, and radiative recombination, and possible other light-activated defects require to be accounted
for in the simulations. This section describes how these two questions are
addressed in the model.
Fig. 2.9 shows a ﬂowchart illustrating the order in which different
variables are calculated within the simulation. In general, the electrostatic
S , are
potential, Ψn (r), and the interface quasi-Fermi level of holes, EFp

dependent on the excess carrier concentration of the sample, Δnill
e , under
the prevailing illumination conditions. Estimation of the excess carrier
concentration can be obtained iteratively from the relation
ill
Δnill
,
e = G × τeﬀ Δne

(2.26)

where G is the generation rate in the sample (see Sec. II A of Publication
III for details on the calculation of G in this work), and τeﬀ (Δn) is the
injection-dependent effective minority carrier lifetime inﬂuenced by all
of the recombination mechanisms present in the sample. After the deterS can be calculated based
mination of Δne , the quantities Ψn (r) and EFp

on the Schottky junction model (see Sec. 2.6.3) for all precipitate sizes n.
Consequently, the kinetic growth factor, λkin , and the effective solubility,
Sn∗ , can be calculated through Eqs. (2.20) and (2.21), respectively. These
two quantities then allow the calculation of the precipitate growth and dissolution rates, gn and dn , from Eqs. (2.18) and (2.19), respectively. Hence,
the linear system of differential equations deﬁned by Eqs. (2.15)–(2.17)
can be solved over a time step Δt, which gives a new size and density
distribution of the precipitates.
Calculating the precipitate size and density distribution as a function of
time through the above-described simulation procedure allows the determination of the corresponding precipitate-limited lifetime, τprec , based on
the Schottky junction model, for each of the time steps. Consequently, to
obtain the injection-dependent τeﬀ required both for a direct comparison
with experimental data and the determination of new injection conditions
under illumination in the next time step, τprec is corrected for other recombination mechanisms as described below in this section. Repetition of the
simulation ﬂow of Fig. 2.9 until neither the precipitate size and density
distribution nor τeﬀ changes further enables the theoretical calculation of
the full minority carrier lifetime evolution of Cu-LID at the Si wafer level.
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Figure 2.9. A ﬂowchart describing the simulation procedure for calculating Cu-LID lifetime curves as a function of illumination time. Reproduced from H. Vahlman,
A. Haarahiltunen, W. Kwapil, J. Schön, A. Inglese, and H. Savin, J. Appl. Phys.
121(19):195703, 2017, with the permission of AIP Publishing.

Practicalities regarding both the calculation τprec and its correction to
obtain τeﬀ are brieﬂy summarized here, and further details can be found in
Sec. II B of Publication III. Instead of the full Schottky junction model, its
parametrization, mentioned in Sec. 2.6.3, was used for the calculation of
room temperature values of τprec (the parametrization gives a very close
approximation of the full model [28]). In the case of intrinsic, Auger, and
surface recombination, and other recombination mechanisms that do not
change under illumination, the correction of τprec to τeﬀ can be performed
based on e.g. experimental data measured at the initial state before illumination. On the other hand, the time-dependent recombination activity of
other light-induced defects such as the BO defect has to be evaluated either based on reference samples without intentional Cu contamination, or
based on SRH parametrizations that have been reported for example both
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for the FRC and the SRC stage of the BO defect. In the case of Publication
III, a combined approach was used, where empirical values for the recombination activity of both the FRC and the SRC stage of the BO defect [44,120]
were adjusted to match experimental reference data, while the degradation
rates [120, 121] and the injection dependence [120, 122, 123] of both stages
were taken directly from the literature.

38

3. Measurement methods

3.1

Minority carrier lifetime measurements

The major part of the minority carrier lifetime measurements of this thesis
were performed with the Sinton WCT-120 quasi-steady-state photoconductance (QSSPC) equipment, which allows for an experimental determination
of the injection-dependent effective minority carrier lifetime, τeﬀ (Δne ). The
working principle of the QSSPC setup is described in Sec. 3.1.1, which
is followed in Sec. 3.1.2 by a description of an automated setup that was
purpose-built for the measurement of the QSSPC lifetime as a function of
prolonged illumination time as required in the LID experiments. In addition, the microwave photoconductance decay (μPCD) method, introduced in
Sec. 3.1.3, was used for obtaining minority carrier lifetime maps. A minor
part of the minority carrier lifetime measurements were also performed
with photoluminescence (PL) imaging, whose description can be found
from Ref. [21].

3.1.1

Quasi-steady-state photoconductance

Measuring the injection-dependent effective minority carrier lifetime,
τeﬀ (Δne ), with the QSSPC method is based upon the simultaneous measurement of photoconductance of an illuminated Si wafer and the corresponding illumination intensity [24]. The photoconductance, determined
contactlessly utilizing a radiofrequency coil, is used for calculating the
excess carrier concentration from [24]
Δne (t) =

ΔGelec (t)
e (μe + μp ) w

(3.1)

where ΔGelec (t) is the time-dependent difference in electrical conductance
between light and dark, μe and μp are the mobilities of electrons and holes,
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respectively, and w is the sample wafer thickness. It is noteworthy that
in addition to the doping type and concentration, the mobilities are also
dependent on Δne itself, and therefore an iterative calculation is required
[124]. A short high-intensity xenon ﬂash pulse, with a maximum intensity
of ∼7 W cm-2 on the sample surface and a decay constant of ∼2 ms, is
utilized for illumination of the wafer. The illumination intensity, measured
using a reference photodiode located adjacent to the sample, is applied
for the calculation of the generation rate that is assumed homogeneous
throughout the wafer, given by [124]
G(t) =

ref (t) × C
jsc
opt
,
e×w

(3.2)

ref is the short-circuit current density of the reference photodiode
where jsc

(which is directly proportional to the illumination intensity) and Copt is
an optical constant that relates the optical properties of the sample wafer
to those of the reference photodiode. Note that values of Copt for several
wafer surface coating layer types and thicknesses can be found in Ref. [124].
Subsequently, the minority carrier lifetime can be obtained by solving for
Rtotal in Eq. (2.1) while assuming that the divergence term ∇ · Je term is
negligible (a reasonable assumption in the case of homogeneous generation
when no signiﬁcant gradients of Je are expected) and substituting in Eq.
(2.2), which yields [125]
τeﬀ (t) =

Δne (t)
.
dΔne (t)
G(t) −
dt

(3.3)

Hence, pairing the simultaneously measured values of τeﬀ and Δne gives
the excess carrier concentration dependence of the effective minority carrier lifetime.
Note that Eq. (3.3) corresponds to the so-called generalized analysis that
enables measuring τeﬀ at a wide range of lifetime values [125]. This is relevant in automated LID experiments (described in the Sec. 3.1.2), during
which τeﬀ can descend from several milliseconds to few microseconds. All
QSSPC measurements of this thesis were performed using the generalized
analysis.

3.1.2 Automated illumination time-resolved quasi-steady-state
photoconductance measurements
Characterization of LID phenomena at the Si wafer level involves measuring the effective minority carrier lifetime as a function of the illumination
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time. Since illumination times required for any changes to occur in almost
all of the LID-causing defects greatly exceed the 2 ms decay constant of the
QSSPC ﬂash (excluding the Fe–B pair that dissociates upon high-intensity
ﬂashing [126]), an additional bias light is required for the degradation
process. In this work, experimental arrangements of such measurements
were automatized by creating a computer script (AutoIT v3 scripting language) that turns the bias light on for a predetermined time interval by
utilizing an USB switch. At the end of this interval, the script turns the
bias light off, starts a QSSPC measurement, and records the lifetime at
the set excess charge carrier concentration in a separate spreadsheet ﬁle
that logs the results. After this, the bias lamp is turned on again for another predetermined time, and the process is repeated. During the entire
process, the sample wafer stays on top of the QSSPC stage, which removes
measurement uncertainties related to the slightly moving measurement
position in comparison to the case when, for example, the sample would be
moved between a separate illumination source and the QSSPC stage. In
addition, the automatized approach saves time by reducing the number
of necessary manual measurements. A similar type of setup has been
previously reported in Ref. [127].

