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?I can live with doubt and uncertainty and not knowing. I think it is much more inter-

esting to live not knowing than to have answers that might be wrong.”

Richard P. Feynman (1918-1988)
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Kurzzusammenfassung

In dieser Arbeit werden Bor- und Sauerstoff-korrelierte Defektzentren (BO-Defekte) in
sauerstoffreichem, bordotiertem Silicium untersucht, das nach dem Czochralski-Verfahren
hergestellt wurde. Im Fokus stehen die Bildung und die Deaktivierung der Defekte.

Es zeigt sich, dass die maximale Defektkonzentration weder von den Kristallwachstums-
bedingungen noch von den vorherrschenden Punktdefekten (Leerstellen / Eigenzwischen-
gitteratome) innerhalb des Siliciums abhéngt. Stattdessen ist die Kiihlkurve nach dem
letzten Hochtemperaturschritt fiir die Defektkonzentration von entscheidender Bedeu-
tung. Temperaturbehandlungen zwischen 200°C und 300 °C fithren zu einer Anderung
der maximalen Defektkonzentration bis zu einem temperaturabhéngigen Sattigungswert.
Unter der Annahme einer mobilen Spezies im Volumen des Siliciums kann dieser Effekt
als eine Ausgleichsreaktion aufgefasst werden. Dabei kann die Spezies sich an zwei un-
terschiedliche Senken anlagern. Mit einer Senke bildet sie den rekombinationsaktiven
BO-Defekt. Die andere Senke zeigt nur sehr schwache Rekombinationseigenschaften.
Zusétzlich wurden in dieser Arbeit Einflussgrofien auf den Deaktivierungsprozess unter-
sucht. Auch hier zeigt sich, dass der letzte Hochtemperaturschritt entscheidend fiir die
Deaktivierungskinetik ist: Es wurde ein linearer Zusammenhang zwischen der Abkiihlrate
bei 600°C und der Deaktivierungsrate beobachtet. Der Einfluss von Wasserstoff auf
die Deaktivierungskinetik ist hingegen nicht signifikant. Diese Beobachtungen kénnen
innerhalb des oben erwihnten Modells einer mobilen Spezies mit zwei Senken so er-
klart werden, dass sich der rekombinationsaktive BO-Defekt bei erhchter Temperatur
in Gegenwart von freien Ladungstrégern aufspaltet. Die freiwerdende mobile Spezies
lagert sich dann an die nicht-rekombinationsaktive Senke an. Wird nun eine schnelle
Abkiihlrate mit einer Deaktivierungstemperatur von 230 °C und einer Beleuchtungsin-
tensitiit von knapp 250 mW /cm? kombiniert, so lduft der gesamte Deaktivierungsprozess
innerhalb von 10 Sekunden ab, was die industrielle Relevanz unterstreicht.
Lebensdaueruntersuchungen an verschiedenen Materialien nach Deaktivierung des BO-
Defekts lieferten im Vergleich zu fritheren Untersuchungen deutlich héhere Lebensdau-
ern. Daher wurde eine Parametrisierung dieser Lebensdauern abhéngig von der Do-
tierkonzentration und des Injektionsniveaus durchgefiihrt. Unter Beriicksichtigung der
neuen Parametrisierung zeigen 2D-Solarzellsimulationen, dass Wirkungsgrade von bis
zu 23.4% mit der heutigen Prozesstechnologie fiir passivierte Emitter- und Riickseiten
(PERC) Solarzellen mit selektivem Emitter moglich sind.

Bei Stabilitatsuntersuchungen zeigte sich, dass nach Deaktivierung des Defektkomplexes
auch nach anschliefender Beleuchtung fiir 1000 h bei Raumtemperatur, Lebensdauern im
Bereich von 1 ms auf 12 cm-Material moglich sind. Bauelementsimulationen bestétigen,
dass diese geringe Degradation den Wirkungsgrad heutiger PERC-Zellen nicht beein-
flusst.



Abstract

This work investigates boron-oxygen-related (BO) defect centres in oxygen-rich, boron-
doped Czochralski-grown silicon with a focus on its formation and deactivation.

To identify the influence of different growth conditions, the formation of the BO defect
is studied on various crystals. No influence of the growth conditions and the predomi-
nant point defect type (vacancies/self-interstitials) on the defect concentration is found.
However, the defect concentration depends on the cooling curve after the last high-
temperature step. It is shown that a prolonged annealing at temperatures between
200°C and 300 °C changes the maximum defect concentration up to a temperature de-
pendent saturation value. This observation is explained within the framework of a recent
defect model via an equilibration process. It is assumed that a mobile species in the sili-
con bulk can bind to two different sinks. With one of the sinks the recombination-active
BO defect is formed. The other sink shows only negligible recombination properties.
In this work, different parameters that influence the deactivation process are studied.
Again, the last high-temperature treatment is proven to be of utmost importance for
the deactivation kinetics. The cooling rate at 600 °C determines the deactivation rate
constant. At this temperature, a linear correlation between the recovery rate constant
and the cooling rate is observed for various materials. This can be explained within the
same defect model assuming that under deactivation conditions the defect complex dis-
sociates and the remaining mobile species is captured by the non-recombination-active
sink. Hence, the overall defect concentration is reduced over the course of the deacti-
vation process and the carrier lifetime increases. Investigations regarding the necessity
of hydrogen for the deactivation process revealed no direct impact of hydrogen. Com-
bining a fast sample cooling with a recovery temperature of 230°C and a light intensity
of almost 250 mW /cm?, the deactivation process can proceed in a time frame of 10s,
which makes it industrially feasible.

After deactivating the BO complex in different materials, lifetimes significantly exceed-
ing previous results were obtained. Hence, a lifetime parameterization depending on
the doping concentration and the injection level was performed. Implementing these
lifetimes into 2D solar cell simulations, it is shown that a stable conversion efficiency
of passivated emitter and rear cells (PERC) with selective emitter reaching 23.4% is
achievable with today’s state-of-the-art process technologies.

The stability of the lifetime after deactivation of the BO complex was tested. At room
temperature the lifetime degrades under illumination only marginally over the course
of 1000 h. After this time span, lifetimes in the range of 1 ms were achieved on 1{)cm
material. Device simulations revealed that this minor degradation has no impact on

today’s PERC solar cell performance.
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Chapter 1

Introduction

Photovoltaics (PV) is a fast growing market. Between 2000 and 2015 the worldwide
compound annual growth rate (CAGR) of PV installations was 41%, reaching a cumu-
lative worldwide installed PV capacity of 242 GWp in 2015, according to the Fraunhofer
ISE: Photovoltaics Report [1]. In the same year, silicon-wafer-based PV technology ac-
counted for 93% of the total PV production [1]. Because of the predominant fraction
of Si-PV technology and as, additionally, the solar cell efficiencies in production are far
below the maximum efficiency of 29% [2], further improvements in this sector have a
great impact. Over the last years, Si-PV technology developed rapidly with regard to
device fabrication, i.e. improving individual processing steps like metallization or surface
passivation of the silicon solar cell, and, hence, the quality of the silicon base material

gained importance.

The demand for high-quality wafer material is presumably more easily met with mono-
crystalline silicon than with multi-crystalline silicon, as it features less crystallographic
defects and typically less metallic impurities. However, there is also one distinct draw-
back. For economical reasons, mono-crystalline silicon is typically grown via the Czochral-
ski process (Cz-Si). A characteristic of this process is the high concentration of oxygen
which is incorporated into the crystal during the growth. For microelectronic applica-
tions, where only the surface-near region of the wafer is used, the high oxygen concen-
tration is beneficial. For PV applications, which require a high quality of the entire
bulk, however, the high oxygen concentration can be detrimental. For example, when
boron is used as dopant, the bulk material quality, characterized by the carrier lifetime,
can be limited by the formation of a defect complex which forms in the silicon in the
presence of boron and oxygen. The detrimental properties of this boron-oxygen-related
defect complex were first observed more than 40 years ago by Fischer and Pschunder [3].

They observed a decrease in the output power of a silicon solar cell upon illumination



at room temperature. In the same study, they could attribute the power decrease to
a degradation of the bulk lifetime. For more than 30years, this property of the BO
defect limited the bulk lifetime in B-doped Cz-Si. However, in 2006, Herguth et al. [4]
observed that the performance of such a solar cell can be permanently recovered into its
initial state, if the cell is exposed to illumination at elevated temperature. Again, this

is due to an increase of the bulk lifetime.

In this thesis, the BO defect formation as well as its permanent deactivation, which is

accompanied by the permanent recovery of the lifetime, is investigated:

Chapter 2 presents two crystallization techniques to grow mono-crystalline silicon. As
real crystals deviate from the ideal crystal structure, the chapter focusses on common
defects, such as intrinsic point defects, oxygen-related defects and boron-oxygen-related
(BO) defects. A review of published work on the subject of BO-related defects is given.

The chapter concludes with a discussion of three different BO defect models.

In Chapter 3, a short introduction to the carrier lifetime in crystalline silicon and the
related recombination processes is given. In the second part of this chapter, two lifetime
measurement techniques which are mainly used within this thesis are presented, first a
photoconductance-based technique and second a technique which combines photocon-

ductance and photoluminescence measurements.

In Chapter 4, the defect formation of the BO defect is investigated in detail. In the
first part, the influence of the crystal growth conditions is studied on three differently
grown Cz crystals. Apart form differences along the crystal axis, i.e. seed end, centre
and tail end, also the lateral differences over the dimension of a wafer are studied. In
the second part, the equilibrium of the defect concentration at a defined temperature is
examined. The equilibrium is reached upon annealing the sample at intermediate tem-
peratures between 200 °C and 300 °C for several hours. The chapter concludes with an
investigation of lifetime limitations in oxygen-rich, phosphorus-doped silicon, which does
not suffer from the BO defect. Nevertheless, oxygen and its ability to form precipitates

can strongly influence the lifetime.

Chapter 5 is divided into three different subsections related to the permanent deacti-
vation of the BO defect. The first subsection focuses on the deactivation kinetics with
regard to the influence of rapid thermal annealing, the recovery temperature, and the
illumination intensity during recovery. Finally, all these findings are combined to real-
ize a very fast, industrially feasible deactivation process. In the second subsection, the
impact of hydrogen, introduced during sample processing, on the deactivation process
is investigated in a series of different experiments. The third part deals with achievable

lifetimes after a successful deactivation of the BO defect. A parameterization of the
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lifetime depending on the doping concentration and the injection density is presented.
Additionally, the influence on the performance of today’s state-of-the-art silicon solar

cells is analysed by 2D device simulations.

In Chapter 6, the stability of the lifetime after deactivation of the BO defect is studied.
First, the stability at room temperature and at elevated temperature is tested on lifetime
samples. In particular, the influence of the recovery temperature, the rapid thermal
annealing, the surface passivation type, and the base material are studied. The measured
lifetimes are then inserted into a device simulation to evaluate the impact on solar cell

level. Additionally, the stability of a real solar cell is tested.

In Chapter 7, the results of this thesis are summarized.






Chapter 2

Boron- and oxygen-related

defects in crystalline silicon

Within the microelectronics industry, very highly purified silicon wafers are the most
widely used starting point for the manufacturing of electronic devices. Unfortunately,
silicon is not found as a pure element or a single crystal in the Earth’s crust, but exists in
the form of silicon dioxide and other silicates. Therefore, an intensive refining is required
for the fabrication of high purity-silicon.

The so-called metallurgical silicon is commercially prepared within an electric arc fur-
nace and is at least 98 % pure. However, for microelectronic applications much higher
purities are needed. Traditionally, this purification is performed by applying the Siemens
process. This process includes the transformation of the silicon into a gaseous phase of
trichlorosilane which is followed by a CVD (chemical vapour deposition) process onto a
high purity silicon seed rod. The silicon produced via this process may feature a purity

of up t0 99.999999999 % (11N) which makes it suitable for microelectronic applications.

In another processing step, a silicon single crystal is grown from the polysilicon rod,
obtained from the Siemens process. Two different methods, the float-zone (FZ) as well
as the Czochralski (Cz) growth methods, exist which allow the fabrication of large single
crystals. In the following section, these two growth methods will be briefly discussed.

Additionally, common defects which are related to oxygen and boron will be summarized.



6 Crystallization techniques

2.1 Crystallization techniques

2.1.1 Float-zone silicon

The float-zone (FZ) crystal growth method is based on the zone-melting principle [5]. To
grow a single crystal, a polysilicon rod, obtained from the Siemens process, is mounted
vertically into a growth chamber which holds a vacuum if an un-doped crystal is grown
or an inert gas atmosphere with an admixture of doping gases such as phosphine (PHzs)
or diborane (BgHg) for n- or p-type doping, respectively. A needle-eye coil is used to
melt a narrow zone of the crystal which is moved along the rod. During the process, the
molten silicon solidifies into a single crystal with the predefined crystal orientation of the
bottom-seed crystal. Unlike the Czochralski growth method, the molten silicon has no
contact to other substances apart from the ambient gas, hence, FZ silicon can achieve a
much higher purity than Cz silicon. Especially the oxygen concentration is with values
in the range of 101® atoms/cm? orders of magnitude smaller than in Cz silicon. Due to
the lack of oxygen, the application of FZ-Si in microelectronic integrated-circuit (IC)
fabrication is limited.

Compared to IC fabrication, in photovoltaic applications a high material quality of
the bulk silicon wafer is necessary to obtain high conversion efficiencies of the finished
device. However, higher costs and smaller capacity of FZ-Si in production lead to the
fact that FZ-Si wafers are typically only used in laboratory devices and less commonly
in commercial applications. However, the high material quality of FZ-Si allows to use
it as ideal substrate for the analysis of dielectric layers deposited onto the material to

passivate the surfaces. In this thesis, FZ-Si is mainly used for this purpose.

2.1.2 Czochralski-silicon

Czochralski-silicon (Cz-Si) is named after the Polish chemist Jan Czochralski (1885-
1953) who, accidentally observed (1918) [6] that a single crystal can be grown from
the liquid phase of a material by introducing a seed crystal to the surface and slowly
pulling the crystal from the melt. In 1950, this pull-from-melt method was first applied
by Teal and Little [7] to grow a germanium single crystal. Today, over 95% of all
silicon single crystals are grown using this technique [8], as the resulting dislocation-
free crystal fulfils the strict requirements of the microelectronic industry regarding the
extremely low impurity concentrations. An even more important reason for using Cz-
Si in microelectronics is the very high oxygen concentration. During device processing
the ability to form oxygen precipitates and to generate lattice defects can be used in

a controlled manner for impurity gettering. Moreover, the high oxygen concentration
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additionally strengthens the material which prevents breakage during high temperature

processing.

2.1.2.1 Czochralski-silicon growth

Figure 2.1 shows a schematic of a modern Cz-Si pulling setup. In the centre, the quartz
glass crucible is shown, containing silicon nuggets obtained from the Siemens process.
The crucible is surrounded by a resistive heater. The crucible and the seed crystal
are mounted independently so that both can be rotated in opposite directions. The
entire growing chamber is filled with an inert gas atmosphere. The total dwell time and
the temperatures the crystal experience in the grower constitute to the thermal history

of the crystal. The thermal history has a strong impact on the state of the crystal

(&) seal

front opening

door Ar
front opening
chamber
seed shaft
seed holder /

P

seed yacyum pump

optical system
valve o
_ "
viewing por. Ar
i
B 7 silica crucible
_:—"'"-—'__:_ graphite crucible
'-_'—[S i1-— graphite_heater
—— thermal shield
N
N
o~ Ll
crucible shaft Ar+Si0+ (0

T vacuum pum,

F1GURE 2.1: Schematic of a Cz-Si single crystal puller. Modern Cz-Si puller feature
additional heat shields between melt and crystal. [§]



8 Crystallization techniques

after it is grown. For example, the state of nuclei of oxygen precipitation, the oxygen
concentration and the oxygen precipitation kinetics are determined by the temperature

profile the crystal experienced.