3.1.3

Microwave photoconductance decay

The μPCD method involves probing optical excitation-induced changes
in the microwave reﬂectivity of a semiconducting sample surface. The
measurement is based on a proportionality between the excess charge
carrier concentration and the relative change in the reﬂected microwave
power compared to the thermal equilibrium reﬂected power [25]. This
relation can also be written as
ΔPμw (t)
∝ Δne (t),
eq
Pμw

(3.4)

eq
where Pμw (t) is the reﬂected power at time t, Pμw
is the reﬂected power in
eq
thermal equilibrium, and ΔPμw (t) = Pμw (t) − Pμw
is the absolute change

of the reﬂected power.
The μPCD measurements of this work were performed using a WT-85
lifetime scanner from Semilab. This device utilizes a short (∼200 ns)
near-infrared light pulse for the excitation of excess charge carriers on
a small area of ∼1 mm2 , which is followed by monitoring of the decay of
eq
ΔPμw (t)/Pμw
as a function of time. During the decay (in the absence of
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excess charge carrier generation), τeﬀ in Eq. (3.3) becomes
τeﬀ = −

Δne (t)
,
dΔne (t)
dt

which, assuming constant τeﬀ , can be solved for Δne (t) as


t
Δne (t) = C exp −
,
τeﬀ

(3.5)

(3.6)

where C is a constant. Therefore, τeﬀ can be estimated by ﬁtting an
eq
exponential decay function to the measured ΔPμw (t)/Pμw
data. Although

the algorithm used by the WT-85 equipment is more complicated than a
single exponential decay, it is reported to give similar results in practical
cases [128]. In a typical μPCD measurement, the microwave probe scans
an entire wafer surface, which enables characterization of the lateral
distribution of minority carrier lifetime.
As a transient technique, one of the beneﬁts of μPCD is the fact that
absolute values of the generation rate and Δne are not required. On the
other hand, the assumption of constant τeﬀ is not valid in many cases due to
the typical Δne dependence of this quantity. During a μPCD measurement,
Δne at which τeﬀ is determined varies and is not well deﬁned. On the
other hand, μPCD has a good lateral resolution due to the smallness of
the probed area. Hence, instead of being considered as a quantitatively
accurate technique, the μPCD method is best used for example in mapping
of approximate lateral differences in τeﬀ within the wafer area.

3.2

Characterization of solar cells

The characteristic parameters of the solar cells of this work were measured
at standard testing conditions (STC) under 1 sun at 25 ◦ C. These measurement are based on sweeping the voltage of an illuminated solar cell with a
voltage source capable of sinking current, while simultaneously measuring
the current response to obtain the j − V -curve.
The solar cells of this work were degraded at open circuit under 0.5 sun
illumination at 50 ◦ C, which was followed by a regeneration treatment
combining illumination and heating under 0.6 sun at different temperatures ranging from 150 ◦ C to 210 ◦ C. After different periods of degradation
or regeneration, the cells were cooled to room temperature and measured
at STC.
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4.1

Identiﬁcation of root cause of light-induced degradation in
solar cells and lifetime samples

This section reviews the results of Publication I on the LID and regeneration behavior that was observed in PERC solar cells. The properties of
the observed LID and regeneration are analysed and compared to characteristic features of different LID mechanisms. The presented analysis
exempliﬁes a case study of identifying different LID mechanisms at the
solar cell level.

4.1.1

Characteristics of light-induced degradation in industrial
quasi-monocrystalline silicon PERC solar cells

Fig. 4.1 shows a comparison of efﬁciency instabilities that were observed
in qm-Si PERC (qm-PERC) and Cz-Si PERC (Cz-PERC) solar cells, which
were fabricated with a standard industrial PERC solar cell process, and
characterized for their LID and regeneration behavior as described in
Sec. 3.2. In the Cz-PERC, both the strength and the timescale of LID
and regeneration stages are typical to the BO defect (see Sec. 3.1 of
Publication I). However, a very strong LID of 12–16%rel in η was observed
in the qm-PERCs, which, based on Fourier transform infrared spectroscopy
(FTIR) measurement of the oxygen concentration in the qm-Si material
(as described in Sec. 3.1 of Publication I), cannot notably derive from the
BO defect. It is important to note that recent reports of LID in mc-Si and
qm-Si PERCs have typically been almost exclusively associated with the
LeTID defect, with practically negligible contribution from BO-LID, and
no reported inﬂuence from the other LID mechanisms such as Sponge-LID
or Cu-LID in this particular device type [72, 77].
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Left: 0.5 sun illumination at 50 °C
Right: Regeneration under 0.6 sun at
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Figure 4.1. Degradation under 0.5 sun at 50 ◦ C and subsequent regeneration of the
qm-PERC and Cz-PERC solar cells. The regeneration stage was performed
under 0.6 sun at different temperatures ranging from 150 ◦ C to 210 ◦ C as
indicated in the legend above the ﬁgure. Reprinted with permission from H.
Vahlman, M. Wagner, F. Wolny, A. Krause, H. Laine, A. Inglese, M. Yli-Koski,
and H. Savin, Phys. Status Solidi A 214(7):1700321, 2017. Copyright 2017,
Wiley-VCH Verlag GmbH & Co. KGaA.
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Fahrland et al. [79] (sponge-LID), h, mc-Si, 1 sun, 25 °C
This work, Voc, qm-PERC, 0.5 sun, 50 °C

Relative degradation (%)

Kersten et al. [72], Voc, mc-PERC, 0.3 sun, 50 °C

0
2
4
6
8
10
12
14
16

0
2
4
6
8
10

0

100

0 5 10 15 20 25 30

200
300
400
Degradation time (h)

500

Figure 4.2. LID in the qm-PERC as compared to literature data on Sponge-LID and
LeTID. Note that both η and Voc data are included, as indicated by the legend.
Reprinted with permission from H. Vahlman, M. Wagner, F. Wolny, A. Krause,
H. Laine, A. Inglese, M. Yli-Koski, and H. Savin, Phys. Status Solidi A
214(7):1700321, 2017. Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA.
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Fig. 4.2 shows example qm-PERC solar cell data both in terms of efﬁciency, η, and open-circuit voltage, Voc , in comparison to literature data
reported both for the LeTID and the Sponge-LID mechanisms. The literature data was selected based on the comparability of illumination and
temperature conditions to our work. Note that all of the cells shown in
Fig. 4.2 were at open circuit during the illumination, and the Sponge-LID
data is from Al-BSF cells. In the qm-PERC, ∼50% of the total degradation
occurred already during the ﬁrst ∼5 h while the ﬁnal part occurred considerably slower. Comparing to the literature data, the initial part of LID in
the qm-PERC is considerably faster than the earlier LeTID observations in
which ∼50% of the degradation is not reached until several tens of hours.
On the other hand, the slow ﬁnal part bears resemblance to the LeTID
data. The fast initial degradation is a surprising result and calls for a
consideration of other mechanisms, including Sponge-LID and Cu-LID, as
the root cause for the LID in the qm-PERC.
The studied PERC solar cells also showed a regeneration stage under
combined heating and illumination, which is illustrated in the right half of
Fig. 4.1. While the timescale of regeneration in the Cz-PERC is consistent
with that of BO-LID [70, 129], the partial regeneration observed in the
qm-PERCs can be compared to the regeneration timescale of the LeTID
defect. The regeneration time of LeTID has been reported to decrease
from tens–hundreds of minutes to less than ten by increasing the regeneration temperature from 140 to 250 ◦ C [130], which is comparable to the
regeneration behavior of the qm-PERCs. Hence, it is plausible that the
partial regeneration of this cell type derives from the regeneration of the
LeTID defect. However, due to the notable difference in the timescale of the
degradation stage between the qm-PERCs and earlier LeTID observations
in Fig. 4.2, additional experiments are required for full characterization of
the underlying phenomena.
For further characterization, photoluminescence (PL) maps of the qmPERCs were measured both in the initial state before LID and in the
degraded state after LID. These maps were then overlaid with an image
registration algorithm. Fig. 4.3 shows line scans (30 mm wide) of the
PL intensity maps, from the same position across an example qm-PERC
both before and after LID. These scans illustrate that LID in the qmPERC was laterally non-uniform, with more pronounced degradation on
top of seemingly defected areas such as on top of sub-grain boundaries
than on less defected areas (the defected areas are indicated with red
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Figure 4.3. Line scans (30 mm wide) of PL intensity maps of a qm-PERC solar cell
both before and after LID. Heavily defected areas associated with sub-grain
boundaries are indicated with red brackets and asterisk symbols.

brackets and asterisk symbols). This type of lateral degradation behavior
is similar to that earlier reported for Sponge-LID [79], and differs from
earlier LeTID observations associated with laterally uniform LID or even
less LID occurring on top of heavily defected areas in comparison to areas
with less defects [73, 76].

4.1.2 Investigation of minority carrier lifetime samples
To investigate the role of Cu-LID in the qm-PERC solar cells, p-type Si
lifetime sample wafers corresponding to the starting base material for the
qm-PERC fabrication were subjected to heavy P-diffusion gettering and
emitter etch-back, thermal oxidation, and surface charging treatments
(experimental details and the process ﬂow are given in Sec. 2 of Publication
I). It is noteworthy that the emitter sheet resistance of the heavily Pdiffusion gettered lifetime samples was ∼40 Ω/sq. corresponding to a
higher doping concentration than typical PERC solar cell emitters with a
sheet resistance between 90 and 160 Ω/sq. [37], which should lead to an
increased gettering efﬁciency in the former [131]. It is also important to
note that since the thermal oxide contains a negligible concentration of
hydrogen, LeTID is not expected to occur in the lifetime sample wafers.
Consequent to the above treatments, the lifetime sample wafers were
illuminated under 0.65 sun at 25 ◦ C until stabilization of the minority
carrier lifetime, followed by annealing at 200 ◦ C for 10 min in the dark.
The minority carrier lifetime was measured with the QSSPC method from
the central area of the wafers at different stages of the experiments. To
compensate for possible losses of surface charge, the surface was recharged
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Figure 4.4. Minority charge carrier lifetimes (at Δne = 0.1 × Na ) of different lifetime
sample wafer types before LID (initial), after LID (degraded), and after a
10 min recovery anneal at 200 ◦ C. Reprinted with permission from H. Vahlman,
M. Wagner, F. Wolny, A. Krause, H. Laine, A. Inglese, M. Yli-Koski, and H.
Savin, Phys. Status Solidi A 214(7):1700321, 2017. Copyright 2017, WileyVCH Verlag GmbH & Co. KGaA.

after each step until saturation of τeﬀ . Hence, the surface passivation of
the wafers can be considered stable enough to assume that any changes
observed in τeﬀ under illumination are caused by bulk defects.
The results of the above-described measurements are illustrated in Fig.
4.4 at the excess carrier concentration of Δne = 0.1 × Na . First, it can be
observed that although the heavy P-diffusion gettering resulted in some
improvement in the ﬁnal lifetime of the qm-Si wafers charged with a
positive corona charge, it was not sufﬁcient to prevent signiﬁcant LID.
Second, it is important to note that LID in the qm-Si lifetime samples
was fully prevented by applying a negative corona charge on the wafer
surface instead of using a positive corona charge. This behavior is a
clear ﬁngerprint of Cu-LID, which has previously been reported to be
preventable by the negative charge [22, 23]. Thirdly, a notable difference
in the strength of LID can be observed between the qm-Si and the Cz-Si
materials. In addition, these materials exhibit a qualitatively different
type of behavior upon annealing at 200 ◦ C. While the Cz-Si material shows
full recovery typical to the BO defect [68], in qm-Si the recovery is only
partial at best, which is in qualitative agreement with recent observations
related not only to Cu-LID [19] but also to Sponge-LID [79]. Based on the
above considerations, it is likely that LID observed in the qm-Si lifetime
samples derives from Cu-LID.
To evaluate the lateral strength of degradation in the lifetime sample
wafers, μPCD maps both before and after LID were measured. Fig. 4.5
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Figure 4.5. Line scans (30 mm wide) of μPCD lifetime maps of a gettered and positively
corona charged qm-Si lifetime sample wafer both before and after LID. Heavily
defected areas associated with sub-grain boundaries are indicated with red
brackets and asterisk symbols.

shows line scans (30 mm wide) of these maps from the same position of a
gettered and positively corona charged qm-Si wafer before and after LID
(see Fig. 4 in Publication I for more μPCD line scans of the qm-Si wafers).
The maps showed laterally uneven degradation with stronger LID on
heavily defected areas (indicated with red brackets and asterisk symbols)
than on seemingly less defected areas, in considerable resemblance to the
PL maps of the qm-PERCs (see Fig. 4.3 for line scans).
To assess the timescale of Cu-LID in the lifetime sample wafers, Fig. 4.6
shows the normalized defect concentration, N ∗ , that was calculated based
on the QSSPC minority carrier lifetime (see Sec. 2.1.3) of the gettered
qm-Si lifetime sample wafers (at Δne = 0.1 × Na ), measured as a function
of illumination time under 0.65 sun at both 25 ◦ C and 50 ◦ C. Note that the
experimental data was ﬁtted with a double exponential rise to maximum
function (solid lines in Fig. 4.6), and values of the ﬁt parameters can
be found in Sec. 3.2 of Publication I. The obtained N ∗ is subsequently
compared in Fig. 4.6 to N ∗ of Sponge-LID, determined in Ref. [79] based on
Voc data of solar cells that were illuminated under 1 sun at 25 ◦ C. Based on
this comparison, the degradation rate in the qm-Si lifetime sample wafers
is in notable agreement with Sponge-LID at the similar temperature and
under the similar order of magnitude illumination intensity.
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Figure 4.6. Normalized defect concentration, N ∗ , of qm-Si lifetime sample wafers as a
function of illumination time under 0.65 sun at both 25 ◦ C and 50 ◦ C as
compared to N ∗ of Sponge-LID based on solar cell data of Ref. [79] illuminated
under 1 sun at 25 ◦ C. Note that the ﬁts to the experimental data (solid lines)
were performed using a double exponential rise to maximum function, and
further information on the ﬁtted parameters can be found in Publication
I. Reprinted with permission from H. Vahlman, M. Wagner, F. Wolny, A.
Krause, H. Laine, A. Inglese, M. Yli-Koski, and H. Savin, Phys. Status Solidi
A 214(7):1700321, 2017. Copyright 2017, Wiley-VCH Verlag GmbH & Co.
KGaA.

4.1.3

Root cause of light-induced degradation in the
quasi-monocrystalline silicon PERC solar cells

As even the heavily P-diffusion gettered lifetime samples in Sec. 4.1.2
showed characteristic signs of Cu-LID, it is plausible that a notable residual Cu concentration can remain in the qm-PERC solar cell base also
after the lighter solar cell emitter formation. To evaluate whether the
degradation observed in the qm-Si lifetime samples and the qm-PERCs
originate from the same LID mechanism, it is relevant to compare the
lateral degradation patterns and the timescale of LID in these two cases.
Importantly, as mentioned above, the μPCD maps of the qm-Si lifetime
sample wafers (see Fig. 4.5) had similar type of degradation patterns as
the PL maps of the qm-PERCs (see Fig. 4.3), with strong degradation on
heavily defected areas such as sub-grain boundaries, which deviates from
the laterally uniform degradation of LeTID. Additionally, the fast initial
part of LID in the qm-PERCs in Fig. 4.2, which was notably faster than
the earlier LeTID observations, can be interpreted to show resemblance to
the fast-timescale degradation of Sponge-LID, and consequently to Cu-LID
detected in the qm-Si lifetime sample wafers (see Fig. 4.6). Hence, the fast
initial degradation of the qm-PERCs likely derives from Cu-LID, which
probably amounts to up to several % relative degradation. This is followed
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by a slower stage and regeneration that can be associated with the LeTID
defect. These degradation characteristics can be considered ﬁngerprints
of Cu-LID in solar cells, which may be useful for example in detecting Cu
contamination on industrial manufacture lines.
It is noteworthy that due to the similarity of the above-described degradation properties between Cu-LID and earlier reports of Sponge-LID (i.e.
similar timescales of degradation, laterally heavy degradation patterns on
defected areas, and the annealing behavior at 200 ◦ C), a clear distinction
between these two mechanisms cannot currently be made. This raises a
question whether Cu-LID and Sponge-LID could originate from the same
root cause, which could be studied further for example through performing a lifetime spectroscopic analysis [132] of the Sponge-LID defect, and
comparing the resulting defect parameters with those earlier determined
for Cu-LID [20]. Before this hypothesis is conﬁrmed or clearer differences
between Cu-LID and Sponge-LID are recognized, there is a risk of a faulty
identiﬁcation that may lead to incorrect methods of defect mitigation if
these mechanisms ultimately turn out to be caused by two different defects.

4.1.4 Origin of impurity Cu
Based on the above-presented analysis, Cu-LID seems to be capable of
causing notable degradation of the energy conversion efﬁciency in industrial qm-PERC solar cells. Due to laterally uneven patterns observed in
μPCD maps of the qm-Si lifetime samples both before and after LID, seen
as gradual lateral gradients across the wafers in the line scans of Fig. 4.5
and Fig. 4 in Publication I, it was considered likely that the Cu impurity
originates from surface contamination. This is supported by a high Cu
concentration between 5 × 1013 cm-2 and 2 × 1014 cm-2 measured on the
wafer surfaces using the total X-ray ﬂuorescence (TXRF) method after the
wafer slicing stage and SDR. Hence, the probable origin of Cu-LID both
in the lifetime sample wafers and the qm-PERCs is Cu contamination by
brass wires of the saw used for wafer slicing.
It is noteworthy that the measured surface Cu concentration did not
signiﬁcantly differ between material types (Cz-Si vs. qm-Si). This raises a
question that why Cu-LID was not visible in PERCs and lifetime samples
made of Cz-Si. The reason may be related either to a higher recombination
activity of Cu-LID in the qm-Si material, or a lower gettering efﬁciency
associated with qm-Si. The ﬁrst-mentioned hypothesis is investigated
further in the following section (4.1.5) through a comparison of Cu-LID-

50

Results and discussion

N* (s-1)

105

qm-Si

104
Cz-Si

103

10-2 10-1

100

Pearson correlation
coefficient = 0.71

101 102 103
EPD (cm -2)

104

105

Figure 4.7. Normalized defect concentration, N ∗ , of Cu-LID as a function EPD as determined from intentionally Cu contaminated ([Cu] ≈ 2.5 × 1014 cm-3 ) Cz-Si and
qm-Si lifetime sample wafers. The qm-Si data was ﬁtted with a power function
that shows clear positive correlation between N ∗ and EPD. Reprinted with
permission from H. Vahlman, M. Wagner, F. Wolny, A. Krause, H. Laine, A.
Inglese, M. Yli-Koski, and H. Savin, Phys. Status Solidi A 214(7):1700321,
2017. Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA.

related recombination activity between the Cz-Si and the qm-Si materials.