2.1.2.2 Intrinsic point defects

Even without the incorporation of intended or unintended impurities, every real crystal
differs from the theoretical crystal lattice due to the presence of intrinsic point defects.
Intrinsic point defects basically describe crystal lattice sites which are not occupied by
silicon atoms, also referred to as vacancies, or silicon atoms which are not positioned
on a crystal lattice site but in-between different sites. The latter configuration is also
referred to as Si self-interstitials. For thermodynamic reasons, these point defects ex-
ist at every temperature 7' > 0K. By aggregation of vacancies or self-interstitials with
the same species, micro-defects are formed, which may have a detrimental effect on the
performance of ICs, especially as the size of these devices decreases. Accordingly, the
minimization of the grown-in micro-defects has been of great interest in the past years
in microelectronics industry.

The defect type, whether it is a vacancy or a self-interstitial, is determined by the
condition under which the crystal is grown [9]. More precisely, the ratio between the
growth rate V' and the axial temperature gradient at the crystal-melt interface G de-
termines the species with the highest concentration. A critical value ( exists, which
marks the transition between the vacancy-rich and the self-interstitial-rich crystal. For
V/G > ( vacancies are the remaining species, while for V/G < ( self-interstitials are
the remaining species. The value ¢ has been determined experimentally and varies be-
tween ¢ = 0.13mm?/(min°C) [10] and ¢ = 0.22mm?/(min°C) [11]. The growth rate
V' can be considered constant over the complete crystal diameter, however, due to the
cooling at the crystal surface, the temperature gradient G along the diameter gener-
ally strongly increases from the centre to the edge of the crystal. Hence, a transition
from a vacancy-rich crystal in the centre to a self-interstitial-rich crystal at the surface
is possible. Additionally, the V/G-curve also varies over the crystal length and hence
the transition between vacancy- to interstitial-rich region does not occur at the same
distance from the crystal centre over the whole crystal length.

Of course, as vacancies and interstitials are intrinsic point defects, these defects also
exist in FZ-Si. Due to the high growth rate of FZ-Si, about 2 to 3 times larger than for
Cz-Si, FZ-Si is usually dominated by grown-in vacancy-type defects.
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2.1.2.3 Unintended impurities

Apart from the intended impurities, such as the doping atoms boron or phosphorus,
also unintended impurities exist within a Cz-Si crystal. In general, the elements which
are released from the crucible material or incorporated from the vapour above the melt
can be considered as unintended impurities. The most common unintended impurities
in Cz-Si are oxygen and carbon. Typical concentrations are [0;]= 108 cm ™3 and [C;]=
100 em =3 for oxygen and carbon [12], respectively.

The pathway of oxygen into the Cz-Si crystal is as follows: The oxygen from the crucible
or its coating is dissolved by the molten silicon and the convection in the liquid phase
distributes the oxygen inhomogeneously throughout the melt. At the surface, up to 90 %
of the dissolved oxygen evaporates to the inert gas atmosphere of the growth chamber.
The remaining part can in principle be incorporated into the crystal. However, as the
distribution in the silicon melt is not homogeneous, the incorporation does not follow a
normal freezing behaviour. In contrast, the incorporation is a complex interplay between
the dissolution at the crucible, which depends on the contact area between the melt and
the crucible, the surface evaporation, which for example also depends on the surface
area and the ambient pressure, and the convection within the melt, which depends on
the temperature profile as well as on the rotation of crystal and crucible. Hence, the
variation of the thermal characteristics of different growers results in different amounts

of incorporated oxygen.

2.2 Oxygen aggregation and precipitation

Oxygen in silicon has been studied for more than 50 years and a variety of experimental
results regarding the behaviour of oxygen in silicon exist. It is accepted that oxygen
is thermodynamically stable at an interstitial site. At this position one oxygen atom
is covalently bonded to two neighbouring silicon atoms. In this configuration oxygen is
electrically inactive.

As outlined above, oxygen is frozen-in from the silicon melt during solidification. The
solubility at the silicon melting point is Cs; = 2.75 x 10'® atoms/cm3. As the solubility
strongly decreases with decreasing temperature, oxygen is within a supersaturated state

for most standard processing temperatures [12] and precipitation can occur.

2.2.1 Precipitation

Because of this supersaturation, nucleation can arise spontaneously and randomly in

time and space at sufficiently high temperatures. Nuclei are usually aggregates formed
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FIGURE 2.2: Schematic representation of the oxygen cluster distribution in a silicon
sample. The solid black line indicates the initial cluster distribution while the dashed

line indicates the approximately monomer-like distribution after a ‘tabula rasa’ anneal
at 1000 °C. Graphic adapted from [16].

by a few oxygen atoms. According to classical nucleation theory, a critical radius r. exists
which determines whether a given nucleus under consideration will grow at a certain
temperature or whether it will shrink. This critical radius is rapidly increasing with
temperature. For r < 7. the nucleus will tend to dissolve upon thermal treatment while
a nucleus with r > r. will further grow and form an oxide precipitate. The critical radius
itself depends on several characteristics of the silicon crystal like the concentration of
silicon self-interstitials and vacancies as well as on impurities being present in the crystal
and of course also on the temperature. Due to this large number of variables which
influence oxygen precipitation, a variety of different oxygen cluster distributions can be
observed in crystals featuring the same oxygen concentration. High concentrations of
oxygen precipitates reduce the material quality and it becomes unsuitable for solar cell

production [13, 14]. Hence, precipitation needs to be avoided.

To avoid precipitation in the silicon bulk, a brief high-temperature treatment can be
applied prior to the solar cell processing sequence. This high-temperature treatment
is often referred to as ‘tabula rasa’ [15]. This tabula rasa treatment, which leads to
a precipitation-hard silicon material, benefits from the fact that nucleation and the
final growth to precipitates proceed in different temperature regimes. While nucleation
usually takes place at low temperatures between 400°C and 700°C, the precipitate
growth needs higher temperatures of approximately 1000°C. On the other hand, at
growth temperatures of 1000 °C no sufficient nucleation occurs [16]. Qualitatively, the

behaviour of oxygen precipitates during annealing can be explained as follows:
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After crystal growth, an unknown cluster distribution C(r), depending on the material
composition and the thermal history, will be present in the sample under investigation
(solid black line in Fig. 2.2). If the sample is then exposed to e.g. a diffusion step
at around 800°C, all clusters larger than r.(800°C) (shaded area in Fig. 2.2) will
survive the temperature treatment and grow upon annealing along the x-axis to larger
precipitates. All clusters smaller than 7., on the other hand, will dissolve during the
treatment. As indicated, a large part of the initial cluster distribution will survive the
annealing step and may reduce the material quality if a significant number of precipitates
reach a relevant size.

During the tabula rasa treatment, the sample is exposed to a temperature higher than
the typical processing temperatures in the range of 1000 °C. As r.(800°C) < r.(1000°C)
a large part of the clusters, which would have survived the annealing at 800°C in the
previous example, will now tend to dissolve during the annealing. Depending on the
initial distribution, only a negligible concentration of clusters is larger than r.(1000°C)
and therefore survives this annealing step. Hence, an approximately monomeric-like
cluster distribution is realized (as indicated by the black dashed line in Fig. 2.2). Apart
from the maximum temperature during the anneal, also the heating and the cooling
before and after the process is very important. Ideally, the heating and cooling is
performed instantaneously with infinite heating and cooling rates, as in this case, the
oxygen clusters cannot grow to larger sizes, with r > r.(max), during the heating which
would hamper the dissolution of these clusters. Also, the cooling should be sufficiently
fast since in this case no nuclei can be formed during the cooling and the final cluster
distribution does not deviate from the narrow high temperature distribution. When
starting from such a relaxed cluster distribution, no measurable oxygen precipitation
can be observed for temperatures above 750°C [16] and the material can hence be

considered as ‘precipitation-hard’.

2.3 Boron-oxygen-related defect centres

2.3.1 Generation of boron-oxygen-related recombination centres:

A review of previous experimental and theoretical work

In boron-doped, oxygen-rich crystalline silicon, the carrier lifetime (see chapter 3) de-
grades upon illumination. This phenomenon, which has been known for more than
40 years, is often referred to as light-induced degradation (LID). As an example, in
Fig. 2.3 (a) the typical degradation of the lifetime (measured using a photoconduc-

tance decay method (see section 3.2.1) and extracted at a fixed injection density of
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FIGURE 2.3: (a) Typical degradation behaviour of the lifetime 7 of a 1.0 cm boron-
doped p-type Cz-Si sample under illumination at 30°C due to the formation of the
boron-oxygen defect. The lifetime is measured using the photoconductance decay
method and is extracted at a fixed injection density of An = 1.5 x 1015 cm™=3. (b)
Effective defect concentration N;* determined from the lifetime data in (a). The insets
in both plots show the corresponding quantities in a double logarithmic scaling. The
defect generation in (b) can be fitted with an exponential rise to maximum function
(red line) with a generation rate constant Ry, = 0.3h™'. Within the first seconds N;
deviates from the exponential fit due to the influence of the fast forming centre.

An = 1.5 x 10!° cm™3) is shown for a typical 1.0 cm boron-doped Cz-Si sample. Af-
ter annealing in darkness, when the boron-oxygen defect is not limiting the lifetime,
a lifetime well above 1000 us is measured. Upon illumination with a halogen lamp at
a light intensity of 10mW /ecm? at 30°C, the lifetime decreases within approximately
100 hours to a saturation value of 76 us. As can be seen in the double logarithmic scal-
ing, the lifetime degradation proceeds via two stages, a fast initial degradation which
is followed by a slower second degradation. The decreasing lifetime corresponds to an
increase of recombination-active defects, which are accordingly divided into fast-forming
and slow-forming defect centres. Assuming that all other recombination channels remain
unchanged upon illumination, an effective defect concentration N} of the boron-oxygen-

related defect centre can be calculated according to
(2.1)

70 refers to the lifetime measured directly after annealing in darkness, when the boron-
oxygen defect does not limit the lifetime. In Figure 2.3 (b) the defect concentration
is plotted versus the illumination time. The increase of the defect concentration for
one degradation stage can be described by an exponential function of the form: y =
Yo + a[l — exp(—Rgen X t)], where Ryey, is the generation rate constant. In case of the

example in Fig. 2.3 (b), fitting this equation to the data results in a generation rate
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constant of Rgep, = 0.3 h=! for the slow-forming defect centre. Please note that it is
not a direct interaction of the defect centres with photons that causes the observed

degradation of the lifetime but the presence of excess charge carriers [17].

In the following, a survey of the main experimental and theoretical results on the boron-
oxygen-related defect generation, which has been published prior to this work, is briefly

presented.

More than 40 years ago, in 1974, Fischer and Pschunder [3] observed “photon and ther-
mal induced” changes in silicon solar cells. Upon illuminating a solar cell for 12 hours
with an AMO spectrum, they observed a reduced red spectral response. They concluded
that this was due to a photon-induced decay of the lifetime in the solar cell base. A
subsequent temperature treatment between 80°C and 200°C restored the initial per-
formance of the cell. Consequently, they introduced two different levels, describing the
physical state of the high and low performance of the solar cell. Applying the proper
treatments, they observed that the state of the solar cell can be reversibly changed be-
tween the two levels. Direct measurements of the lifetime additionally supported the
interpretation of a degrading bulk lifetime upon illumination.

More than 20 years later, in 1997, Schmidt el al. [18] investigated various Cz-Si ma-
terials doped with boron, gallium and phosphorus. While the lifetime in gallium- and
phosphorus-doped material remained stable upon illumination, boron-doped material
showed a pronounced degradation of the lifetime. Additionally, the extent of degrada-
tion increased with increasing boron concentration. Hence, it was concluded that boron
is directly participating in a recombination-active defect centre responsible for the re-
duction in lifetime. Since this defect behaves similar to the annealing behaviour of the
well-known B;0; pairs, it was proposed that the defect responsible for LID is in fact the
B;0; pair.

Within further investigations, Glunz et al. [19] introduced the effective defect concen-
tration, calculated by subtracting the inverse lifetime after annealing in darkness from
the inverse lifetime after light-induced degradation, i.e. 1/74 —1/79, and observed a lin-
ear increase of the defect concentration with the boron concentration N4. Additionally,
they observed a strong dependence on the interstitial oxygen concentration.

In 1999, Schmidt and Cuevas [20] performed a detailed analysis of the electrical proper-
ties of the defect centre by analysing the injection-dependent lifetime curves of various
samples after annealing in darkness and after illumination. Using Shockley-Read-Hall
theory, they localized the energy level of the defect in the middle of the band gap between
E, +0.35eV and E. — 0.45eV. The ratio of the capture cross sections was found to be
on/op = 10. As these electrical properties contradict the hypothesis of B;O; being the
relevant complex, Schmidt and Cuevas proposed the defect to consist of a substitutional

boron atom Bg and an agglomerate of n interstitial oxygen atoms O,;.
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One year later, Glunz et al. [21], further examined the defect formation. Within this
study, they observed a quadratic increase of the generation rate constant on the doping
concentration, Rge, o< Ni. Based on this finding, they proposed that the defect forma-
tion proceeds via a recombination-enhanced defect reaction.

Investigations on thermal-donor-compensated boron-doped, n-type, oxygen-rich silicon
by Bothe et al. [22] in 2002 revealed that light-induced degradation can also be observed
in n-type silicon, if boron is present.

Later that year, Rein and Glunz [23] performed an unambiguous determination of the
electronic properties of the defect centre by combining data from temperature-dependent
and injection-dependent lifetime spectroscopy (TDLS and IDLS). This combination
showed that the energy level of the boron-oxygen-related defect centre is located 0.41 eV
below the conduction band edge and the ratio of the capture cross sections is o, /o, = 9.3.
In 2003, Schmidt et al. [24] showed that the degradation proceeds independently of the
light intensity for illumination intensities above 1mW /cm?. Below this intensity, a
linear increase of the degradation rate constant with the illumination intensity was ob-
served. At the same conference in 2003, Hashigami et al. [25] presented time-resolved
measurements of the open-circuit voltage of solar cells upon current injection. These
measurements showed that the defect formation proceeds via two stages, a fast stage
which proceeds in the range between seconds and minutes and a slow stage which pro-
ceeds in the range of several hours. Additionally, they observed the independence of

the degradation process for light intensities above 1 mW /cm?

. Furthermore, they ob-
served both degradation stages to be thermally activated with an activation energy for
the fast stage E, fqst = 0.19eV and for the slow stage between Ej g0, = 0.40eV and
Eq sio0w = 0.46€V.

One year later, in 2004, Schmidt and Bothe [26] proposed a new defect model based on
their experimental findings that the effective defect concentration depends linearly on
the doping concentration N4 and quadratically on the interstitial oxygen concentration
[O;] [24]. In this model, the defect complex consists of a substitutional boron atom
Bs and an oxygen dimer Og;. It is assumed that this defect complex is formed under
illumination due to the recombination-enhanced diffusion of the oxygen dimer. In 2005,
Bothe and Schmidt [27] presented a detailed study on the fast-forming component of
the defect complex. Their analysis revealed the energy level of the fast-forming centre
to be By = E, + 0.60eV and the ratio of capture cross sections to be an/ap = 100,
i.e. one order of magnitude larger than the ratio for the slowly forming component.
They reported an activation energy of this process of E, 45 = 0.23eV. Later, in 2006,
they also determined the activation energy for the slowly forming component to be
Eq siow = 0.475eV [28]. Based on their experimental results, Bothe and Schmidt sug-
gested that the fast-forming centre is formed via a reconstruction process of the latent

B;0s; into its recombination-active form. This reconstruction is assumed to proceed via
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three steps: first the latent B,O9; complex changes its charge state C', Ct — C?, second
a thermally activated structural transition to a new structure D occurs, C° — D, and
at last another change of the charge state, D® — D takes place [28].