4.1.5

Correlation between Cu-related light-induced
degradation and dislocation density

To investigate the difference in the Cu-LID-related lifetime response that
was observed between the qm-Si and the Cz-Si materials both in the case of
PERC solar cells shown in Fig. 4.1 and lifetime samples of Fig. 4.4, intentionally Cu contaminated lifetime sample wafers were investigated with
a hypothesis that dislocations present in qm-Si but not in Cz-Si increase
the recombination activity of Cu-LID. The intentional contamination level
was selected sufﬁcient to cover the pre-existing LID, resulting in an approximately similar bulk Cu concentration of 2.5 × 1014 cm-3 in both wafer
types. With this contamination level, the resulting Cu-LID-limited postillumination ﬁnal lifetimes were ∼5 μs and ∼60 μs (at Δne = 0.1 × Na )
in the qm-Si and the Cz-Si wafers, respectively. Consequently, lifetime
maps before and after LID measured with the μPCD method were matched
with an image processing algorithm, and maps of the normalized defect
concentration, N ∗ , were calculated. This was followed by a similar matching of the N ∗ map with etch pit density (EPD) maps obtained through
Wright–Jenkins etching [26] of sister wafers to the Cu contaminated ones
and consequent counting of the etch-pit density. This approach allows
correlating a measure of the recombination activity, N ∗ , with a measure of
the dislocation density, EPD, in both material types.
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The results of the above-described analysis are shown in Fig. 4.7. Note
that the EPD of the Cz-Si wafers resides below the detection limit of EPD
counting (i.e. 10-2 cm-2 ), and hence N ∗ is plotted against the detection limit
in this case. A power function was ﬁtted to the qm-Si data to illustrate
the clear positive correlation that was observed between the recombination activity of Cu-LID and the dislocation density. This means that the
negative effects of Cu-LID in the solar cell substrate materials increase
with the concentration of dislocations. Hence, it is plausible that the reason why no Cu-LID was observed in the Cz-PERCs while the qm-PERCs
can suffer from notable Cu-related lifetime degradation is related to the
density of dislocations and its effect on the ﬁnal recombination activity of
Cu-LID. The physical mechanism that causes the increase in the recombination activity on increasing low-energy nucleation site (e.g. dislocation)
density is likely related to a decreased energy requirement of precipitate
nucleation on the low-energy sites that the dislocations provide. This
topic is discussed further in Sec. 4.2.7. Although there seems to be clear
differences in the recombination activity of Cu-LID between the qm-Si
and the Cz-Si materials that may at least partially explain the different
behavior of this defect mechanism at the PERC solar cell level, it cannot be
excluded that part of the solar cell-level difference could also be explained
by an earlier reported reduction of the gettering efﬁciency due to bulk
dislocations [111, 112, 133, 134].

4.2

Characterization and modeling of Cu-related light-induced
degradation at minority carrier lifetime level

The above sections discussed the effects and identiﬁcation of Cu-LID at
the solar cell level. In the remaining sections of the thesis, the focus is
shifted to the characterization and modeling of Cu-LID at the minority
carrier lifetime level. The aim is to improve the basic understanding of
Cu-LID by obtaining evidence for the precipitation theory presented above
in Secs. 2.6.3–2.6.5, and to gain insights into the related fundamental
physics especially from the viewpoint of how and why different material
and environmental parameters (e.g. the dislocation density) affect the ﬁnal
recombination activity of Cu-LID.

52

Results and discussion

Built-in voltage ΨSn (left axis)
Kinetic growth factor kin (right axis)

10-6

0.3

0.2

10-8
10-9

0.1

kin (cm)

ΨSn (V)

10-7

10-10
0.0
106

108

1010

1012

1014

10-11
1016

Electron concentration (cm -3)
Figure 4.8. Built-in voltage of Cu precipitates based on the Schottky junction model (left
axis) and kinetic growth factor based on Eq. (2.20) (right axis) as a function of
electron concentration (i.e. minority charge carrier concentration) in p-type
Si doped with [B] = 4.1 × 1015 cm-3 at RT. Reproduced from H. Vahlman, A.
Haarahiltunen, W. Kwapil, J. Schön, A. Inglese, and H. Savin, J. Appl. Phys.
121(19):195703, 2017, with the permission of AIP Publishing.

4.2.1

Excess carrier concentration dependence of precipitation
kinetics

In order to understand why the Cu-related degradation is observed only
under illumination in p-type Si, it is useful to examine the effect of excess
electron concentration on the precipitation kinetics-related equations derived in Publication II (and revised in Sec. 2.6.4). Dependence of the Cu
precipitate-related built-in voltage on minority charge carrier concentration was quantitatively evaluated in Publication II based on the Schottky
junction model using model parameters corresponding to small (1 nm)
Cu3 Si precipitates in p-type Si (ΦBn = 0.59 eV [135]) doped with [B] =
4.1 × 1015 cm-3 at RT. The results, shown in Fig. 4.8, indicate that in thermal equilibrium, corresponding to an electron concentration (i.e. minority
charge carrier concentration) of ≈ 2 × 104 cm-3 , the built-in voltage is high,
greater than 0.3 V. On the other hand, at high electron concentration,
for example at Δne ∼ 5 × 1015 cm-3 , corresponding to the situation under
1 sun in a polished 400 μm thick wafer, the built-in voltage approaches
zero. Consequently, as illustrated on the right-side axis of Fig. 4.8, these
changes in the electrostatics of the precipitates can induce a ﬁve orders of
magnitude increase in the kinetic growth factor of Eq. (2.20) that quantiﬁes the precipitation kinetics (full details of the assuptions made in these
calculations are described in Sec. IV A of Publication II). This kinetic
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effect is the likely root cause for the minority carrier lifetime degradation
observed in Cu contaminated p-type Si wafers under illumination.

4.2.2 Cu-related light-induced degradation-limited minority
carrier lifetime evolution under illumination and in the
dark
Cu-LID was simulated in Publication III using the model derived in Publication II (summarized in Secs. 2.6.3–2.6.5 of the thesis), and compared
against experimental data. The preparation of the experimental lifetime
sample wafers is described in detail in Sec. II A of Publication III. In short,
p-type Si wafers were thermally oxidized, intentionally Cu contaminated,
and deposited with a positive corona charge to improve ﬁeld-effect surface
passivation. As described in Sec. III A of Publication III, it was considered
reasonable to assume that practically all Cu is in the interstitially dissolved state before illumination, and that unintentional Fe contamination
has a negligible effect on the results. As the model contains free parameters whose values are not measurable experimentally, namely the free
energy change per precipitate volume (ΔGS ), interface energy (γ), and the
kinetic activation barrier (ΔGact ), the values of these quantities were considered ﬁt parameters with good overall agreement between simulations
and experiments when ΔGS = 0, γ = 6.15 × 10−5 J cm-2 and ΔGact = 0.
The physical signiﬁcance of these quantities is discussed further below in
Secs. 4.2.6 and 4.2.7.
Fig. 4.9 illustrates the simulation results obtained with the above energetic parameters, as compared to experimental minority carrier lifetime
data (at Δne = 0.1 × Na ). The experimental data in Fig. 4.9 consists of a
non-contaminated reference Cz-Si wafer (3.4 Ωcm), and a Cu contaminated
but otherwise similar Cz-Si wafer with approximate [Cu] = 1 × 1014 cm-3
init ), both illuminated under 0.65 sun at RT. The green solid
(denoted as CCu
i

curve corresponds to the simulated effective lifetime, while the gray and
yellow dashed lines signify the simulated lifetime limited by the BO defect
(calculated using an SRH parametrization as described in Sec. II B of
Publication III) and the Cu precipitate-limited lifetime (calculated based
on the Schottky junction model), respectively. Comparing these curves, it
is evident that while during the ﬁrst few minutes the effective lifetime is
mainly limited by the FRC stage of the BO defect, after the initial period
the lifetime is practically exclusively limited by the Cu precipitates. Overall, the simulated effective lifetime is in agreement with experiments with
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Figure 4.9. Experimental and simulated minority carrier lifetime (at Δne = 0.1 × Na ) as a
function of illumination time both under 0.65 sun illumination and in the dark
at RT. Also shown are the Cu precipitate-limited lifetime (the yellow dashed
line) and the BO defect-limited lifetimes based on both a non-contaminated
reference wafer (the gray circles) and the SRH parametrization (the gray
dashed line, see Sec. II B of Publication III for details). Reproduced from H.
Vahlman, A. Haarahiltunen, W. Kwapil, J. Schön, A. Inglese, and H. Savin, J.
Appl. Phys. 121(19):195704, 2017, with the permission of AIP Publishing.

approximately similar degradation rate and ﬁnal lifetime.
Also illustrated in Fig. 4.9 is the simulated precipitation behavior in the
dark. As expected based on the ﬁve orders of magnitude difference in the
value of the kinetic growth factor between darkness and 1 sun illumination
(see Fig. 4.8), precipitation in the dark is very slow, and no reduction
from the initial background lifetime is observed within the examined time
period. This type of dark behavior is in agreement with experimental
observations of Cu contaminated samples stored in the dark (see Sec. III A
of Publication III for further details on both experimental and simulated
behavior in the dark).

4.2.3

Comparison of simulated and experimental minority
carrier lifetime with different material parameters and in
various environmental conditions

In addition to comparing the simulated and experimental LID behavior
under a single intensity illumination and in the dark, the response of the
model to varying environmental and material parameters such as changes
in the Cu concentration and the doping level, the temperature, and the
illumination intensity was tested in Publication III. As examples, Figs.
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Figure 4.10. Experimental and simulated minority carrier lifetime (at Δne = 0.1 × Na )
of 3.4 Ωcm Cz-Si (low-res Cz) intentionally contaminated with two different Cu concentrations (0.5 × 1014 cm-3 and 1 × 1014 cm-3 ) as a function of
illumination time under 1 sun at RT. The gray dashed line corresponds to
BO-LID according to the SRH parametrization (See Sec. II B of Publication
III). The experimental data is from Ref. [16]. Reproduced from H. Vahlman,
A. Haarahiltunen, W. Kwapil, J. Schön, A. Inglese, and H. Savin, J. Appl.
Phys. 121(19):195704, 2017, with the permission of AIP Publishing.
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Figure 4.11. Experimental and simulated minority carrier lifetime (at Δne = 3 × 1014
cm-3 ) of 3.4 Ωcm Cz-Si (low-res Cz) intentionally contaminated with [Cu] =
1 × 1014 cm-3 as a function of illumination time under 0.5 sun at two different
temperatures, RT and 120 ◦ C (ALID). The gray and the brown dashed lines
correspond to BO-LID according to the SRH parametrization (See Sec. II
B of Publication III). The experimental data is from Ref. [19]. Reproduced
from H. Vahlman, A. Haarahiltunen, W. Kwapil, J. Schön, A. Inglese, and
H. Savin, J. Appl. Phys. 121(19):195704, 2017, with the permission of AIP
Publishing.
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Figure 4.12. Experimental and simulated minority carrier lifetime (at Δne = 0.1 × Na )
of intentionally Cu contaminated Si wafers with two different resistivities,
3.4 Ωcm (low-res Cz) and 1 Ωcm (low-res FZ), as a function of illumination
time under 0.65 sun at RT. Note that the Cu contamination concentrations
were 1 × 1014 cm-3 and 1.6 × 1014 cm-3 for low-res Cz and low-res FZ, respectively. Reproduced from H. Vahlman, A. Haarahiltunen, W. Kwapil, J. Schön,
A. Inglese, and H. Savin, J. Appl. Phys. 121(19):195704, 2017, with the
permission of AIP Publishing.

4.10, 4.11, and 4.12 show the experimental and the simulated minority
carrier lifetime (at Δne = 0.1 × Na ) at two different Cu concentrations,
two different temperatures, and two different doping concentrations (resistivities), respectively. Details of the experimental samples are marked
in the ﬁgure captions, and more information can be found in Table I of
Publication III. Note in Fig. 4.11 that the sample denoted as ALID (an
abbreviation for accelerated LID) was degraded at an elevated temperature
of 120 ◦ C, and in Fig. 4.12 that the resistivity of the low-res FZ sample is 1
Ωcm that corresponds to a notably higher doping concentration than 3.4
Ωcm of the low-res Cz sample. It is important to note that these results
were obtained without changing the above set values of the energetic and
kinetic parameters ΔGS , γ, and ΔGact (see Sec. 4.2.2). The model was able
to reproduce the experimental trends of Figs. 4.10–4.12 at least in a qualitative manner. These include for example the increase of the degradation
rate when either the Cu concentration or the temperature is increased, or
doping concentration is decreased, and the decrease of the ﬁnal lifetime
upon increasing the Cu concentration and decreasing the doping level. The
physical basis of these experimental trends are discussed in Sec. IV of
Publication III, and revised below in Sec. 4.2.6 of the thesis.
To broaden the studied doping range, LID data of high-resistivity (highres, 22 Ωcm) Cz material from Ref. [16] was included among the studied

57

Results and discussion

Experimental
Low-res Cz
High-res Cz

Minority carrier lifetime (μs)

3500

Simulated
Low-res Cz,
High-res Cz,
High-res Cz,
High-res Cz,

γ = 0.615 × 10-4 J cm -2
γ = 0.615 × 10-4 J cm -2
γ = 0.720 × 10-4 J cm -2
BO & other non-Cu

50

3000

40

2500

30

2000

20
10

1500

0
1000

1000

10000

500
0
0.01

0.1

1

10

100

1000 10000

Illumination time (min)
Figure 4.13. Experimental and simulated minority carrier lifetime (at Δne = 0.1 × Na )
in high-res Cz (22 Ωcm) and low-res Cz (3.4 Ωcm) wafers as a function of
illumination time under 1 sun at RT. The experimental data is from Ref. [16].
Note that the Cu contamination concentrations were 1 × 1014 cm-3 and
0.76 × 1014 cm-3 for low-res Cz and high-res Cz, respectively. The gray dashed
line corresponds to BO-LID according to the SRH parametrization (See Sec.
II B of Publication III). Reproduced from H. Vahlman, A. Haarahiltunen, W.
Kwapil, J. Schön, A. Inglese, and H. Savin, J. Appl. Phys. 121(19):195704,
2017, with the permission of AIP Publishing.

experimental samples. However, in this case the sample behaved differently than expected based on the model, as illustrated in Fig. 4.13 by the
deviation between the experimental data denoted with the red pentagons
and the simulations described by the bright red dashed–dotted line. To
improve the agreement between the experiments and the simulation, it
was necessary to increase the value of the ﬁt parameter γ from 6.15 × 10−5
J cm-2 to 7.2 × 10−5 J cm-2 . With this increase, it was possible to reproduce
qualitatively (see the dark red dashed–double dotted line) both the unexpectedly low degradation rate and the higher than expected ﬁnal lifetime
that were observed in the experimental data. This result is discussed
further from the physical standpoint in Sec. 4.2.7.
As a further conﬁrmation for the validity of the Schottky junction model
in reproducing Cu-LID-related experimental data, Fig. 4.14 shows the simulated precipitate-limited, injection-dependent lifetime [τCu = τprec (Δne )]
in comparison to experimental injection-dependent lifetime data after CuLID in the case of the experiments and simulations of Figs. 4.9, 4.11,
and 4.12. Note that in the case of Fig. 4.14, the experimental effective
lifetime was corrected for other recombination mechanisms to correspond
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Figure 4.14. Simulated excess carrier concentration-dependent, precipitate-limited minority carrier lifetime after LID as compared to experimental excess carrier
concentration-dependent lifetime data that was corrected to exclude other
recombination mechanisms than the precipitates (as described in Sec. III
F of Publication III). Reproduced from H. Vahlman, A. Haarahiltunen, W.
Kwapil, J. Schön, A. Inglese, and H. Savin, J. Appl. Phys. 121(19):195704,
2017, with the permission of AIP Publishing.

to τprec (Δne ) as described in Sec. III F of Publication III. The simulated
lifetimes are close to the experimental lifetimes throughout the entire
measured injection range, and the overall shape of the simulated curves
are similar to the experimental ones. This result serves as an important
further evidence for the precipitation theory of Cu-LID.