A refined version of the BsOg; model was presented in 2007 by Palmer et al. [29].
Within this model it was assumed that the positively charged defect complex BSO;-,
responsible for the slowly forming component of the LID, is formed by the diffusion of
a positively charged oxygen dimer O;r interacting with the negatively charged, fixed
substitutional boron atom B . The diffusivity of the dimer within the model is thought
to be increased under illumination by a recombination-enhanced process referred to as
‘Bourgoin mechanism’ [30]. This process would allow the migration of the oxygen dimer
at room temperature [31]. Theoretical analysis within the model led to predictions for
the defect formation kinetics. It was concluded that the generation rate constant Ry,
is proportional to the product of the hole concentration pg and the total boron concen-
tration Ny, i.e. Rgen o po X Na. This was found to be in excellent agreement to the
existing experimental results for exclusively boron-doped Cz-Si.

In 2008, Kopecek et al. [32] observed on solar cells made of phosphorus-compensated
boron-doped, p-type silicon that the degradation of the open-circuit voltage V. is more
pronounced for lower boron concentrations compared to higher boron concentrations,
which was in contradiction to the experimental results on boron-only doped Cz-Si.
One year later, in 2009, Macdonald et al. [33] presented a lifetime study on P-compensated
p-type Cz-Si in which the defect concentration as well as the defect generation were ex-
amined. In both cases, the defect concentration and the defect generation rate was found
to depend on the net doping concentration pg = Ny — Np rather than on the boron
concentration Ny, i.e. N o< pg and Rgep, o< p%. It was assumed that the compensated
boron is not able to bond to oxygen dimers and thus prohibits the defect formation.
The authors hypothesized that boron-phosphorus pairs, which form at very high tem-
peratures during ingot growth, could be responsible for this effect.

Voronkov and Falster [34] presented in 2010 a new defect model which attributed the
observed degradation of the lifetime to a defect complex consisting now of an interstitial
boron atom B; and an interstitial oxygen dimer Oo;, i.e. B;O9;. This defect complex
was assumed to be formed at elevated temperatures during crystal cooling and hence
is assumed to be present within the silicon in a latent (recombination-inactive) or in a
recombination-active form. The interstitial boron, and consequently the defect concen-
tration, was proposed to be proportional to the net doping concentration py which was in
agreement to the existing experimental data on boron-doped Cz-Si and on compensated
p-type Cz-Si. Apart from that, the model also explained the quadratic dependence of
the generation rate constant Rge, on pg. This dependence was explained by a recharg-
ing mechanism of the latent centre, which requires two holes, to be transferred to the

recombination-active centre in the presence of excess electrons.
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2.3.2 Permanent deactivation of boron-oxygen-related recombination
centres:

A review of previous experimental and theoretical work

The carrier lifetime in boron-doped oxygen-rich crystalline silicon can be permanently
recovered under illumination at elevated temperatures. Figure 2.4 (a) shows the typical
evolution of the lifetime of a 1.0 Q cm p-type Cz-Si sample (measured using a photocon-
ductance decay method (see section 3.2.1) and extracted at a fixed injection density of
An = 1.5 x 10 ecm™3) exposed to the recovery conditions at 185°C and 100 mW /cm?
light intensity using a halogen lamp as light source. The sample is exposed to these
conditions after it has been annealed in darkness. Accordingly, the lifetime shows an
accelerated degradation due to the elevated temperatures, which is followed by a recov-
ery of the lifetime. In Fig. 2.4 (b), the lifetime values are transformed into an effective
defect concentration using to Eqn. 2.1. The evolution can be described by an exponen-
tial decay function: y = yo + aexp(—Rge % t). In Fig. 2.4 (b) this function is fitted to
N; (red line) and a recovery rate constant of Rge = 83h™! is obtained.

In the following, the main experimental and theoretical results on the permanent deac-
tivation of the boron-oxygen related defect centre published before the beginning of this

work will be briefly summarized:

In 2006, Herguth et al. [4] observed that the open-circuit voltage of solar cells, made of
boron-doped, oxygen-rich Cz-Si, can be recovered after LID if the cell is exposed to illu-
mination at elevated temperatures. They also showed that the reached new state of the
solar cell is stable upon further illumination at room temperature as well as under the
application of a forward bias voltage for more than 100 hours. Additional temperature-
dependent measurements revealed that this recovery process is thermally activated with
an activation energy between E, = 0.62eV and E, = 0.92eV. One year later, in 2007,
they presented further results which revealed that the recovery process is induced in the
presence of free charge carriers and hence no photons are involved [35]. An investigation
of the recovery rate constant depending on the illumination intensity showed that an
increasing illumination intensity as well as an increasing forward bias voltage result in
an increasing recovery rate constant [35]. The exact functional dependence, however,
remained unclear.

Lim et al. [36] presented lifetime investigations of the permanent deactivation process
at various temperatures between 135 °C and 212 °C. They confirmed that the process is
thermally activated with an activation energy of F, = 0.7eV. Within the study of Lim
et al. [36], different sample groups were investigated: one group of as-grown samples
and one group of samples which underwent an additional P-diffusion step. For all inves-

tigated temperatures the latter group revealed higher recovery rate constants than the
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FIGURE 2.4: (a) Typical permanent recovery behaviour of the lifetime 7, determined
using a photoconductance decay method (see section 3.2.1) and extracted at a fixed
injection density of An = 1.5 x 10 ecm ™3, of a 1.0Q2cm boron-doped p-type Cz-Si
sample under illumination at 185°C due to the permanent deactivation of the boron-
oxygen defect. (b) Effective defect concentration N;* determined from the lifetime
data in (a). The insets in both plots show the corresponding quantities in a double-
logarithmic scaling. The reduction of the defect concentration in (b) can be fitted with
an exponential decay function (red line) with a recovery/deactivation rate constant
Rge = 83h~!. Within the first seconds N} deviates from the exponential fit as the
deactivation was performed directly after annealing in darkness. The first data point
shows the influence of the accelerated defect formation at elevated temperatures.

first group. However, the extracted recovery rate constants were considerably lower com-
pared to the results of Herguth et al.. Additionally, a first model to physically describe
the observed lifetime recovery was presented. Within this model the influence of an
additional defect complex XY was postulated which dissociates under the deactivation
conditions and forms a sink for the oxygen dimers, e.g. XOsg;. Since the concentration
of Og; is reduced, the concentration of B;O9; is also reduced.

In 2009, Miinzer [37] presented a study which compared the permanent recovery be-
haviour of solar cells treated with different dielectric layers. Only solar cells which were
coated with a hydrogen-rich silicon nitride layer showed a recovery of the solar cell per-
formance. Hence, it was speculated that hydrogen introduced from the dielectric layer
has a major influence on the recovery process. In the same year, Lim et al. [38] pre-
sented results on P-compensated Cz-Si. They showed that the recovery rate constant
is inversely proportional to the boron concentration, i.e. Rge le. Together with
the experimental result that the activation energy of the deactivation process depends
linearly on N 4 they concluded that boron atoms are directly involved in the deactivation
mechanism.

One year later, in 2010, Lim et al. [39] investigated the dependence of the permanent

BO deactivation on the interstitial oxygen concentration. They observed the correlation:
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Rge o [04]719192 Additionally, their study revealed that the hydrogen concentration

in the dielectric layer does not influence the deactivation behaviour.

2.3.3 BO defect models

In the following section, a short summary of three important defect models describing
the physical origin for the observed BO-related lifetime degradation and recovery will
be presented. At first, a model which associates the recombination-active centre with
the BsO9; complex will be explained. Afterwards, a defect model is discussed which
assumes the participation of an interstitial instead of a substitutional boron atom and,
hence, assumes the B;O9; complex to be the relevant defect centre. Finally, a model in
which the involvement of an oxygen dimer is omitted will be discussed. In the recent

model, the recombination-active centre is assumed to be a B;B;O; complex.

2.3.3.1 The B;05 model

One of the earliest models describing the physical mechanisms behind the observed light-
induced degradation in boron-doped oxygen-rich silicon was proposed by Schmidt et al.
[40] in 2002 and later further refined by Palmer, Bothe and Schmidt [29]. In the follow-
ing, the basic principle of the model and its limitations shall be outlined.

In the model, it is assumed that the observed degradation in lifetime is due to an ac-
tual defect reaction within the silicon bulk. As the defect concentration V) increases
linearly with doping concentration N4 and quadratically with the interstitial oxygen
concentration [O;], it was suggested that a defect reaction occurs between a substitu-
tional Bs atom and an oxygen cluster. As By is immobile, the oxygen cluster had to be
the mobile species. In particular, Gosele et al. [41] showed that the oxygen dimer Os;
can be an extremely fast diffusing species. Apart from the temperature-driven diffusion,
this diffusion can also proceed athermally via a charge-enhanced migration mechanism
as proposed by Bourgoin and Corbett [30]. Figure 2.5 shows a configuration-coordinate
diagram of the diffusion of the oxygen dimer via a Bourgoin-Corbett mechanism as pre-
sented by Adey et al. [31]. According to Ref. [31], the oxygen dimer exists in two
configurations, the squared configuration (O3!) and the staggered configuration (Of).
In p-type silicon oxygen is double-positively charged. At this charge state, the energy
barrier for the transition from the squared to the staggered configuration is 0.86 eV and,
hence, too high to enable diffusion at room temperature. However, if the material is
illuminated the oxygen dimer is assumed to capture an electron (052" — 057") which
reduces the energy barrier for this transition significantly to 0.2eV. After the reconfig-

uration into the staggered form, it is assumed that the oxygen dimer is recharged again
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FIGURE 2.5: Configuration-coordinate diagram of the oxygen dimer diffusion. The
dashed red arrows indicate the diffusion via a Bourgoin-Corbett mechanism [42].

to its double-positive state (OSZ’+ — O;Z’JFJF) by emitting an electron. From this point,
the energy barrier for the transition from the staggered to the squared configuration is
0.3eV. Accordingly, following the proposed mechanism, the energy barrier for the dimer
diffusion is reduced from 0.86eV to 0.3eV which enables the dimer diffusion at room
temperature. As the oxygen dimer Os; is the mobile species within this model, it was
consequently assumed that the oxygen dimer is captured by the substitutional, immobile

boron atom Bg.

Within this model, the defect concentration N} is naturally proportional to the boron
concentration N4. The defect generation rate constant Ry, according to the model,
is defined by two capturing processes required for the defect formation: the capturing
of a hole by the oxygen dimer in order to enhance its diffusivity (see Fig. 2.5) and the
capturing of the oxygen dimer by the immobile boron atom. Hence, the defect generation
rate Rge, is proportional to the hole concentration and the boron concentration, i.e.
Rgen o< po x N4 (see Fig. 2.6), which is in very good agreement to the results published
on boron-only doped Cz-Si at that time.

With regard to the quadratic dependence of N} on the interstitial oxygen concentration
[0;], it was shown by Murin et al. [43] that indeed the concentration of oxygen dimers
is proportional to [0;]?. Hence, the dependence N;* o<[0;]? follows from the reasonable
assumption that [Og;]<< N4 and that the defect generation ceases when all oxygen

dimers are captured by the boron atoms.

R _ocp R.__ccN
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FIGURE 2.6: Schematic of the defect generation mechanism in the B;Oo; defect model
as proposed in [29].
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The model describing the permanent deactivation of the defect centre presented by Lim
et al. [36], mentioned above, can be considered as an extension to the BsOg; model,
since their deactivation model is based on the same defect centre.

Although the model is in good agreement with the results obtained from boron-only
doped Cz-Si, the results obtained on compensated boron-doped Cz-Si brought the ac-
curacy of this model into question. As it was shown by Macdonald et al. [33] and Lim
et al. [39], the defect concentration in these materials does not depend on the boron
concentration but on the net doping concentration pg, i.e. N; o pg. The observed
dependence of the defect generation rate constant also deviates from the predictions
within the model, as the dependence Rye, o< pg was observed. Thus, these experimental

findings called for a reassessment of the B;O9; model.

2.3.3.2 The B;05 model

In contrast to the previous model, the B;O9; model, introduced by Voronkov and Fal-
ster [34] in 2010, is not based on a direct defect reaction upon illuminating the silicon
material. Contrarily, it is assumed that the illumination induces an electron-driven re-
construction of a latent defect complex into its recombination-active form. Please note
that the B;O9; model mainly discusses the physical origin of the slow component of the
defect formation, however, as the authors point out, the fast component of the defect
formation may just be another configuration of the B;O9; complex.

During the cooling of the ingot after crystal growth, the incorporated interstitial oxy-
gen starts to nucleate. The growth of the nuclei emits self-interstitials, which to some
fraction also consist of doping atoms, i.e. B;. Upon lowering the temperature, the free
interstitial boron atoms start to form small B; clusters (sometimes also referred to as
‘boron nano-precipitates’ (B-NPs)) and an equilibrium between the free B; and the B-
NPs is established. Since B; is a single positively charged defect in p-type silicon, the
frozen-in equilibrium concentration of B; depends on the hole concentration p. Once the
material is no longer intrinsic, typically at ¥ < 350°C, the equilibrium concentration
becomes proportional to pg. The highly mobile B; migrates through the crystal and
forms complexes with possible traps. Possible candidates for these traps are Og;, O; or
Bs. It is reasonable to assume that all these complexes, i.e. B;O9;, B;B;s and B;0O; exist
in parallel and are in equilibrium with [B;]. From the mentioned complexes, the B;Ox;
shows naturally the experimentally observed dependence since [B;O2;]oc[B;]x[0;]%. Be-
low some freeze-in temperature the exchange between the B;-clusters and the free B; is

suppressed and, hence, the concentration of the B;O9; complex is also frozen-in.

The observed degradation of the lifetime in boron-doped Cz-Si is then explained by a

reconstruction from the latent form of the B;Os;, denoted as latent centre LC, into its
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FIGURE 2.7: Free energy diagrams of the latent centre (LC) and the recombination-
active slow centre (SRC) of the B;02; defect model as proposed in Ref. [34].

recombination-active form, denoted as slow recombination centre SRC. Accordingly, the
reconstruction itself cannot depend on the boron concentration [Bs] or the interstitial
oxygen concentration [O;]. However, it can depend on the hole concentration if an
exchange with charge carriers is needed for the reconstruction. In fact the experimental
finding that the defect generation rate constant is proportional to the square of the hole
concentration [39] suggests that the transition from LC to SRC involves the capture of
two holes. On the other hand, the rate constant for the annihilation in darkness was
found to depend inversely on the hole concentration [28], hence, it is assumed within
the model that the B;09; complex reconstructs under the emission of a hole from its
SRC to LC form. Figure 2.7 shows two configuration-coordinate diagrams for the defect
annihilation (A), i.e. the transition from SRC to LC via annealing in darkness, and
the defect generation (B), i.e. the transition from LC to SRC via illumination (carrier
injection) at room temperature. In darkness it is assumed that SRC™ is single-positive
and the energy minimum for this charge state is the single positive LCT. As shown in
Fig. 2.7 (A), an energy barrier between the two configurations, depicted by the black
arrow, needs to be overcome. During the transition, the defect centre remains in the
charge state with the lowest free energy, hence, SRC™ moves along the free energy curve
of the single-positive state F* until the intersection with the neutral state curve FO is
reached. At this point, SRC* changes its charge state to SRCY by emitting a hole. This
way the energy barrier for the transition to LCP is considerably reduced and can now
be overcome via thermal activation. At the next intersection LCP is recharged again by
capturing of a hole to LCT. As the transition from SRC™ to LC™T involves the emission
of a hole, the concentration of neutral B;Oy; in equilibrium is proportional to 1/pg, which
determines the dependence of the annihilation rate.

As mentioned above, the generation rate constant was found to be proportional to p(g),

which suggests that the transition from LC to SRC involves the capture of two holes.
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Hence, it is assumed within the model that the transition proceeds via a transition centre
(TC) as shown in Fig. 2.7 (B). In the presence of excess carriers, LC? captures two holes
and, hence, recharges to LC?T. At this state, the energy barrier to TC?* is strongly
reduced. Then TC?t changes its charge state to TC? via the emission of two holes.

Finally, through overcoming the energy barrier F;,, TCY is transformed into SRCY.

Within the B;O9; model, the physical mechanism of the permanent lifetime recovery
under illumination at elevated temperatures is described by the dissociation of the B;Oo;
complex into an interstitial boron atom B; and into an interstitial oxygen dimer Oo;.

The B; is then either consumed by the B-NPs or captured by other traps:
B;09; = B; + Og; = B;-NPs

Through this process under illumination at elevated temperatures, the concentration of
B;09; complexes is permanently reduced. However, according to the model, annealing
in darkness will dissolve the B-NPs and B;09; complexes can be formed again. Hence,
subsequent illumination will lead again to the reconstruction of LC into the SRC and
the lifetime will degrade. Figure 2.8 shows a schematic of the permanent recovery
and possible destabilization within the B;O2; model. The B;O9; model is in very good
agreement with the recent results by Macdonald et al. [44] and Lim et al. [45] on boron-
doped Cz-Si compensated with phosphorus. However, more recently, Forster et al. [46]
observed on boron-doped Cz-Si co-doped with gallium that in this case the effective
defect concentration ;' is not proportional to the net doping concentration py but to
the boron concentration [B]. This finding together with the reasoning of Voronkov et al.
[47] that oxygen dimers cannot be involved in the defect reaction required a modification

of the defect model.

dissolution
Bi-N P
dissociation +
sinking to
reconfiguration B-cluster

LC | 2rcapture
BiOZi h*emission

trapping by O2/

FIGURE 2.8: Schematic of the permanent deactivation of the defect complex and the
destabilization within the B;Oy; defect model [34].
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2.3.3.3 The B;B;0; model

The most recently revised model presented in 2013 by Voronkov and Falster [47], is a
further modification of the model discussed in the previous section in terms of the nature
of the latent centre LC. The central assumption is that the LC is formed due to two dif-
ferent frozen-in defects. One defect complex is frozen-in at relatively high temperatures
around 600 °C and consists of a substitutional boron atom B, and an interstitial oxygen
atom O;, i.e. B;O;. Naturally, the concentration of this defect complex is proportional
to [Bs]x[0;]. The other defect complex is frozen-in at temperatures below 350 °C, and
consists of an interstitial boron and oxygen atom, i.e. B;O;. This defect complex features
a concentration proportional to pox[0O;]. Upon lowering the temperature, it is assumed
that the B; component of the complex is gradually transferred from its initial trap (O;)
to other traps such as By and the B;O; complex. As it is assumed that B;Bg is the
dominant complex, its concentration is identical to the concentration of the precursor

complex B;0; and thus proportional to pyx[O;].
[BiBs] o< po x O] (2.2)

Additionally, the concentration ratio between the major complex B;Bs and the minor

complex B;B;0; is identical to the concentration ratio of the initial traps.

[BiBs} [BSJ

x [O4] (2.3)
From these correlation one obtains for the concentration of the B;B;O; complex:

= [BiBSOi] X po X [Oi]Z (2.4)

Hence, the B;B;O; complex shows the proper dependence of the effective defect con-
centration in the case of boron-only doped and boron- and phosphorus-doped Cz-Si.
Therefore, within the model the B;B;O; complex is identified with LC and the subse-
quent SRC.

If additionally substitutional gallium atoms Gas are present within the material, the
B; atoms are transferred to three different traps: Bg, Gas and B;O;. Therefore, the
concentration of B;B; is reduced compared to the case without gallium by the factor
[Bs]/([Bs]+[Gas]) and as the B;B;O; complexes are in equilibrium with the B;B; com-

plexes, their concentration is reduced by the same factor. Hence, the concentration of
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the B;B;O; complex in boron- and gallium-doped Cz-Si is given by:

[Bs]

[BiB.Oi] o< po x [0 x rp5==ms

x [B4][0]? (2.5)
since pg = [Bs] + [Gag] in this case. The B;B;O; model is therefore in agreement with
the observations by Forster et al. [46].

The permanent deactivation within the B;B;0O; model is, as described before in the B;Os;
model, assumed to proceed via a dissociation of the SRC. In the current model, the B;
dissociates from the B;O; complex. It is further assumed that the free interstitial boron-
atoms B; sink into boron nano-precipitates (B-NPs). For a diffusion-limited sinking of

free B; into the B-NPs, the rate constant v describing the sinking process is given by:
v =41 x DiR,Np, K™ /Ny, (2.6)

with the diffusivity of the interstitial boron being D;, the density and radius of the B-
NPs being N, and R, the dissociation constant K* of the B; from the B,O; traps and
N; being the B;O; trap density.

Within the model it is further assumed that the B-NPs are formed during the cooling
of the ingot with a mechanism comparable to the formation of voids from vacancies.
Starting from a homogeneous distribution of free B; atoms upon cooling, the crystal
nucleation and the growth to precipitates proceeds in a narrow temperature interval.
Adapting the relations known from the void formation in silicon [11] one obtains for the

B-NPs the following expressions:

1
2

R, o [By]2 x s (2.7)
dt |y
and 5
N,  [Bi] "2 x s (2.8)
dt |y,

with 9 being the temperature and |d¥/dt|y—yg, being the cooling rate at the nucleation
temperature 9¥,. As can be seen from Eqn. 2.6, the sinking rate constant vy depends
on the product of R, and IV,. Hence, by inserting Eqns. 2.7 and 2.8 into Eqn. 2.6 we

obtain:

= —q. (2.9)
'19:79n

v ox NpR, o ‘dt

As the permanent recovery of the lifetime within the model is described by the sink-
ing of the free B; atoms into the B-NPs, the rate constant v equals the recovery rate

constant Rg. determined from lifetime measurements. Hence, by investigating the rate

constant Rg. as a function of ¢ we can either find further support for the model (if the
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linear dependence can be confirmed) or refute it. Our experimental investigation will be

presented in section 5.1.

2.3.4 Impact of hydrogen

Very recent experimental results indicate, that the incorporation of hydrogen during
sample processing plays an important role with regard to the permanent deactivation
of the BO defect complex. Wilking et al. [48] observed that samples passivated with
a hydrogen-rich SiN, layer could only be permanently recovered, if a high-temperature
step was applied. This high-temperature step was assumed to enable the diffusion of
hydrogen from the dielectric layer into the silicon bulk. Within the same experiment,
it was discovered that the density of the SiN, layer and, hence, its ability to serve
as a hydrogen source has also a direct impact on the deactivation rate constant. A
less dense SiN, layer releases less hydrogen into the silicon during high-temperature
treatment and, accordingly, leads to a lower deactivation rate constant compared to a
denser layer. Additionally, an AlyO3/SiN, stack passivation with a sufficiently thick
AlyO3 layer (~16nm) was found to reduce the deactivation rate constant compared to
a SiN, single-layer. This observation was explained by the reduced transmissibility for
hydrogen of thicker AloOg layers compared to thinner layers. Based on the experimental
results, different interpretations on how the incorporated hydrogen interacts with the

defect centre were presented.

Wilking et al. [49] described the interaction between the BO defect complex and hydro-
gen as follows:

At low temperatures, the hydrogen within the silicon is bound in molecules with im-
purities and other hydrogen atoms, e.g. B-H pairs [50]. These pairs split upon carrier
injection [51] and free hydrogen becomes available for the defect passivation. However,
at normal deactivation temperatures the main hydrogen species in p-type silicon is HT,
which features a very low diffusivity in oxygen-rich silicon [52]. Hence, it was concluded
that H" cannot be the relevant species. However, if the hydrogen atoms are recharged in
the presence of excess carriers to H?, the diffusivity increases dramatically [53]. Hence,
it was assumed that the deactivation of the BO defect complex is a hydrogen passivation

of the complex by HY atoms.

Also Voronkov and Falster [54] very recently assumed that the permanent deactivation of
the BO defect complex is accelerated in the presence of hydrogen, however, it occurs also
in low-hydrogen silicon. According to Ref. [54] the influence of hydrogen on the defect
reaction can be twofold. One explanation would be an indirect defect reaction with

regard to the slow recombination centre (SRC): Hydrogen introduced into the material
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is assumed to partially passivate the fast recombination centre (FRC) or other defects
which increases the electron concentration n during the deactivation process and, hence,
increases the deactivation rate constant. Like Wilking et al., they also assumed that
the main source of hydrogen at deactivation temperatures are B-H pairs which partially
release some H™ ions. As the dominating charge state of FRC is assumed to be positive
(FRC™) negative H™ ions are required to form H"FRC" complexes. Accordingly, it
is assumed that during deactivation, in the presence of excess carriers, H' ions are
recharged into H™ ions. A second explanation would be a direct reaction with SRC: In
that case they assumed that the negatively charged H™ ions directly bind to SRC* and
form a H-SRC™ complex. The passivation would then proceed via a quick reconstitution
of the defect complex into a recombination in-active form, or via a quick decomposition

of the defect complex.

Within this thesis, we evaluate via a series of experiments the impact of hydrogen on the
deactivation of the BO defect in detail. The results of this investigation can be found

in section 5.2.



Chapter 3

Carrier lifetime 1n silicon

The quality of silicon material with regard to photovoltaic applications is character-
ized by the carrier lifetime. In this chapter, recombination processes which limit the
carrier lifetime are introduced. Additionally, two lifetime measurement techniques are

discussed.

3.1 Recombination mechanisms in crystalline silicon

A recombination event is a spontaneous transition of an electron from the conduction
band into the valence band. It is the reverse process to the generation of free electron-
hole pairs and, hence, leads to the restoration of the equilibrium after a perturbation,
e.g. by illumination.

Two different kinds of recombination processes can be distinguished in crystalline silicon.
First, there is intrinsic recombination which is always present and, hence, cannot be
avoided. Two different mechanisms contribute to the intrinsic recombination: radiative
band-to-band recombination and Auger recombination. On the other hand, in real
crystals, extrinsic recombination exists besides the intrinsic recombination. The extrinsic
recombination describes the recombination of electron-hole pairs via energy states in the
silicon band gap. These states can, for example, be caused by crystallographic defects
or impurity atoms such as iron, copper or defect complexes like the BO defect.

A measure of the recombination is the time span free electron-hole pairs can exist before
they recombine. This time span is referred to as the carrier “lifetime”, which is more
accurately defined as follows:

In thermal equilibrium, the mass action law of the carrier concentrations py and ng
for holes and electrons, respectively, holds: ng X pg = n?, with n; being the intrinsic

carrier concentration in crystalline silicon. If free carriers are generated, for example by

27
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illumination with photons of sufficiently high energy (i.e. E > E,, with E, the silicon
band gap), this equilibrium is perturbed. After the light is switched off, the equilibrium
is restored by electron-hole recombination. The net rate of recombination of the excess
carriers U, defined as the difference between the total recombination rate U, and the

thermal generation rate Gy, U = Ut — Gyp, is given by the rate equation:

dAn(t)
ot

= —U(An,ng,po), (3.1)

with An being the concentration of free electron-hole pairs (excess carrier concentration)
generated by the illumination.

The net recombination rate U is the sum of all recombination rates of the individual,
independent recombination mechanisms. In the most simple case, U is proportional to
An, which leads, according to Eqn. 3.1, to a simple mono-exponential decay of An with

a time constant

An

X 3.2
U(Ana nO)pO) ( )

T(n()?pO) =

which defines the carrier lifetime 7. Please note that in most cases the assumption of U
being simply proportional to An does not hold and, hence, the carrier lifetime 7 becomes

dependent on An.

3.1.1 Intrinsic recombination

Radiative band-to-band recombination Radiative band-to-band recombination is
the inverse process to the optical generation of electron-hole pairs. The energy which is
released during the electron-hole recombination generates a photon with a wavelength
corresponding to the silicon band gap. Comparable to the chemical reaction kinetics,
the rate of recombination per unit volume depends on the number of collisions between
the reactants, in this case holes and electrons, and a recombination coefficient B. The
number of collisions itself depends on the densities of the participating species. Hence,

the net radiative recombination rate U,,4 can be written as:
Urad = B(?’Lp - nzz) (33)

which leads according to Eqn. 3.2 to a lifetime for this recombination process of

1
7%= Blno + po) + BAn’

(3.4)

using n = ng + An and p = pg + Ap for the total electron and hole concentrations. On
lowly doped silicon, Trupke et al. [55] determined the recombination coefficient at 300 K

to be By, = 4.73 x 10715 cmg/s. For higher carrier concentrations, the influence of the
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FIGURE 3.1: Injection-dependent intrinsic lifetime [60] for four different base resistivi-
ties between 0.5 Q2 cm and 4.0 Q2 cm.

screening of the Coulomb attraction between the holes and electrons has to be taken into
account. Altermatt et al. [56] modelled the screening effects of the Coulomb interaction
at high carrier concentrations for various injection densities and doping concentrations

and determined a pre-factor By (An,po), relative to Bjyy, so that B = B¢ X Bjoy-

Auger recombination Auger recombination involves three particles. The energy
which is released during the recombination of an electron-hole pair is transferred either
to another electron (eeh-process) or another hole (ehh-process). As for the radiative
recombination, the Auger net recombination rate Ugyger is proportional to the densities
of the participants for each of the two processes (eeh) and (ehh). Uayger can be expressed
as

UAuger = Cn(n2p - annO) + Cp(np2 - n?no), (35)

with n = ng + An and p = pg + Ap the total electron and hole concentrations and the
Auger coefficients C,, and C), for the two processes (eeh) and (ehh), respectively.
However, the Auger recombination does not proceed with non-interacting quasi-free
particles. Therefore, Hangleiter and Héckler [57] introduced enhancement factors of
the Auger coefficients based on the influence of the Coulomb interaction, so that new
coeflicients can be calculated as follows: Cj = gepn X Cp and Cf = geep, X Cp. An
empirical parameterization of the enhancement factors was derived later on for a wide
temperature range between 70 K and 400 K by Altermatt et al. [58] and Schmidt et al.
[59].
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Intrinsic lifetime The sum of the radiative recombination rate U,.,q and the Auger
recombination rate Uyger add up to the intrinsic recombination rate Ujy, which results
in the intrinsic lifetime 7;,;. In terms of the corresponding lifetimes, the intrinsic lifetime
can be calculated according to:

1 1 1

Tint T Auger Trad

(3.6)

In a more recent work, Richter et al. [60] introduced an empirical parameterization
of the intrinsic lifetime limit 7;,; for n- and p-type silicon at 300 K. Based on lifetime
measurements, they developed an empirical parameterization which accounts for the
Coulomb enhancement of the Auger coefficients as well as for the radiative recombi-
nation. In Figure 3.1, the intrinsic lifetime in boron-doped p-type silicon according to
Richter’s parameterization for a base resistivity range between 0.5 cm and 4.0 cm is

displayed.