4.2.4

Cu precipitate size after light-induced degradation

This section discusses the simulated precipitate size and density after
Cu-LID and the link that was observed between the ﬁnal lifetime and the
simulated precipitate size. In general, large precipitates in low density are
more benign for the minority carrier lifetime than smaller precipitates in
higher density due to the smaller total recombination-active precipitate–Si
interface area in the former case. Fig. 4.15 (a) illustrates the simulated
and the experimental effective minority carrier lifetime after Cu-LID (at
Δne = 0.1 × Na ), which is then compared to the simulated precipitate size
and density distribution after Cu-LID in Fig. 4.15 (b). This comparison
shows that the highest values of both experimental and simulated effective
lifetime can be associated with the largest precipitate size in the case of
the low-res FZ sample. This consistent trend can be seen in the case of
all the investigated samples: the lower the ﬁnal lifetime, the smaller the
simulated ﬁnal precipitate size after Cu-LID.
Analysis of Publication IV led essentially to the same conclusion regard-
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Figure 4.15. (a) Experimental and simulated ﬁnal lifetime of LID curves in ﬁgures 4.10–
4.12 (at Δne = 0.1 × Na ). (b) Simulated ﬁnal precipitate size and density
distribution after Cu-LID. Reproduced from H. Vahlman, A. Haarahiltunen,
W. Kwapil, J. Schön, A. Inglese, and H. Savin, J. Appl. Phys. 121(19):195704,
2017, with the permission of AIP Publishing.
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Figure 4.16. (a) Injection-dependent, precipitate-limited minority carrier lifetime according to the parametrization of the Schottky junction model (lines) after ﬁtting
to the experimental ﬁnal Cu-LID-limited lifetime data corrected for other
recombination mechanisms than Cu precipitates (symbols). (b) Above: Cu
precipitate density as a function of the precipitate radius assuming spherically shaped precipitates, a single dominant precipitate size, and a constant
total concentration of Cu. Below: The ﬁt error (χ2 ) as a function of the
precipitate radius. Reprinted with permission from A. Inglese, H. Vahlman,
W. Kwapil, J. Schön, and H. Savin, Phys. Status Solidi C 14(7):1700103, 2017.
Copyright 2017, Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 4.17. Experimental temperature-dependent minority carrier lifetime at a single
excess carrier concentration (Δne = 2 × 1014 cm-3 ) as compared to simulated
precipitate-limited lifetime calculated based on the Schottky junction model
using the ﬁtted precipitate size and density of Fig. 4.16. Reprinted with
permission from A. Inglese, H. Vahlman, W. Kwapil, J. Schön, and H. Savin,
Phys. Status Solidi C 14(7):1700103, 2017, Wiley-VCH Verlag GmbH & Co.
KGaA.

ing the link between the ﬁnal lifetime and the precipitate size as the results
of Fig. 4.15, although from a different angle. Instead of using full kinetic
simulations as above, the injection-dependent experimental lifetime after
Cu-LID was ﬁrst corrected for other recombination mechanisms than the
Cu precipitates (see Sec. 4.2 of Publication IV for details), and then ﬁtted
with the parametrization of the Schottky junction model (see Sec. 2.6.3) by
minimizing the chi-square (χ2 ) between the corrected experimental data
and the parametrized curve. The analysis was simpliﬁed by assuming a
single dominant precipitate size, which was varied while keeping the total
bulk Cu concentration constant through adjusting the precipitate density
accordingly. The results of this procedure are illustrated in Fig. 4.16. In
the order of increasing ﬁnal precipitate-limited lifetime, the precipitate
radii providing the best ﬁt are 4–5 nm in the case of the 3.4 Ωcm material
(low-res Cz) and slightly below 20 nm in the case of the 1.1 Ωcm material
(low-res FZ).

4.2.5 Temperature dependence of precipitate-limited minority
carrier lifetime
The above ﬁtting of the injection-dependent lifetime data is complemented
in Publication IV with a temperature-dependent analysis. The size and
density of the precipitates, obtained with the ﬁtting process to the injectiondependent experimental data of Fig. 4.16, was used in order to calculate the
precipitate-limited lifetime at different temperatures based on the Schot-
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tky junction model. Consequently, the calculated lifetime is compared
with temperature-dependent experimental data (corrected for other mechanisms to correspond to τCu = τprec ) at a single excess carrier concentration
of Δne = 2 × 1014 cm-3 . Fig. 4.17 shows the results of this comparison in
the case of the low-res Cz and the low-res FZ samples. The agreement
between the modeled and the corrected experimental lifetime data means
that the lifetime based on the ﬁtted size and density distribution is not
only consistent with respect to one variable, the excess carrier concentration, but also to another independent variable, i.e. the temperature. This
analysis further corroborates the validity of the Schottky junction model
in reproducing the Cu-LID-limited minority carrier lifetime.

4.2.6

Theoretical analysis of Cu-related light-induced
degradation based on modeling results

Due to the agreement between the modeled and the experimental minority
carrier lifetimes in Publication III (as summarized above in Secs. 4.2.2 and
4.2.3), it is plausible that the internal working principle and the assumptions of the Cu-LID model reﬂect at least reasonably the actual physical
phenomena that occur in the experimental samples during Cu-LID. Consequently, this section focuses on examining the internal mechanisms of the
model in an effort to improve the general understanding on the behavior of
Cu-LID when environmental and material parameters (e.g. Cu concentration, temperature, and doping) are varied, and therefore provide insights
into the physics of Cu-LID.
The nucleation stage is important in view of the total precipitate density.
Fig. 4.18 illustrates the simulated ﬁnal precipitate density after Cu-LID
in the different experimental samples of Sec. 4.2.3. The precipitate density
is plotted against the initial nucleation barrier height when all Cu is still
in the interstitial state, which can be calculated from the expression of
ΔGn in Eq. (2.13) using the above-mentioned ﬁtted energetic parameters
ΔGS and γ. This comparison reveals a clear trend of decreasing ﬁnal
precipitate density with increasing initial nucleation barrier (NB) height.
The correlation between the ﬁnal precipitate density and the initial NB
height is directly related to the energy required to form new nuclei as
discussed in Sec. 2.6.1. Factors that promote nucleation by decreasing the
nucleation barrier height include a high interstitial Cu concentration, a
low solubility, and a low excess Gibbs energy.
Fig. 4.19 illustrates the simulated rate of nucleation (the left axis) and

63

Results and discussion

Low-res FZ
14
Low-res Cz, Cinit
cm-3
Cui = 1.0 × 10
14
Low-res Cz, Cinit
cm-3
Cui = 0.5 × 10

Final precipitate density (cm-3)

High-res Cz, γ = 0.615 × 10-4 J cm-2
High-res Cz, γ = 0.720 × 10-4 J cm-2
Low-res Cz, ALID
1012

1011
1010

109
108

2

4

6
8
10
12
Initial nucleation barrier height (k BT)

14
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Figure 4.19. Left: Simulated nucleation rate of different experimental cases of Figs. 4.104.12 as a function of illumination time. Right: Precipitated fraction of Cu
atoms as a function of illumination time according to the simulations. Reproduced from H. Vahlman, A. Haarahiltunen, W. Kwapil, J. Schön, A. Inglese,
and H. Savin, J. Appl. Phys. 121(19):195704, 2017, with the permission of
AIP Publishing.
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the fraction of precipitated Cu (the right axis) in the case of simulations
shown in Figs. 4.10–4.12. Comparison to the corresponding LID curves
indicates that the rate of nucleation correlates with the degradation rate of
Cu-LID. Further, comparing with Fig. 4.18, it is evident that the nucleation
rate of Fig. 4.19 increases with decreasing NB height in the case of the
simulations at RT (i.e. the solid and the dashed curves). Consequently, it
was veriﬁed that the differences in the simulated degradation rate between
the samples measured at RT follow mostly from differences in the level of
supersaturation instead of e.g. differences in the diffusivity of interstitial
Cu (affected by the differing B doping concentrations between low-res Cz
and low-res FZ). On the other hand, the fast degradation of the sample
degraded at 120 ◦ C (i.e. ALID, illustrated by the dotted line) derives
almost exclusively from kinetic, diffusivity-related considerations since
the difference in the NB height between the ALID sample and the similar
sample degraded at RT is small (see Fig. 4.18), and there is a difference of
almost 40-fold in the interstitial Cu diffusivity between RT and 120◦ C.
As can be seen in Fig. 4.19, the rate of nucleation decreases steeply at a
certain point of the precipitation process in the case of all the sample types.
This derives from the fact that the nucleation barrier height increases
during the precipitation process due to consumption of Cu+
i by the growing
precipitates. After the nucleation ceases due to insufﬁcient level of supersaturation of Cu in the Si bulk, the precipitation process continues with
the growth of the existing nuclei. Hence, the nucleation stage determines
not only the precipitate density but also how large the precipitates will
eventually grow (see Sec. 4.2.4). As can be seen on the right axis of Fig.
4.19, the simulations predict a very low interstitial Cu concentration after
Cu-LID (at thermal equilibrium). To support this simulated result, experimental evidence for practically all Cu+
i ions disappearing from the Si bulk
during Cu-LID was obtained in Publication V through TID measurements.