3.1.2 Extrinsic recombination

In the previous section, unavoidable recombination in a perfect silicon crystal was dis-
cussed. However, in real crystals, impurities and crystallographic defects lead to localized
energy states in the silicon band gap which can act as efficient recombination centres.
If the recombination is dominated by the recombination via a single monovalent energy
level, the net recombination rate can be described according to Shockley, Read and Hall

(SRH) [61, 62] by
np — nz2

Tpo(n 4+ n1) + To(p + p1)

Uspyg = (3.7)

with the capture time constants 7,0 and 7,9 for holes and electrons, respectively. The
capture time constants are related to the capture cross sections o, and o, of the defect for
both species according to: 7,0 = 1/(0nvN¢) and 70 = 1/(0pvy, Ny), with the thermal
carrier velocity vy, and the defect concentration IN;. The statistical factors nq and p; are
often referred to as “SRH densities” and describe the electron and hole densities when
the energy of the Fermi-level coincides with the energy level of the recombination centre

Eti
E. - L

kT (3.8)

ny = N X exp (—

B, — E,
) and plszxexp<— t )

kyT
N, and N, are the effective densities of states in the conduction and valence band,
respectively. E. and F, are energy levels describing the lower/upper band edge of
the conduction/valence band, respectively. T is the absolute temperature and ky is
the Boltzmann constant. Using Eqn. 3.2 and under the assumption that the charge

neutrality is fulfilled, the recombination rate can be transferred to the characteristic
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FIGURE 3.2: Injection-dependent SRH lifetime plotted versus An (left) and versus n/p
(right). An example for different capture cross section ratios o, /o, and different energy
levels of the trap F; is shown.

lifetime of this recombination process:

. _ Tp0(no + 11+ An) + Tuo(po + p1 + An) (3.9)
SRH no + po + An ' '

Recently, Murphy et al. [63] presented an alternative notation of this lifetime. For
p-type materials and under the assumption that the defect density complies with the

condition N; << pg, the carrier lifetime can be expressed as

TSRH = Tao 1+Q”1+pl+X( —Q”l—plﬂ, (3.10)
Po Po

with @ = 7,0/ and X = n/p.

Equation 3.10 clearly shows that under the mentioned assumption, the SRH lifetime is a
linear function of the ratio of the minority carrier density divided by the majority carrier
density, i.e. n/p. In Figure 3.2, the SRH lifetime is plotted versus the excess carrier
density An on the left and versus n/p on the right. An example for two energy levels F; =
E.—0.2¢eV (dashed line) and E; = E.—0.4€V (solid line) and capture cross section ratio
of oy, /0o, = 10, as well as an example for a ratio of 0, /o, = 5 (dash-dotted line) is shown.
For these examples, a fixed capture time constant 7,90 = 100 us is chosen. Comparing
the curve progression in both plots in Fig. 3.2, in the classical representation the SRH-
lifetime features a more complex curve shape than in the representation introduced by
Murphy et al.. Hence, when evaluating measured lifetime curves, the new representation
allows a faster conclusion if the lifetime is limited by a single SRH defect centre or if

additional recombination processes influence the lifetime.
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3.1.3 Effective lifetime

Within the silicon bulk, all recombination processes mentioned above occur simulta-
neously. Hence, the net recombination rates of all individual (intrinsic and extrinsic)
processes have to be added up to account for all processes. Thus, the total bulk lifetime

7y can be calculated according to

1 1 1 1 1 1
— = + + = + ) (3.11)
Th TAuger Trad TSRH Tint TSRH

The measured effective lifetime 7.f; is additionally influenced by the finite dimension
of real lifetime samples. At the samples’ edges and surfaces the lattice structure is
interrupted which leads to energy states in the band gap and, hence, to an increased
recombination. In modern silicon, the recombination at the surface dominates the total
recombination if these states are not sufficiently passivated. However, with techniques
such as the deposition of silicon nitride or aluminium oxide layers, the recombination
at the surfaces can be sufficiently suppressed. In the case of sufficiently small surface
recombination velocity (SRV) S, the measured effective lifetime can be approximated
by [64]

1 1 25
= — = (3.12)
Teff wn W

with the sample thickness W. According to Sproul [64], this expression is a good ap-
proximation for sufficiently low and equal recombination velocities at the front and rear
side of the sample (S = Sgont = Srear). It is accurate within 4% for SW/D < 0.25, with

D being the diffusion constant of the excess carriers.

3.2 Lifetime measurement techniques

3.2.1 Photoconductance-based lifetime measurements

A widely used instrument to measure the effective lifetime in silicon wafers is the WCT-
120 lifetime tester from Sinton Instruments. The method applied is based on time-
dependent measurements of the photoconductance of a silicon sample. For this purpose,
a calibrated radio frequency (rf) bridge circuit is employed. The rf-coil, which works
at a frequency of 10.7 MHz, induces an eddy current in the silicon sample. According
to Lenz’s law, this eddy current induces an additional voltage in the rf-coil, which is
dependent on the sample’s conductance. This additional voltage is measured. Once
the system is calibrated to silicon wafers with independently determined conductance
values, this setup allows the determination of the absolute conductance of a test sample.

In Fig. 3.3, a schematic of the setup is shown. The coil has a diameter of 18 mm, thus,
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FIGURE 3.3: Schematic of the setup used for the photoconductance-based lifetime
measurements in this thesis [65].

all measurements are averaged over the coil area of ~250 mm?.

To determine the effective lifetime 7.7; of a silicon sample, the change in conductance
upon illumination of the sample with a flash lamp is measured. In principle, the con-
ductance o of the sample depends on the product of the carrier concentration and the

respective carrier mobility:

w
o =q. /O (nfin + i) (3.13)

ge is thereby the elementary charge, W the sample thickness and npu, and pu, the
product of electron and hole concentrations with their respective mobilities. Please
note that the mobility p,/, depends on the carrier concentrations. During each lifetime
measurement the sample is illuminated with a flash lamp which increases the excess
carrier density and hence a photoconductance Ao is generated. Assuming that the
relations n = ng+ An as well as p = pg + An apply, it is convenient to separate the total
conductance o into the dark conductance oy, which corresponds to the conductance of

the base in darkness, and the photoconductance Ao, i.e. o0 = og + Ao.

For a homogeneous generation of excess carriers, the photoconductance is given accord-
ing to Eqn. 3.13 by
Ao = qgW (pn + pp) Angyg, (3.14)

with Ang,, being the average excess carrier density induced by the homogeneous gen-
eration. Within the setup, the homogeneous photogeneration is realized by a long-pass
filter in front of the flash lamp with a cut-off wavelength of 700 nm. To calculate Angyg,
the sum of the carrier mobilities j, + p, has to be known. Here, a semi-empirical

expression is used, which holds for exclusively boron- or phosphorus-doped silicon [66].

The time dependence of the excess carrier density is given by the continuity equation:

dAn(x,t) 1
g =Gt = Ut + VI (at). (3.15)
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FIGURE 3.4: (A) Hlumination intensity P;; and photoconductance Ao plotted versus
time ¢, during a QSSPC measurement using the WCT-120 lifetime tester. (B) Injection-
dependent effective lifetime 7.7y plotted versus the excess carrier density An, extracted
from photoconductance and illumination intensity measurements using Eqn. 3.16.

Here, G is the generation rate, U is the recombination rate and J is the current density. If
the carrier distribution upon illumination is homogeneous, the divergence of the current
density J vanishes. Additionally, the recombination rate U can be written according to
Eqn 3.2 as U = An/7.ss and the generalized expression for the effective lifetime 7,7 f

can be determined to [67]: A
n
Teff = AR
G- %

(3.16)

Hence, apart from the change in the excess carrier concentration, which is determined
by the change in the photoconductance, the generation rate G has to be known. Within
the setup shown in Fig. 3.3, the generation rate is determined using a reference solar cell
located next to the sample under investigation. The shot-circuit current Iz, of this cell
is known to depend linearly on the light intensity Py, i.e. Isc = ¢ X Py;. To increase the
accuracy of the intensity measurement, the reference is connected to a small resistor, so
that a voltage drop over this resistor can be measured. Using a calibration factor which
accounts for the difference in reflectance and transmission between the reference cell and
the sample under investigation, the generation rate G can be directly determined from
the measured light intensity. Hence, all input parameters to Eqn. 3.16 are determined
and the injection-dependent lifetime can be calculated. Figure 3.4 shows a typical life-
time measurement.

If the carrier lifetime is much shorter than the decay time constant of the flash light,
the average excess carrier density is in equilibrium with the illumination at every point
in time and a quasi-steady-state condition (often referred to as QSSPC measurement)
is established. In this case, the effective lifetime is simply given by 7.¢r = An/G.

For high carrier lifetimes, i.e. when the lifetime is much longer than the decay time

constant of the light flash, a good alternative to the technique mentioned above is the
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photoconductance decay (PCD) technique. In this case, the change of the photocon-
ductance is analysed after the light flash terminated. If G = 0, Eqn. 3.16 simplifies

to:
Teff:*% (3.17)
ot
No information about the optical properties of the sample under investigation is needed
in this case. However, as the differential of the signal is analysed, this technique is prone

to noise.

Error sources of photoconductance-based lifetime measurements According
to McIntosh and Sinton [68] the following factors are most relevant for an accurate

measurement:

e the calibration of the rf-bridge circuit

e the calibration of the reference cell

e the uncertainty in the width of the quasi-neutral base

e the measurement uncertainties in the voltage of the rf-coil
e the uncertainty in the sum of the carrier mobilities

e the uncertainty in the base doping density

Accounting for all these uncertainties, they presented two examples for two different
lifetime measurements, one in a low-lifetime range, obtained using the QSSPC method,
and one in a high-lifetime range, obtained using the PCD method. For the QSSPC
measurement they determined a relative uncertainty of 10.9% and for the PCD mea-
surement 8.6%. The impact of the uncertainty in the sum of the carrier mobilities is
quite severe. If this error source was excluded, the relative uncertainty was more than
halved.

Please note that the uncertainty described above is the total uncertainty of the mea-
sured lifetime, which is subdivided in systematic and statistical errors. When comparing
lifetime measurements with the same lifetime tester, e.g. at different processing stages,
the systematic error is of minor importance. The statistical error between those mea-

surements, however, is below 5% [69].
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3.2.2 Photoluminescence-based lifetime measurements

Within this thesis, spatially resolved lifetime measurements were performed using the
photoconductance-calibrated photoluminescence imaging (PC-PLI) method introduced
by Herlufsen et. al. [70] in 2008. In the following, this method shall be briefly outlined:

In Fig. 3.5, a schematic of the PC-PLI setup is shown. The sample under investigation
is placed on a calibrated rf-bridge circuit as described in the previous section. However,
in this case, the excitation of excess carriers is not realized by a flash lamp, but by a
laser (A = 808 nm, P = 30 W). The laser beam is widened and homogenized in an optical
system, so that a complete wafer (156x 156 mm?) can be homogeneously illuminated. A
reference cell next to the rf-coil is used to measure the photon-flux ®. The PL signal
is detected by a Si CCD camera mounted above the wafer. To prevent laser reflections
from the sample to penetrate into the CCD camera, a set of long pass filters is mounted

in front of the camera.

The method exploits the fact that the intensity of the photoluminescence signal Ipy, of
the silicon wafer is proportional to the radiative recombination rate U,,q. Hence, using
Eqn. 3.3 for p-type silicon, with the doping density N4, a quadratic dependence of Ipy,

on the excess carrier density An is obtained:
Ipp, X Upga = B X An(An + Ny). (3.18)

Under steady-state illumination conditions, the effective lifetime is then again given in

accordance with Eqn. 3.16 by 7.¢y = An/G. The generation rate G in the sample is

laser diode
@ 808nm

Si CCD

objective — )
optics for

fiter = PL /// homogenisation

sample

SSPC % reference cell

FIGURE 3.5: Schematic of the PC-PLI setup used in this thesis [70].
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FIGURE 3.6: PC-PLI measurement of a boron-doped Cz-Si sample (156x 156 mm?)
with a base resistivity of 1.0 Q cm in the fully degraded state. The PL-signal (left), the
excess carrier density An (centre) and the effective lifetime 7.7 (right) are shown.

obtained by correcting the measured photon flux ® for the reflectivity of the sample at
the laser wavelength Ry gognm. As the penetration depth of the laser used in this setup
is ~ 12.7 um a good approximation for G is:

1
G=¢(1—-R nm) X = 3.19
(1~ Rpsosmm) X 77 (3.19)

To calibrate the measured PL signal to the excess carrier density An, an eddy current
measurement under illumination is performed, as described in the previous section. The
eddy current measurement is averaged over the coil area of ~ 250mm?, hence, the PL
signal has to be averaged over the same area.

In Fig. 3.6, an example of a PC-PLI measurement at a laser intensity of 0.4suns, on a
boron-doped Cz-Si lifetime sample is shown. The ring structure indicates an influence

of the axially symmetric Czochralski process on the effective lifetime.

Error sources of PC-PLI measurements According to Herlufsen et al. [70, 71]

the main error sources of the PC-PLI measurements are:

e the increasing sample temperature during laser illumination especially at high light

intensities

e the influence of reabsorption of the photons in the silicon, which is relevant for

inhomogeneous depth profiles of the excess carrier density

e the influence of the areas over which the PL signal and the conductance signal
are averaged, as for samples with very inhomogeneous lifetime distributions the

Ipr(An) calibration curve is strongly influenced by these areas

As the measurement is based on the calibration using a photoconductance-based setup,

additionally, the same error sources related to the eddy current measurement, as listed
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in the previous section, are also relevant for the PC-PLI measurement.

For standard PC-PLI measurements on mono-crystalline silicon lifetime samples the
uncertainties due to the increasing temperature, the photon reabsorption as well as the
averaging area are only small (i.e. < 10%). A comparison between injection-dependent
lifetime measurements using the PC-PLI setup and the WCT-120 setup revealed a very

good agreement [70] suggesting comparable uncertainties.



Chapter 4

Grown-in defect concentrations

and their manipulation

In the first part of this chapter, grown-in boron-oxygen-related defect centres are inves-
tigated. First, the influence of the crystal growth conditions on the maximum effective
defect concentration N is studied. Additionally, the equilibrium defect concentration
after prolonged annealing at intermediate temperatures between 200°C and 300°C is
examined.

Finally, lifetime limitations in Czochralski-grown silicon are studied which may arise
solely due to the presence of oxygen, independent of the doping type. In this experi-

ment, phosphorus-doped silicon is used.

4.1 Influence of the crystal growth conditions on the BO

defect concentration

For the investigation of the influence of the growth conditions on the maximum effective
defect concentration N3, wafers from three different crystals are analysed. The three
crystals (205 mm in diameter and ~1.6 m in length) are crystallized via the Czochralski
process and fully characterized with regard to the boron (via resistivity measurements),
oxygen and carbon concentrations (via FTIR measurements using the “new ASTM”
standard [72]). An overview of the characteristics of these three crystals is given in Tab.
4.1. Additionally, the oxygen-induced stacking fault (OISF) ring [73] is determined to
separate between the region with self-interstitials as predominant point defects and the
region with vacancies as predominant point defects.  Apart from different positions

along the crystal axis, i.e. different wafers, different lateral positions, i.e. samples cut

39
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TABLE 4.1: Boron [B;], oxygen [O;] and carbon concentrations [C,] of the three inves-
tigated Cz-Si crystals.

Crystal # 1 2 3

[B,] [10% cm™?] 11.4-151 7.6-8.6 8.6-9.8
[0;] [10'7 cm ™3] 75-82 7.6-87 84-891
[Cs] [10'6 cm ™3] 01-14 23-33 25-42

from different positions on a single wafer, are investigated. The three crystals are cut
into 156x156 mm? pseudo-square wafers. Wafers from three different positions along
the crystal axis are investigated: seed end (approx. 10 mm from the top wafer), centre
(810 mm from the top), and tail end (1590 mm from the top). One wafer from each
position is cut into 30x30 mm? samples, which are then processed into lifetime samples;

another wafer is processed at full size.