4.2.7

Nucleation mode of Cu-related light-induced degradation

As discussed in Sec. 4.1.5, heterogeneous nucleation sites (e.g. dislocations
in Fig. 4.7) can have a signiﬁcant effect on the ﬁnal recombination activity
of Cu-LID. Therefore, it is likely that precipitation occurs heterogeneously
during Cu-LID at least when local sites with a low nucleation barrier
are available. In the qm-Si material studied in Sec. 4.1.5, these sites
were provided by the dislocations known to exist in considerable density.
However, in the case of the monocrystalline Cz-Si and FZ-Si materials used
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for the Cu-LID model veriﬁcation in Secs. 4.2.2 and 4.2.3, this question is
not as straightforward and is discussed in this section.
As described in Secs. 4.2.2 and 4.2.3, the best agreement between most of
the experimental data and simulations was obtained with energetic parameters ΔGS = 0 and γ = 6.15 × 10−5 J cm-2 . While the value of γ is physically
realistic (see Sec. IV E in Publication III), the value of ΔGS = 0 seems
to be in contradiction with the assumption of homogeneously nucleating
spherical precipitates that would be expected to result in notable strain
in the Si lattice. In this context, it is important to note that the spherical
precipitate shape reproduced the experimental lifetime data well, whereas
a plate-like shape that is favorable in terms of minimizing the lattice strain
would be expected to result in up to several orders of magnitude increase
in the recombination activity of the precipitates due to a greatly increased
precipitate–Si interface area [136,137]. Hence, based on the recombination
activity of the precipitates, the shape is likely closer to spherical than
plate-like. This calls into question the homogeneity of the precipitation
process in the monocrystalline materials of this work.
From the above standpoint, one can speculate the signiﬁcance of the
increase of γ that was required to simulate the LID curve of the high-res
Cz material in Fig. 4.13. The increase of γ increases the ΔGex term in
Eq. (2.13) and consequently the NB height (see Fig. 4.18). Generally,
the average energy requirement of nucleation (the NB height) is expected
to increase with a decreasing density of available low-energy nucleation
sites associated with lattice defects. Hence, it can be speculated that the
density of low-energy nucleation sites is lower in the high-res Cz material
than in the other sample types. This would lead to a decrease of both the
nucleation rate and the ﬁnal precipitate density, and explain both the lower
degradation rate and the higher ﬁnal lifetime observed in the high-res Cz
sample of Fig. 4.13 compared to expected values.
Based on the above considerations, it can be hypothesized that lowenergy nucleation sites, including for example oxygen precipitate–Si phase
boundaries and vacancies inﬂuence the precipitation process even in the
studied monocrystalline materials in which the nucleation sites are not
intentionally created. These nucleation sites can provide sinks for Si
self-interstitials whose emission may be required for the formation of
3D precipitates [102]. Therefore, the presence of extended defects would
help to minimize the strain energy opposing the nucleation and growth of
spherically shaped precipitates. Further support for this hypothesis could
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be obtained for example by defect etching and etch-pit density counting of
the above-studied monocrystalline Si sample types that did not go through
intentional process steps for increasing the density of nucleation sites in
the bulk.

4.2.8

Low-temperature dark annealing behavior after
Cu-related light-induced degradation

Regeneration and recovery treatments of both BO-LID and LeTID often
involve low-temperature anneal steps at ∼120–320 ◦ C [68, 70, 130]. As
demonstrated in Publication I and Sec. 4.1, also the Cu-LID defect may
be present at the same time as the other LID mechanisms, as one of
the defects that limit the solar cell efﬁciency. Hence, it is important to
understand the behavior of Cu-LID during the low-temperature annealing
treatments. In an earlier work, partial recovery of Cu-LID-limited lifetime
was reported after few minutes of annealing at 200 ◦ C [19]. In Publication
V of this thesis, the annealing exposure was prolonged with surprising
results.
The samples used in the annealing study of Publication V consist of
similar type of intentionally Cu contaminated low-res Cz and low-res
FZ materials as studied in Publications III and IV, and revised in the
above sections (4.2.2–4.2.6). As a short revision of the sample processing
and the measurement procedure (described in detail in Publication V),
thermally oxidized and intentionally Cu contaminated wafers, deposited
with a surface corona charge to improve ﬁeld-effect passivation of the
surface, were ﬁrst illuminated until full activation of the Cu-LID defect
and saturation of the minority carrier lifetime. These wafers were then
subjected to annealing at 200 ◦ C over varying time intervals, each of which
was followed by determination of the minority carrier lifetime as measured
with the QSSPC method (at Δne = 0.1 × Na ). To compensate for a possible
annealing-induced loss of corona charge, the surfaces were recharged after
each anneal time period until saturation of the minority carrier lifetime.
Fig. 4.20 shows the results of the prolonged annealing treatment at
200 ◦ C. In part of the samples, a partial recovery effect, earlier reported
in Ref. [19], can be observed after few minutes of annealing. However,
with continued annealing, there is an unexpected turn to further degradation in all of the samples, which corresponds to up to six-fold increase in
recombination activity in comparison to the precipitate-limited recombination activity before the annealing, after Cu-LID. This annealing-induced
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Figure 4.20. Experimental minority carrier lifetime (at Δne = 0.1 × Na ) during a post-LID
annealing treatment at 200 ◦ C in the dark. Note that the intentional Cu
contamination concentrations of the studied samples are visible in the legend.
Reprinted from H. Vahlman, A. Haarahiltunen, W. Kwapil, J. Schön, M.
Yli-Koski, A. Inglese, C. Modanese, and H. Savin, Energy Procedia 124:188–
196, 2017. Copyright 2017, The Authors. Published by Elsevier Ltd. This
material is reproduced under a Creative Commons Attribution (CC BY-NCND) License.

degradation was observed to occur after varying annealing times from few
minutes to several hundreds of minutes in the different samples. It is noteworthy that similarly surface passivated but non-contaminated reference
wafers did not exhibit analogous degradation effects during the annealing.
Further degradation after Cu-LID is particularly intriguing due to the
fact that, based on both simulations (see Sec. 4.2.6) and experimental
TID data (see Fig. 4 in Publication V), there should be practically no Cu+
i
left in the Si bulk after Cu-LID. It is noteworthy that after the abovementioned short-term recovery and the annealing-induced degradation
stage, a further long-term recovery stage emerged, which resulted in a very
slow increase of the lifetime beyond thousands of minutes of annealing, as
illustrated with an inset in Fig. 4.20.
Since surface corona charge was compensated after each of the annealing
periods, and because the above-mentioned non-contaminated reference
wafers retained a lifetime on the order of hundreds of μs under similar
conditions, loss of surface corona charge during the annealing is unlikely
to explain the observed phenomena. To further investigate whether the
degradation upon annealing could follow from degradation or breakage of
the surface oxide, density of interface traps (Dit ) was measured through
the contactless corona–voltage (C–V) method [30] both from Cu contami-
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Figure 4.21. Comparison of simulated and experimental minority carrier lifetimes (at
Δne = 0.1 × Na ) during a prolonged annealing at 200 ◦ C. Reprinted from H.
Vahlman, A. Haarahiltunen, W. Kwapil, J. Schön, M. Yli-Koski, A. Inglese,
C. Modanese, and H. Savin, Energy Procedia 124:188–196, 2017. Copyright
2017, The Authors. Published by Elsevier Ltd. This material is reproduced
under a Creative Commons Attribution (CC BY-NC-ND) License.

nated and non-contaminated reference wafers before and after annealing,
extending the measurements to both sides of the wafers. However, based
on the results illustrated in Publication V, surface passivation degradation
could be ruled out as the cause for the annealing-induced degradation
phenomenon.
Since the precipitation simulations shown in Secs. 4.2.2 and 4.2.3 resulted in good agreement with experimental data under illumination, it
was considered relevant to compare the model with simulations also in
the case of the annealing treatment. However, the simulations predicted
neither the short-term recovery nor the annealing-induced degradation
stage. On the other hand, as illustrated in Fig. 4.21, a long-term recovery
stage emerged that showed some similarity to the experiments (although
the simulated effect is considerably stronger). As described in more detail
in Sec. 3.3 of Publication V, the simulated long-term recovery follows from
a growth tendency of the precipitates at the elevated temperature of 200 ◦ C.
Hence, the slight improvement of the experimental lifetime upon prolonged
annealing may be related to slow growth of the average precipitate size at
the elevated temperature.
It is noteworthy that the annealing-induced degradation may cause
signiﬁcant further deterioration in the electrical properties of Cu contaminated devices if subjected to elevated temperatures such as commonly
applied during e.g. recovery and regeneration treatments of solar cells.
Although the previous sections of this thesis exhibited strong evidence
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for the precipitation theory of Cu-LID, the simulations were unable to
reproduce the annealing-induced degradation, and hence this phenomenon
seems to be particularly difﬁcult to explain based upon the framework
of the precipitation theory. In addition, no residual interstitial Cu was
found after Cu-LID, and the further degradation was not explainable by
an increase in surface recombination. Hence, at this point it can only be
speculated whether morphological changes or changes in the precipitate–
Si interface which the Cu-LID model does not take into account could
occur at 200 ◦ C, and consequently increase the precipitate-related recombination activity. Alternatively, the annealing-induced degradation may
derive from other defects that are not directly related to the precipitates,
such as the earlier reported dissociation of a four atom Cu complex and
subsequent formation of recombination-active substitutional Cu during
annealing at temperatures greater than 150 ◦ C [91, 98]. This hypothesis
could be investigated further by searching for signs of Cus through DLTS.
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5.1