In order to investigate the distribution of the BO-related defects, the effective carrier
lifetime 7(An) is measured after light exposure [75(An)] for more than 24 hours at a
light intensity of Py = 10mW /cm?, using a halogen lamp, at room temperature, and
after annealing [79(An)] for 10 min at a temperature of 200°C in the dark. Assuming
all other recombination channels to be unaffected by the anneal/degradation cycle, the
lifetimes 7(An) can be converted into the effective defect concentration N using Eqn.
2.1.

Figure 4.2 shows in the top row the measured effective lifetimes after illumination (i.e.

after complete degradation) 74 and after annealing in darkness (i.e. after complete

FIGURE 4.1: Cut pattern of the wafers. The orange marked samples are used to study
the variation along the crystal axis (open squares: P-diffused samples, full squares:
as-grown samples). The green marked samples are used to study the lateral variation
(as-grown).
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FIGURE 4.2: Effective lifetimes after illumination 74 (full symbols) and after annealing
in darkness 79 (open symbols) for crystal #1, #2 and #3 in the top row from left to
right, respectively. Orange circles correspond to as-grown samples, while blue squares
correspond to the samples after P-diffusion. The hole and oxygen concentrations are
displayed in the second row (green triangles correspond to the oxygen concentration).
In the third row, the effective defect concentration IV of the three crystals is shown.
In the bottom row, the defect concentration normalized to pgx[0;]?, dNORM> 18
displayed.

annihilation of the BO centre) 7y for all investigated crystals. The lifetimes stated are
determined at an excess carrier density An = 0.1 X pg, with An being the excess carrier
density and py being the hole concentration in darkness. The error bars indicate the
variations of the lifetime values for two identically processed samples of each position.

For crystal #1, 7; increases from 33 us to 68 us and from 52 us to 97 us from seed to
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tail end, for as-grown and P-diffused samples, respectively. The lifetime after annealing
in darkness 7y increases as well from seed to tail end, from 384 us to 750 us and from
521 to 871 us, for as-grown and P-diffused samples, respectively. While the lifetimes
of both sample types from crystal #2 remain almost unchanged from seed to tail end
(14 = 65 us for as-grown samples and 74 ~ 95 us for P-diffused samples), a decrease of
the effective lifetimes for both sample types can be observed for crystal 3. The lifetime
74 decreases from 48 us to 26 pus and from 59 us to 43 us, for as-grown and P-diffused
samples, respectively, and the lifetime 79 decreases from 357 us to 74 us and from 292 us
to 159 us, for as-grown and P-diffused samples, respectively. For all investigated crystals
and crystal positions the degraded lifetimes 74 of the as-grown samples are a factor 0.6
to 0.8 lower than 74 of the samples which underwent the additional high-temperature
step. This finding corresponds well with previously published results by Bothe et al. [74]
and can be attributed to the fact that the cooling subsequent to the high-temperature
treatment is faster than the cooling of the crystal directly after crystallization.

From the measured lifetime data, the effective BO defect concentration NNV is calculated
using Eqn. 2.1. However, in order to compare different crystal positions of a single
crystal correctly, it is imperative to consider the changing value of both hole and oxygen
concentrations along the crystal axis. The measured hole and oxygen concentrations at
each position are displayed in the second row in Fig. 4.2. As was shown by Lim et
al. [45], N increases linearly with the hole concentration py and according to Schmidt
et al. [24] quadratically with regard to the interstitial oxygen concentration [O;] (for
[0;] ranging between 3 x 107 cm™3 and 1 x 10'® cm™3). Taking these dependencies into
account, N can be normalized to the product pgx [0;]?. This normalized effective defect
concentration N 57 Nora 18 shown in Fig. 4.2 in the bottom row. The indicated errors of
N ;lk, ~Norym are calculated by means of error propagation assuming an accuracy of 10 %
for the hole concentration pg, an error of 2.5x10'6 cm™3 (=0.5 ppma) for the measured
oxygen concentration [O;], as well as the lifetime uncertainties as displayed in the top

row of Fig. 4.2.

As shown in Fig. 4.2, the normalized defect concentration of as-grown and P-diffused
samples does not change from seed to tail end for crystals #2 and #3. However, for
crystal #1, the normalized defect concentration in the as-grown state is reduced by al-
most 30 % at the tail end compared to seed end and centre. This fact might be due to
the enhanced cooling rate after crystallization of the crystal at the tail end compared to
other crystal positions. The observation that no such reduction is observed in crystals
#2 and #3 could be due to the fact that the absolute values of the normalized N are
already well below the maximum defect concentration defined by the crystal cooling. It
has to be noted that this interpretation is solely based on a single data point. For an

unambiguous clarification further investigations would be needed.
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In general, the absence of the variation in the normalized Nj indicates that the vari-
ation of the lifetimes after illumination 74 at different positions of the crystals can be
attributed to the variation of the hole and oxygen concentrations along the crystal axis.
An influence of the crystal cooling cannot completely be ruled out, however, following the
above discussion, in materials with low BO defect concentrations (possibly for normal-
ized defect concentrations below N (}‘7 NorMm = 4X 1075 us~tem?) it is not experimentally
observed. Comparing the values of the normalized effective defect concentration of dif-
ferent crystals, the observed values of both sample types are considerably reduced for
crystals #2 and #3 compared to crystal #1. For crystals #2 and #3 the as-grown sam-
ples are reduced to ~60 % and the P-diffused samples to ~67 % of the values determined
for crystal #1. This difference might result from the increased carbon concentration in
crystal #2 and #3 compared to crystal #1 (see Table 4.1). However, such a relation
between the reduced defect concentration and the increased carbon concentration con-
tradicts the findings by Rein et al. [23] and Schmidt et al. [26], who did not find a
correlation between the carbon concentration [Cs] and the effective defect concentration

Nj for a [C4]-range between 5 x 1015 cm™ and 5 x 106 cm™3.

To clarify this point,
further investigations are needed.

Apart from investigating the variation of the effective defect concentration at different
crystal positions, the lateral variation at one crystal position is also examined. By com-
paring the normalized effective defect concentration Nj gy, from samples taken from
the centre and the edge of each wafer, no lateral variation is observed for any of the

investigated crystals.

Importantly, the oxidation of wafers from crystal #3, and the related appearance of

OISF rings, reveal that there is a transition from a vacancy-rich region in the centre to

/- ‘interstitial-rich

viitransition

~103 mm

FIGURE 4.3: Photo of a sample (quarter of a crystal slice) taken from the seed end
of crystal #3. An oxidation step is performed in order to reveal the OISF ring after
selective etching. The red dashed line marks the transition between the vacancy-rich
and the interstitial-rich region.
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FIGURE 4.4: Normalized effective defect concentration Nj yo gy of crystal 3 for centre
positions (vacancy-rich regions) and edge positions (interstitial-rich regions).

an interstitial-rich region at the edge of the ingot along the entire crystal length. Figure
4.3 shows an example of the OISF ring structure after oxidation of a sample taken from
the seed end of crystal #3. In Fig. 4.4, the normalized effective defect concentrations
N 3‘7 ~ory determined in the vacancy- and interstitial-rich regions at different crystal
positions of crystal #3 are compared. Considering the indicated error bars, the values
in interstitial-rich and vacancy-rich regions at each crystal position are identical. This
allows the conclusion that the formation of the BO-related defect is not influenced by
the presence of either vacancies or self-interstitials. This finding corresponds well with

results published by Rein et al. [23], where the influence of vacancy-type intrinsic point
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FIGURE 4.5: Line-scan of an effective defect concentration image, shown in the inset,
of a sample taken from the seed end of crystal 3. The line-scan is along the indicated
solid red line. The red dashed line marks the transition between the vacancy-rich and
the interstitial-rich region. The defect concentration is determined at an injection level
of An =~ 1.4 x 10 cm™3.
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defects, after a special thermal treatment, was investigated. Figure 4.5 shows exemplarily
a line-scan of an effective defect concentration image calculated from two PC-PLI images
of a sample taken from the seed end of crystal #3. The indicated line-scan covers the
transition between the vacancy-rich and the interstitial-rich region as can be seen by
comparing the inset with Fig. 4.3. As already discussed, no lateral variation can be
observed. Moreover, lateral measurements of the hole and oxygen concentrations reveal

that the concentrations remain almost unchanged in the transition region.

4.2 Determination of the equilibrium BO defect concen-

tration after prolonged annealing

Within the B;B;O; model [47], upon cooling the sample free B; atoms are captured by
the B5;O complex to form the latent form of the defect complex (LC). The free B; atoms
are supplied by boron nano-precipitates (B-NPs) which are formed during the cooling
of the ingot directly after crystal growth or during the cooling after a high-temperature
process step. The exchange of B; between the B;O traps and the B-NPs is assumed to

be frozen-in at some temperature.

In the following, the equilibration between the B;O traps and the B-NPs is investigated
in a temperature interval between 200 °C and 300 °C by applying a prolonged annealing
for 50h to lifetime samples with different resistivities (see schematic in Fig. 4.6). For
this experiment, Cz-Si materials with different base resistivities between 0.5{2cm and
2.5Qcm, are chosen. The material is cut into samples of 2.5x2.5cm? in size. Sample
processing includes the removal of the surface damage using KOH. After sample cleaning
in a standard RCA cleaning sequence, all samples undergo a phosphorus diffusion (847 °C
for 51 min). Subsequently, the phosphosilicate glass (PSG) and the n'-region is removed
using hydrofluoric acid (HF) and KOH, respectively. After another RCA cleaning, the

B.

BBO B-NP

S

FIGURE 4.6: Schematic of the equilibration process between the two traps for the
interstitial boron atom B;: the B;O complex and the boron nano-precipitates (B-
NPs). Through annealing in darkness at temperatures between 200°C and 300°C
an equilibrium between the two traps is established.
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FIGURE 4.7: Change of the effective FIGURE 4.8: Equilibrium defect con-
defect concentration Ny of two sam- centration Nj ., plotted versus the an-
ples with a base resistivity of 1.2 cm nealing time at 200 °C in darkness for
upon annealing at 200 °C in darkness. three different samples with base resis-
The black dashed line is a exponential tivities between 0.5 Q2 cm and 2.5 Q cm.
fit with y = yo+a(l—exp(—yxt)). Af- No change in Nj ., is observed for all
ter 20 hours a saturation of the defect three materials.

concentration is observed.

surfaces of the samples are passivated by the deposition of 10nm Al,Ogs via a plasma-
ALD process. The sample processing is completed by an annealing step at 425°C for

15 min in order to activate the surface passivation.

In Fig. 4.7, the change of the effective defect concentration Nj upon annealing in
darkness at 200°C of two samples with a base resistivity of 1.2Qcm is shown. The
x-axis shows the cumulative annealing time ¢. After each annealing step the lifetimes
70 and 74 - after illumination for 40 hours at room temperature with a light intensity
of Py, = 10mW /cm? - are measured. As it is shown in Fig. 4.7, N} increases in the
first 20 hours until it starts to saturate. This increasing defect concentration can be
reasonably well described by an exponential function: y = yg + a(l — exp(—y x t)). A
fit of the data using this function is shown in Fig. 4.7 by the black dashed line with a
resulting rate constant of vy = 0.08 £0.03h~".

Figure 4.8 shows the equilibrium defect concentration N C’a eq plotted versus annealing time
at 200 °C for three different samples featuring base resistivities of 0.5 Q2 cm, 1.1 2 cm and
2.5Q cm. In-between the lifetime measurements of 7y and 74 after each annealing step,
the samples are illuminated at room temperature longer than 100 hours using a halogen

lamp with an illumination intensity of Py ~ 10 mW /cm?

. No change of the effective
defect concentration N is observed for these samples for annealing times larger than
50 hours. This suggests that the equilibrium state is reached in < 50 hours of annealing

time for all samples, independent of the base resistivity. Accordingly, all samples are
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F1GURE 4.9: Equilibrium defect concentration Nj ., versus annealing temperature ¢.
Nj ., decreases with increasing temperature. Full symbols correspond to the defect
concentration after annealing at the respective temperature for 50 hours, while open
symbols correspond to the defect concentration after annealing for 15min at 425°C
before and after the annealing sequence.

annealed for 50 hours in the following sequence: 240°C, 220°C, 200°C and 300 °C.
Please note that all samples of this investigation undergo this sequence. In Fig. 4.9,
the equilibrium defect concentration is plotted versus the annealing temperature. The
full symbols correspond to the equilibrium defect concentration after 50 hours annealing.
The open symbols correspond to the defect concentration after annealing for 15 min at
425 °C before and after the annealing sequence. As can be seen from Fig. 4.9, the defect

concentration N q decreases with increasing temperature for all investigated materials.

Within the B;B;O; model, the concentration [B;BsO;] can be described according to
the mass action law for a mobile B; and a frozen-in B;O; trap. Accordingly, the defect
concentration [B;B;0] is proportional to the concentrations [B;] and [B;sO;]. Depending

on the binding energy Ej between the two reactants, the relation

[B.B,0,] o [B[B,O,] x exp (,f;) (4.1)

is obtained, with k; being the Boltzmann constant and 7" the absolute temperature.
On the other hand, the equilibrium concentration of the interstitial boron atoms [Bj]eq
follows the temperature dependence of the solubility in the silicon, comparable to the

equilibrium between voids and free vacancies [75]. Hence, [Bjl¢q is given by

[Bileq o exp (—,f;) (12
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FI1GURE 4.10: Equilibrium defect concentration Nj ., versus the inverse annealing
temperature 1/7T. The coloured dashed lines are fits of Eqn. 4.3 to the data, which
results in AE = (0.16 £ 0.03) eV.

with the dissolution energy F; between the boron nano-precipitates and the free inter-

stitial boron atoms. Inserting Eqn. 4.2 into Eqn. 4.1 leads to:

E, — E; AE
[B;BsO;] x exp (bz> = exp ( ) (4.3)
kT

AF describes the difference between the binding energies between the B; and the traps
B;O;, Ep, and between the B; and the B-NPs, E;.

Figure 4.10 shows an Arrhenius-like plot where the equilibrium defect concentration
N j, eq is plotted versus the inverse temperature 1/7". The coloured dashed lines are fits
of the defect concentrations using Eqn. 4.3. From these fits AE = (0.16 £ 0.03) eV is
obtained. As AF is positive, it can be concluded that the binding energy between the
free B; and the B;O;-traps is larger than the binding energy between the B; and the
B-NPs. Interestingly, the defect concentration extracted after annealing at 425 °C agrees
well with the exponential fit. This suggests that an annealing at 425°C for 15 min is
sufficient to establish the equilibrium.

Moreover, the increasing equilibrium defect concentration N 57 ¢q Cannot be explained by
the change of the solubility of one species alone. Two competing traps for this species
need to be present, which are in the present model the B;O; complex and the boron
nano-precipitates. Hence, our experimental results clearly support the framework of the
B;BsO; model (see section 2.3.3.3).
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4.3 Lifetime degradation in oxygen-rich n-type silicon

Apart from the boron-oxygen defect, the lifetime in oxygen-rich silicon can be limited
solely due to the presence of oxygen independent of the doping type. Within this section,
lifetime investigations are presented which are performed on Czochralski-grown n-type
silicon doped with phosphorus. Various high-temperature treatments are performed
which are known for their possible impact on the configuration of oxygen in the silicon

and the resulting recombination activities (see section 2.2).

Apart from the point of fundamental interest, the influence of high-temperature treat-
ments on the silicon material is also of major importance in the solar cell production
of high-efficiency n-type solar cells which have the putative advantage that the boron-
oxygen defect is irrelevant in the base material. However, the processing sequences of
high-efficiency n-type silicon solar cells often feature high-temperature treatments, such
as boron diffusions or thermal oxidations, which may cause a thermally induced degra-
dation of the bulk lifetime [76]. Often, the lifetime reduction is not observed over the
entire ingot, but only on some wafers, whereas other wafers cut from the same ingot show
the desired high lifetimes. Within this section, these circumstances will be analysed in

detail.