Summary of results

The ﬁrst part of the thesis consists of an investigation of light-induced
degradation (LID) observed in industrial solar cells made from quasimonocrystalline silicon (qm-Si) in the passivated emitter and rear contact
(PERC) architecture. The degradation characteristics, including the degradation rate, lateral degradation patterns, and the regeneration rate, were
compared to other sources of LID earlier reported in silicon solar cells. The
LID in the qm-PERC was interpreted to be notably faster than earlier
reported for light- and elevated temperature-induced degradation (LeTID)
in solar cells degraded under similar conditions. In addition, heavy degradation patterns appeared on areas associated with extended defects such
as sub-grain boundaries, which is similar to earlier reports of Sponge-LID,
and differs from laterally uniform degradation associated with LeTID.
Due to low oxygen concentration measured in the qm-Si material, the
well-known boron–oxygen (BO) defect was excluded as a notable source of
LID. These results are surprising since other potential sources of LID, i.e.
Sponge-LID and Cu-LID, have not been previously reported in PERC solar
cells.
The analysis of the LID mechanisms was continued with lifetime samples
fabricated from qm-Si wafers (i.e. the base material of the qm-Si PERCs),
which were subjected to hydrogen-free surface passivation (no LeTID
expected) and gettering. The degradation rate of LID in the lifetime
samples was fast, and showed similarity to that earlier reported for SpongeLID. In addition, the lifetime samples had heavy degradation patterns on
top of extended defects that showed considerable similarity to the patterns
observed in the qm-Si PERCs. Importantly, LID in the lifetime samples
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showed characteristic signs of copper-related light-induced degradation
(Cu-LID), that is, it was fully preventable by negative surface corona
charge deposition, and showed only minor recovery during low-temperature
annealing at 200◦ C for 10 min. Hence, it was considered likely that at
least a notable portion of the fast initial part of the qm-PERC LID can
be explained by Cu-LID, whereas the slower ﬁnal part is most likely
due to LeTID. Therefore, Cu-LID seems to be capable of causing notable
degradation in the studied device type.
Based on laterally uneven, gradual degradation patterns in the qm-Si
lifetime samples and PERCs, and total X-ray ﬂuorescence (TXRF) measurements of the wafer surface impurity Cu concentrations after saw damage
removal, the probable origin of Cu contamination was traced to the commonly used process step of slurry-based wafer dicing. A clear positive
correlation was found between the strength of Cu-LID and the density of
bulk dislocations, which supports the role of extended defects in increasing
the susceptibility of Si materials to Cu-LID, and may explain why PERC
solar cells made from Czochralski (Cz) Si substrates with low density of
extended defects did not exhibit characteristics that can be interpreted to
follow from Cu-LID.
To verify the hypothesis of precipitates constituting the root cause of
Cu-LID and to obtain insights into the physics of this defect mechanism,
the Cu-LID phenomenon was approached in the second part of the thesis
through simulations. A mathematical model, involving kinetic precipitation simulations and Schottky junction behavior of metallic precipitates in
Si, was constructed for reproducing the minority carrier lifetime evolution.
Time evolution of the simulated minority carrier lifetime was compared to
experimental minority carrier lifetime data, where considerable agreement
was found upon the variation of several independent parameters. These
include the Cu concentration, the temperature, the illumination intensity,
and the doping concentration. In addition, both the excess carrier concentration and the temperature dependence of the ﬁnal degraded lifetime
after Cu-LID were found to be consistent with the precipitation theory.
The internal mechanisms of the model were analysed to obtain insights
into the fundamental physics of Cu-LID. Both the temperature and the illumination intensity dependence of Cu-LID were found to derive mostly from
kinetic reasons, the former from the increased diffusivity of Cu+
i at an elevated temperature, and the latter from a decrease in the Schottky junction
built-in voltage between the Cu precipitates and the Si lattice when the
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intensity is increased. These kinetic factors affect almost exclusively the
degradation rate, and are not expect to have a great inﬂuence on the ﬁnal
precipitate size and density distribution or the strength of Cu-LID. On the
other hand, a decrease in the Cu concentration or an increase in the doping
concentration leads to a reduced nucleation driving force (supersaturation),
which results in a decrease in the precipitate density, and consequently
the precipitate size increases. This means that the strength of Cu-LID can
be mitigated both by decreasing the Cu concentration and increasing the
doping concentration, provided that the density of nucleation sites for Cu
precipitation in the Si bulk is unaffected by these changes. The simulated
ﬁnal precipitate size was found to vary from few nanometers to few tens
of nanometers, and in theory depends notably on the doping level and the
in-diffused Cu concentration.
Although most of the experimental results were well reproduced, LID in
high resistivity Cz-Si could not be replicated without increasing the value
of the precipitate–Si interface energy, γ, functioning as a ﬁt parameter
in the model. This increase effectively increased the nucleation barrier
height, leading in the simulations to a reduced density and a larger average
size of the Cu precipitates. Consequently, the degradation rate decreased
and the ﬁnal Cu-LID-limited minority carrier lifetime increased. The
physical origin of the decrease in the precipitate density was speculated
to follow from a lower density of heterogeneous nucleation sites in the
high resistivity Cz-Si material than in the other studied sample types.
This implies that Cu-LID proceeds through the process of heterogeneous
precipitation even in monocrystalline Si materials in which preferential
nucleation sites have not been intentionally created, and these sites can
therefore be considered fundamental for the occurrence and strength of
Cu-LID.
Low-temperature annealing treatments are commonly used in the recovery and regeneration treatments of solar cells in LID-related studies
and in the industry. Due to the possible simultaneous presence of Cu-LID
with other LID defects, it is relevant to obtain additional information on
the behavior of the Cu-LID defect during this type of anneals. Hence, lowtemperature annealing of intentionally Cu contaminated lifetime samples
was studied after full formation of the Cu-LID defect under illumination.
Surprisingly, further degradation of the minority carrier lifetime occurred
during annealing at 200 ◦ C, which was not explainable either by residual
interstitial Cu or surface passivation degradation.
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5.2

Impact and future outlook

The methodology of the ﬁrst part of this work can be seen to constitute a
case study of distinguishing different LID mechanisms at the solar cell
level. The presented results may help in the recognition of Cu-related
contamination problems on device manufacturing lines, especially if there
are several sources of light-induced degradation simultaneously present in
the same device (e.g. solar cells).
As the main Cu contamination source of the PERC solar cells of this
work was traced to slurry-based wafer slicing, acceleration of the ongoing
transition to diamond wires may partially or completely remove problems
related to Cu-LID. However, this transition may also bring other contamination problems involving e.g. Ni. Therefore, improving and maintaining
the efﬁciency of surface cleaning steps and the purity of manufacturing
facilities is vital in mitigating the effects of transition metal impurities in
silicon devices.
Similarities observed in degradation characteristics between Cu-LID
and Sponge-LID, including similar order of magnitude degradation rates,
laterally uneven degradation patterns, and only minor recovery upon lowtemperature annealing at 200◦ C for 10 min, imply a possibility that these
mechanisms may derive from the same root cause. This hypothesis could
be investigated further by a more comprehensive and statistically relevant
comparison of the properties of these defects upon changing environmental
conditions (e.g. illumination intensity and temperature), determination
of the activation energy of the Sponge-LID defect and comparison to that
earlier reported of Cu-LID, or for example by using minority carrier lifetime
spectroscopy.
According to the results of the second part of this work, minimizing
the density of lattice defects by using materials with high crystalline
quality helps in mitigating the negative effects of Cu-LID. However, using
substrates with high crystalline quality is usually more expensive than
using lower quality substrates, and the possible device yield beneﬁts should
therefore be analyzed against additional costs case be case. In addition,
the theoretical result of the Cu-LID mitigating effect of an increased
doping concentration implies that devices suffering from Cu-LID could
beneﬁt from modiﬁcations to the base doping concentration. However,
this approach may also change for example dopant-defect interactions (e.g.
increased BO-LID) and optimal emitter conﬁguration, and therefore all
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of the effects of increased base doping concentration should be evaluated
against potential beneﬁts in mitigating Cu-LID before any alterations are
made.
The observed notable drop in the Cu-LID-limited minority carrier lifetime
upon annealing at 200 ◦ C means that further degradation after illumination may occur in accidentally Cu contaminated devices if subjected to
a recovery anneal. On the other hand, this characteristic may function
as an additional method of distinction of Cu-LID on device manufacture
lines since this kind of behavior has not been reported in conjunction with
any other LID mechanism. Additional deep-level transient spectroscopy
(DLTS) experiments might provide further information on a possible increase in recombination active substitutional Cu concentration during the
low-temperature annealing treatment.
Although insights into the Cu-LID defect were obtained in this work,
further research is required to conclusively verify its nature and morphology. Experimental veriﬁcation of the simulated Cu-LID-related precipitate
shape and radius of this work would require direct observations with microscopic methods, made challenging by the probable small, nanometer-scale
size of the precipitates.
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