N-type silicon wafers cut from two different Czochralski-grown ingots, referred to as
material A and B in the following, are investigated. The resistivities and the interstitial
oxygen concentrations, measured in the centre of the wafers, are listed in Table 4.2.
The resistivities are determined using four-point-probe measurements and the oxygen
concentrations are determined via FTIR measurements according to IOC-88 standard
[72]. The wafer thickness varies between 150 pm and 200 ym and the wafers are processed
at full size, i.e. 156 x 156 mm?.

The wafers from materials A and B are separated into three different groups. In the
first group (group 1), the samples solely undergo the removal of the saw damage using
KOH. In the second group (group 2), after the same treatment as the first group, the
samples undergo a boron diffusion (in BBr3) at a peak temperature of 930 °C for 80 min
resulting in a p*-region with 40 2/ sheet resistance. Afterwards, the borosilicate glass

(BSG) as well as the pt-region are removed using HF and KOH, respectively. In the

TABLE 4.2: Resistivities p and interstitial oxygen concentrations [O;] of the investigated
materials. The values are determined by 4-point probe measurements and the FTIR
method in the centre of the wafer, respectively.

Material A B
Resistivity p [Q2 cm] 1.7+0.1 3.7+£0.2
Oxygen concentration [0;] [1017 cm ™3] 10+£1 8+1
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FIGURE 4.11: Lifetime 7 measured at Ap = 10'® cm ™2 for each investigated group.
For Group 3 an example for an oxidation at 1000 °C is shown. Material B exhibits high
lifetimes in every group. Material A degrades severely after thermal oxidation (Group
3). The measurements are performed in the centre of the samples.

third group (group 3), the samples undergo the same boron diffusion as group 2. The
BSG is removed before a dry oxidation for 130 min is performed. Different oxidation
temperatures between 900°C and 1050°C are examined using wafers of both ingots.
After the oxidation process, the oxide layer as well as the pT-region are removed using
again HF and KOH. All samples are then surface-passivated on both sides using silicon
nitride (SiN), deposited via plasma-enhanced chemical vapour deposition (PECVD) in
a Roth & Rau SINA tool. The SiN passivation layer is chosen to be 70 nm thick with a

refractive index of n, = 2.4.

Photoconductance decay (PCD) as well as quasi-steady-state photoconductance (QSSPC)
lifetime measurements are performed using the lifetime tester WCT-120 from Sinton In-
struments. For spatially resolved lifetime measurements the method of photoconductance-

calibrated photoluminescence imaging (PC-PLI) is used (see chapter 2).

Results of the lifetime investigation are shown in Fig. 4.11. Only a moderate lifetime
degradation after high-temperature processing is observed for material B (compare group
1-3). In contrast, material A exhibits high lifetimes (above 2ms) in group 1 and 2.
However, after the second high-temperature process in group 3, the lifetime degrades
severely to 25 us. A PC-PLI measurement of this sample reveals an inhomogeneous
lifetime distribution over the sample (see Fig. 4.12). While in the centre of the wafer
the lifetime degrades strongly after the oxidation process, at the corner of the wafer the
lifetime is on a much higher level. Figure 4.13 shows a line scan over the PC-PL image

of the corresponding sample from the centre of the wafer to one of its corners. The
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FIGURE 4.12: PC-PL-image of a life- FIGURE 4.13: Line-scan of the PC-
time sample of material A after boron PL-image shown in Fig. 4.12 from the
diffusion and oxidation, determined at centre of the wafer to its corner. The
a light intensity of 0.12suns. The cen- lifetime varies over almost two orders
tre of the sample shows a strongly re- of magnitude.

duced lifetime while the edges of the
sample feature a much higher lifetime.
The red solid line marks the area of the
line scan shown in Fig. 4.13.

PC-PLI measurement reveals a ring structure, frequently observed in Cz-grown silicon

due to the symmetries of the growth conditions.

As lifetime degradation after high-temperature processing is known to occur on material
A, the impact of the peak oxidation temperature is examined. For this purpose wafers
from materials A and B are processed according to group 3 with oxidation temperatures
of 900°C, 950°C, 1000°C and 1050 °C. The results of this investigation are shown in
Fig. 4.14. For material A, a strong degradation of the lifetime to values below 100 us can
be observed for oxidation temperatures from 900°C to 1000 °C. The lowest lifetime is
observed after oxidation at 1000 °C suggesting that at this temperature defect generation
is most efficient. At 1050 °C peak temperature the degradation of the lifetime is less
severe than for the lower temperatures but still about an order of magnitude lower than

the value measured on the same material after a boron diffusion.

The defects responsible for lifetime degradation after high-temperature treatment have
been attributed in the past to the agglomeration of intrinsic point defects and interstitial
oxygen, the major contamination in Cz-grown silicon, during the crystal growth process
[77]. The problem for solar cell production is, as observed in this study, that these defects
are not detectable in the as-grown material and reveal their harmful presence only after
high-temperature processes. However, in semiconductor industries, oxygen precipitation
has been widely studied due to both its beneficial (transition metal gettering, strength-

ening of the material) as well as its harmful properties (if present in the active region
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FIGURE 4.14: Lifetime 7, determined at Ap = 10'%cm~3, plotted versus oxidation
temperature 1. A variation of the lifetime depending on the oxidation temperature is
observed for material A. The lifetime of material B hardly depends on the oxidation
temperature.

of an integrated circuit (IC) precipitates act as defects and impair device performance).
From these studies it is known that a grown-in distribution of oxygen precipitate nu-
clei can be dissolved by a single high-temperature treatment of the wafer before it is
subsequently processed to the desired device. This high-temperature treatment is often

referred to as “tabula rasa” treatment [15, 16] (see section 2.2).

In semiconductor industries, the tabula rasa treatment has been applied to obtain a

starting material with an almost ideal oxygen cluster distribution consisting of only
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FIGURE 4.15: Injection-dependent lifetime 7(An) of two samples after boron diffusion
and thermal oxidation at 1000 °C. The blue curve represents a sample with the tabula
rasa treatment performed before sample processing. The sample corresponding to the
orange curve is processed without tabula rasa treatment.
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FIGURE 4.16: PCPL-image of two samples from material A at an illumination intensity
of 0.12suns. The samples are processed according to group 3 including a boron diffusion
and an oxidation. On the left, no tabula rasa treatment is applied before sample
processing, on the right tabula rasa is applied.

monomeric, interstitial oxygen. From this starting material, a desired cluster distribu-
tion can be tailored by applying various high-temperature treatments. Here, the tabula
rasa treatment is adapted to silicon solar cell material. For this purpose, another group
of lifetime samples consisting of material A is processed, including boron diffusion and
thermal oxidation (group 3). This time, however, before performing the boron diffusion,
the tabula rasa treatment is applied, which dissolves the major part of the grown-in
distribution of oxygen precipitate nuclei. The tabula rasa treatment is performed in a
conventional belt-firing furnace (Centrotherm, DO-FF-8.600-300) with a belt speed of
2.0m/min and a peak temperature of 1000°C (set temperature). After this step, the
lifetime samples are processed including a boron diffusion and a thermal oxidation at
1000 °C. The result of this investigation is shown in Fig. 4.15, proving that this addi-
tional high-temperature treatment before sample processing is very beneficial for this
material. From 17 us (at Ap = 10'% em™3), without tabula rasa treatment, the lifetime
increases by a factor of 20 to 500 us (at Ap = 10 cm™2). The injection-dependent
lifetime curve without tabula rasa treatment features a decreasing lifetime towards low
injection densities, which has to be attributed to a bulk defect. Compared to that, ap-
plying the tabula treatment, the injection-dependent lifetime shows no or only a very
weak decrease towards low injection densities.

Apart from the increase of the measured effective lifetime in the centre of the sample,
the lifetime distribution also changes after the tabula rasa treatment. In Fig. 4.16,
two lifetime images of samples of material A are compared. No tabula rasa treatment
is applied to the sample corresponding to the map on the left, whereas on the right a
map of a sample with tabula rasa treatment is shown. In the case where tabula rasa
is applied before sample processing, a homogeneous lifetime distribution over the entire

waler is observed.
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To identify the defects being responsible for the lifetime degradation of material A,
a defect analysis according to Shockley-Read-Hall theory is performed [61, 62]. The
analysis of the injection-dependent lifetime reveals that the lifetime curve can be fitted
by two defect centres, if the recombination at the surfaces is neglected. The defect
characteristics of the two centres, suitable to describe the injection-dependent lifetime
curves, are summarized in Table 4.3, with F, being the energy level of the lower edge
of the conduction band, FE, the energy level of the upper edge of the valence band
and E; the energy level of the recombination centre. o, and o, correspond to the
capture cross sections for electrons and holes, respectively. For material B, where no
degradation is observed, only a shallow defect centre is present (defect II in Table 4.3).
However, for material A, where degradation after thermal oxidation occurs (cf. group
3), an additional defect centre with an energy level close to the middle of the band
gap (defect I) is needed to model the injection-dependent lifetime curve. Within this
investigation, using these two sets of defect parameters all injection-dependent lifetime
curves are successfully modelled. The values of these defect parameters suggest that
different defect centres are present compared to the recently published ones found by
Murphy et al. [63]. An analysis of the injection-dependent lifetime of the sample treated
with the tabula rasa treatment shows that the shape of the lifetime curve can also be
explained by the two defects present in the material without the tabula rasa treatment.
This may be an indication that the dissolution of the grown-in distribution of precipitate
nuclei is not completed after the short high-temperature treatment in the belt furnace.
However, this result supports the interpretation of oxygen precipitates being responsible
for the observed lifetime degradation after high-temperature processing. In Figure 4.17

an example of the injection-dependent lifetime after boron diffusion (green triangles),
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FIGURE 4.17: Injection-dependent lifetime 7(An) of three samples after boron diffusion
(green triangles), after B-diffusion and oxidation at 1000 °C (orange squares) and after
tabula rasa and both high temperature process steps (blue circles). The black solid
lines are calculated using the defect parameters shown in Table 4.3.
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TABLE 4.3: Defect parameters suitable to describe the measured injection-dependent
lifetime curves on materials A and B.

Defect I 11
E.—Eior E, — E, [eV] > 0.3 < 0.2
on/op 0.12+0.04 >0.1

after boron diffusion and subsequent oxidation (orange squares) as well as after tabula
rasa and the two high-temperature process steps (blue circles) is shown. The calculated
injection-dependent lifetimes (black solid lines) using the parameters summarized in

Table 4.3 fit well to the measurements.

4.4 Chapter summary

The impact of the crystal growth conditions on the formation of the BO defect has
been studied on three differently grown crystals at three different positions: seed end,
centre and tail end. It was shown for the first time in a comprehensive investigation
that the variation of the effective defect concentration along the crystal axis can be fully
attributed to the variation of the hole and the oxygen concentrations. In addition, a
fast cooling after crystallization reduces the normalized defect concentration by almost
30 %, although this effect is only observed in defective crystals.

In the second part of this study, the lateral distribution of the boron-oxygen-related
defect centre on wafers cut from different crystal position was examined. In accordance
with the previous result, the variations in the effective defect concentration were at-
tributed to the varying concentrations of holes and oxygen alone. In particular, we have
shown for the first time that typical growth-related concentrations of the intrinsic point
defects, such as vacancies and self-interstitials, have no impact on the boron-oxygen-
related defect concentration. From these results it can be concluded that the formation
of the boron-oxygen-related defect is not systematically affected by the pulling condi-
tions of the Czochralski growth process.

In the second part of the chapter, the equilibrium BO defect concentration after pro-
longed annealing at temperatures between 200 °C and 300 °C was examined. We discov-
ered that after processing, the defect concentration has not necessarily reached an equi-
librium. For the investigated materials with base resistivities ranging between 0.5 2 cm
and 2.5 cm it was observed that an annealing at 200°C for 50 hours establishes the
equilibrium, independent of the base resistivity. Investigations at different temperatures
revealed that the equilibrium defect concentration decreases with increasing annealing

temperature. This observation is in accordance with the predictions of the most recent
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B;B;0O; model. Within the B;B;O; model, the equilibrium defect concentration corre-
sponds to an equilibrium between free interstitial boron atoms captured by the B;O;
trap and the boron nano-precipitate. The observed decreasing defect concentration with
increasing temperature translates within the model into a higher binding energy between
B; and the B;O; complex compared to the dissociation energy between B; and the boron-
nano-precipitates.

In the last part of this chapter, lifetime limitations of oxygen-rich silicon have been
studied in phosphorus-doped n-type Cz-grown silicon. While one material under inves-
tigation featured a high lifetime independent of the additional temperature treatments,
the lifetime of another material was significantly reduced after a high-temperature step.
Based on a thermal oxidation process, we discovered that the reduction of the lifetime
is most pronounced at 1000 °C, hence the defect generation is most efficient at this tem-
perature. However, an additional short high-temperature step (‘tabula rasa’), which was
within this thesis realized for the first time in an industrial belt-line furnace prior to
the thermal oxidation, strongly reduced the lifetime degradation during the subsequent
thermal process. Our results are in accordance with the behaviour of oxygen in silicon
and were explained with the temperature- and time-dependent growth/dissolution of

oxygen precipitates and their recombination activity.



Chapter 5

Permanent deactivation of the
boron-oxygen-related

recombination centre

The following chapter is divided into three parts. In the first part, the deactivation
kinetics and parameters controlling the kinetics, such as the sample cooling, the de-
activation temperature and the illumination intensity during the deactivation process
are analysed in detail. In the second part, we examine if hydrogen —incorporated into
the sample during processing— is affecting the deactivation kinetics. In the third part,
a new parameterization of the lifetime which can be reached after fully deactivating
the BO defect is introduced, as a function of the doping concentration and the injec-
tion density. Additionally, the impact of the parameterized lifetimes on next-generation

industrial-type solar cells is examined by means of numerical simulations.

5.1 Deactivation kinetics

The boron-oxygen-related recombination centre poses a fundamental limitation on the
efficiency of solar cells fabricated from oxygen-rich boron-doped silicon. It has been
known for a while that the sample cooling after a high temperature process has a crucial
impact on the BO defect concentration [22] although no detailed study on this effect was
performed up to now. In this section, the cooling rate after high-temperature annealing
is systematically varied and its impact on the lifetime of boron-doped Cz-Si samples
is examined in three well-defined states: (i) after complete light-induced degradation,
74, (i) after subsequent recovery in darkness at 200°C, 79, and (iii) after permanent

recovery, i.e. after permanent deactivation of the BO centre [4], 7op.

o7
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FIGURE 5.1: Temperature profiles determined using a temperature probe attached to
a lifetime sample. The probe sample is passivated with an AlyO3/SiN, stack. Dif-
ferent coloured symbols correspond to different belt speeds ranging between 1.2 and
7.2m/min. The set peak temperature is fixed at ¢ = 850 °C.

5.1.1 Experimental details

Sample processing includes the removal of surface damage, a phosphorus diffusion (850 °C,
70min) followed by the removal of the n™-region, and the passivation of the surfaces.
For the surface passivation AlyO3 is chosen (film thickness 10nm) which is deposited
via plasma-assisted atomic layer deposition (plasma-ALD). A 70 nm- hick silicon ni-
tride (SiN,) capping layer is deposited via plasma-enhanced chemical vapour deposition
(PECVD) in order to improve the thermal stability of the passivation [78]. The surface
passivation of the deposited layers is then activated by annealing at 425°C for 15 min
in ambient atmosphere [79]. On a second set of samples, the n™-region remains on the
samples during the rapid thermal annealing (RTA) process. The n'-region is removed
after the RTA and the surfaces are passivated with a single Al,O3 layer followed by the
activation anneal as mentioned above.

The RTA process is carried out in a commercially available belt-line firing furnace (DO-
FF-8.600-300, Centrotherm). In order to realize various cooling rates, different temper-
ature profiles are chosen, corresponding to different belt speeds and peak temperatures.
The set peak temperature is either 650 °C or 850 °C and the belt speed is varied from
1.2 up to 7.2m/min. The temperature profile is monitored by a temperature probe
attached to a wafer which is processed identically to the lifetime samples. The profile
is recorded using a DATAPAQ Insight Oven Tracker. An example of the recorded tem-
perature profiles is shown in Fig. 5.1 for a sample passivated with an Al,O3/SiN,, stack.
As can be seen from Fig. 5.1, the belt speed has a pronounced impact on the maximum

temperature as well as the heating and cooling behaviour.
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FIGURE 5.2: Measured lifetimes after light soaking 74 (full columns), after annealing in
the dark (200 °C for 10 min) 7y (open columns with colour edge), and after permanent
recovery 7o, (hatched columns). Orange columns correspond to a set peak temperature
of 850 °C and blue columns to a peak temperature of 650 °C. Red circles corresponds
to the lifetimes 74 (full symbols) and 79 (open symbols) of samples without SiN, layer
during RTA treatment. The belt speeds are displayed in each bar. The green column on
the right corresponds to samples without additional RTA treatment before the lifetime
measurement.

Lifetimes are measured using a WCT-120 lifetime tester (see section 3.2.1). If not
mentioned, all lifetimes are reported at an injection density of An = 0.1 X pg with An
being the excess electron concentration and py the dark value of the hole concentration
(identical, in our case, to the boron concentration). The characteristic lifetimes are

denoted as:

(i) 74 - fully degraded lifetime after light soaking under a halogen lamp at a light
intensity of Py ~ 10mW /cm? for 12h or longer,

(ii) 7p - after annealing in the dark at 200°C for 10min (this lifetime is used as the
reference value for calculating the effective concentration of the recombination

centres), and

(iii) 7op - after annealing the degraded samples at elevated temperatures (typically
around 185°C) under illumination with a halogen lamp intensity of 100 mW /cm?
[this is the stable (permanently recovered) value that does not change (or changes

only slightly) upon subsequent illumination at room temperature (see chapter 6)].

5.1.2 Impact of rapid thermal annealing (RTA)

The material used for this investigation is 150 pm thick boron-doped Cz-Si with a re-

sistivity of p = (1.02 + 0.03) Qcm and an interstitial oxygen concentration of [O;]=
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FIGURE 5.3: Measured injection-dependent lifetimes 7(An) in two different stable
states: (i) after complete degradation 74 and (ii) after permanent recovery 7p,. Open
symbols correspond to the lifetimes after complete degradation and full symbols after
permanent recovery. The lifetime values of the sample without RTA treatement are
shown as blue squares, whereas the lifetimes of the sample with the RTA treatment at
7.2m/min belt speed and 850°C peak temperature are shown as orange circles. For
comparison, the intrinsic lifetime limit [81] is also included (black line).

(6.940.3) x 10*7 cm ™3, determined via four-point-probe and FTIR measurements (I0OC
88), respectively. We observe (see Fig. 5.2) that for all samples the three characteristic
lifetimes, 79, 74 and 7g,, depend on the conditions of the RTA process. For an ap-
plied peak temperatures of 850°C, all three lifetimes increase strongly with increasing
belt speed. For a peak temperature of 650 °C this increase is only observed for 7. 79
and 7o, appear to be independent of the belt speed, considering the uncertainties. At
850 °C peak temperature and 1.2m/min belt speed the lowest lifetimes are measured:
T4 = (42 £ 4) ps, 1o = (107 = 3) us and 79, = (111 £ 3) us. The lifetime after complete
degradation is the highest after the 650°C RTA treatment with 6 m/min belt speed:
Tqg = (112 + 2) us. The lifetimes after dark recovery and after permanent recovery are
the highest after the 850°C RTA treatment at the maximum belt speed of 7.2 m/min:
70 = (700£125) pus and 7o, = (15404 225) us. For comparison, on samples without RTA
treatment we measure 74 = (76 & 4) us, 79 = (635 £ 20) us, and 19, = (212 £9) us; the
permanently recovered value is essentially lower than for the RTA-processed samples.
Please note that the lifetimes 75 and 74 of the samples without additional hydrogen-rich
layers also increase with increasing belt speed (red circles in Fig. 5.2). This indicates
that the observed increase of the lifetimes is not due to a hydrogen-related effect, as it
was recently suggested by Hallam et al. [80]. In the following, results of lifetime samples
with hydrogen-rich layers present during firing (i.e., AloO3/SiN, stacks) are discussed
only.

Figure 5.3 shows the injection level dependence of 74 (after complete degradation) and
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FIGURE 5.4: Measured lifetime 7 (An = 0.1 X pg) versus illumination time ¢ during
the process of permanent recovery. Circles correspond to a sample processed including
an RTA treatment with a peak temperature of 850°C: open symbols at 7.2m/min
belt speed, full symbols at 1.2 m/min belt speed. Blue squares correspond to a sample
without RTA treatment but with an annealing step at 425°C for 15 min.

Top (after permanent recovery) for a reference sample without RTA and a sample after
the most efficient RTA treatment (7.2m/min belt speed, 850°C peak temperature).
While the lifetime curves of 745 almost coincide, the lifetime 7, is significantly higher for
the RTA-processed sample.

The typical lifetime evolution during the process of permanent recovery is shown in
Fig. 5.4. The measured lifetimes are transformed into an effective defect concentration
Ny using Eqn. 2.1. The recovery rate constant Rg. is then determined by fitting
an exponential decay function Aexp(—Rge X t) + B to N;. The lowest rate constant,
Rge = (1.040.2) h=1, is obtained for the sample that has not received any RTA treatment
(blue symbols in Fig. 5.4). By applying a peak temperature of 850°C and a belt
speed of 7.2m/min, Ry is increased by almost two orders of magnitude, up to Rge =
(75 4+ 11)h~!. Thus, we achieve an acceleration of the permanent recovery process by
two orders of magnitude after the RTA treatment and an increase of the absolute lifetime

after permanent recovery of one order of magnitude.

Within the framework of the B;B;O; model [82] (see section 2.3.3.3), the reduction of
the effective lifetime upon light soaking has been attributed to a change in the con-
figuration of a grown-in complex consisting of an interstitial boron atom (B;) and a
frozen-in complex B;O;. During cooling, the free interstitial boron atoms (produced by
self-interstitials emitted by oxide particles) agglomerate into small precipitates (nano-
precipitates, NPs). This happens at a relatively high temperature, which we show later
in this work to be around 600°C. At this stage, the remaining free interstitial boron

atoms are in equilibrium with the NPs, and there are also complexes of B; with other
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FIGURE 5.5: Measured recovery rate constant Rg. as a function of the cooling rate ¢
in a temperature range between 575°C and 625°C. Samples with RTA treatment at
850 °C peak temperature are shown as orange circles, samples with RTA treatment at
650 °C are shown as blue squares. The black line is a guide to the eye.

impurities, such as Bg, O;, Og;, etc. The defect responsible for the light-induced degra-
dation has been proposed recently by Voronkov and Falster to be B;B;O [82]. Below
some relatively low characteristic temperature ¥, (roughly, less than 350°C [82]) the
equilibrium between the B;-containing defects and the NPs is no longer supported, and
the total concentration of the defects is frozen-in. This means that the concentration
of frozen-in B;B,0O; defects depends on the cooling rate ¢ = —di/dt at ¥;, and also on
the NP density and size - which in turn depend on ¢ but now referring to a different
characteristic temperature #,. Accordingly, the dependence of the frozen-in B;B;O;
concentration (and hence of the degraded lifetime 74) on the cooling conditions is some-
what complicated being dependent on the full cooling curve rather than on the cooling
rate in a single temperature interval. A noticeable impact of sample cooling after a
high-temperature step on the effective defect concentration N; was reported previously
by Bothe et al. [22].

Within the B;B;O; model, the permanent recovery can be attributed to increasing the
free B; atom concentration by a partial dissociation of B;-containing complexes at the
recovery temperature and in the presence of excess carriers. An enhanced loss of B;
to the NPs [34, 83] leads to the disappearance of all B;-containing centres —including
B;B;O;— and subsequent illumination at room temperature does not lead to a renewed
lifetime degradation. Please note, that the same explanation of the permanent recovery
is also used within the B;O9; model [34] as both models assume the presence of boron
nano-precipitates. The rate constant of the permanent recovery Ry, is then proportional

to the sinking ability of NPs which is characterized by the product of the NP density
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FIGURE 5.6: Recovery rate constant R4. versus cooling rate ¢ in a temperature range
between 575 °C and 625 °C after RTA for various silicon materials relevant for solar cell
production. The base resistivity varies between 0.5 and 4.7 Q2 cm. For all materials, Ry
increases with increasing cooling rate q. The grey dashed lines are guides to the eyes.

N, and the average NP radius R, as discussed in detail in Ref. [83]. These properties of
the NPs can be analysed using an analogy with vacancy aggregation into voids [11] (see
section 2.3.3.3). Upon lowering ¥, e.g. after an RTA step, the nucleation rate of NPs
is rapidly increasing, and, at some temperature, becomes so high that the number of
growing NPs completely consumes the dissolved B;, thus suppressing further nucleation.
Appreciable nucleation occurs in a very narrow temperature interval, and the produced
NP density N, and the final average NP radius R, (upon consuming the majority of
dissolved B;) depend in a simple way on the cooling rate ¢ and on the concentration of
B, atoms prior to the nucleation/growth stage. Remarkably, the quantity of interest,
the N, x R, product, is independent of [B;] and simply proportional to g (see Eqn. 2.9).
Hence, the rate constant for the permanent recovery (deactivation) should follow this

simple dependence on the cooling rate:

Rge x Np x Ry o gq. (5.1)

The cooling rate ¢ in this expression refers to a narrow temperature interval where the
NP nucleation occurs, and thus to some definite temperature ,, of nucleation — which
is unknown beforehand but can be estimated from our experimental data. To do so,
we determine the cooling rate ¢ of every investigated temperature profile in specific
temperature intervals using linear approximations. As can be seen in Fig. 5.5, we
observe a linear correlation of R4 and g = —di/dt for the temperature range between
575 and 625°C. From these data we conclude that the nucleation temperature of NPs
is around 600 °C.
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Our highest achieved recovery rate constant of Rg. = (75 & 11)h~! corresponds to a
cooling rate of ¢ ~ 100°C/s in the indicated temperature range. According to Eqn. 5.1
we would expect that further increasing the cooling rate (although difficult to realize
experimentally) would lead to still higher values of Rg.. The proportionality coefficient
between Rg. and ¢ (with the units used above) is according to our measurements about
2.08 x 107*°C~ 1,

The majority of B;-containing complexes is believed to disappear in the course of per-
manent recovery and the achieved lifetime 7, is then controlled by other defects. In
principle, also the NPs may contribute to the recombination but this contribution is
apparently very small — since we measure the highest value of g, for the highest cooling

rate, when the NP density is the highest.

To further support the validity of our findings shown in Fig. 5.5, the experiment is
repeated with lifetime samples, processed analogously to the samples shown in Fig. 5.5,
on five different Cz-Si materials with base resistivities ranging from 0.5 to 4.7 cm.
Again, a variation of the belt speed during the firing process at a constant set peak
temperature of 850 °C facilitates different cooling rates ¢ at ~ 600 °C. Each individual
cooling rate is measured with a temperature probe attached to a sample processed in
parallel to the sample under investigation. Figure 5.6 shows the recovery rate constants
Ry versus various measured cooling rates g at 600 °C after RTA. For comparison the rate
constants shown in Fig. 5.5 are also displayed. We observe an increasing rate constant
R4 with an increasing cooling rate g for all investigated materials, which emphasizes
the general validity of our findings shown in Fig. 5.5. Interestingly, the recovery rate

constants determined on 1.0 Q2 cm material are lower than the rate constants measured

0.020
< - 1.0 Q cm p-type Cz-Si E
2 0018 F 3
o] N é ]
‘> 0016 F ' 3
o F T % w/o SiN, layer
S 0014F 3
g ] J\ ]
g oo § 3
S ootof %reaB0C 7 3
Q L ® ]
o C L] + ]
5 0008 F n ¢
S 0.006 ]
s POOF 9pess=B50°C
2 o004 F 3
8 : ]
2 oon2f 3
0.000
0 2 4 6 8

Belt speed v, [m/min]

FIGURE 5.7: Effective defect concentration N plotted versus the belt speed vy
during RTA treatment. A fast belt speed leads to a fast cooling of the sample. Samples
treated with a peak temperature of 850 °C are shown as circles, samples treated with
650 °C are shown as squares. N decreases with increasing belt speed.
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FIGURE 5.8: Lifetime after permanent recovery 7y, depending on the recovery temper-
ature J,.ccop for samples exposed to a peak temperature of 850 °C during RTA. During
RTA the samples are passivated with an Al,O3/SiN, stack. Green triangles correspond
to samples processed with a belt speed of 7.2m/min, blue squares correspond to a belt
speed of 6.0 m/min and orange circles correspond to the lowest belt speed of 1.2 m/min.

for the materials of higher resistivities, but no unambiguous dependence on the doping
concentration py can be extracted from these results. The grey dashed lines are guides
to the eyes of the expected linear behaviour. The different slopes of the dashed lines
might indicate that apart from the cooling rate at ~ 600°C another parameter exists
which additionally influences the recovery rate constant, however, to a much weaker
extent than the cooling rate. One may speculate that a dependence on the resistivity up
to resistivities in the range of 1.7 ) cm exists, especially when considering the results on
0.5 2 cm material, which show for the highest cooling rate a much smaller recovery rate
constant. Therefore, further investigations are needed to clarify this possible correlation

with the doping concentration.

The effective defect concentration after complete degradation, N = 1/74-1/7, is pro-
portional to the frozen-in concentration of B;B;O; and, hence, should depend on the
cooling conditions in a more complicated way —as discussed above— being sensitive to
the entire cooling curve. In Fig. 5.7, N is plotted as a function of the belt speed. A fast
belt speed generally leads to a fast cooling of the sample. There is a well pronounced
reduction in N upon increasing the sample cooling, although the effect is not as strong

as for the permanent recovery rate constant Rg4. at the defined temperature interval.

5.1.3 Impact of the recovery temperature

The material used in this experiment is again the 150 ym thick boron-doped Cz-Si ma-
terial with a resistivity of p = 1.0Qcm. All samples are coated with an AlyOg/SiN,

stack passivation on both wafer surfaces. The impact of the recovery temperature on the
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FI1GURE 5.9: Arrhenius-plot of the recovery rate constant Rg4.. Full symbols correspond
to data taken from this study treated with a set peak temperature of 850°C during
RTA. Open squares correspond to data taken from a publication by Herguth et al. [84]
and open circles to data taken from Lim et al. [36].

lifetime after permanent recovery is examined by performing the recovery treatment at
different temperatures ranging between 100 and 220 °C, however, at a constant illumina-
tion intensity of P;; = 100 mW/ cm?. In Fig. 5.8, the result of this experiment is shown
for samples exposed to an RTA step at 850 °C peak temperature and belt speeds of 7.2,
6.0 and 1.2 m/min (corresponding to green triangles, blue squares and orange circles, re-
spectively). As can be seen from Fig. 5.8, for all three RTA conditions the lifetimes show
a significant scatter, however, the different conditions can be clearly separated in the
plot. Despite the scattering, it can be concluded that the lifetime after permanent recov-
ery is independent of the recovery temperature (for a defined RTA treatment). Within
this study, the highest achieved lifetime after permanent recovery of 7g, = 2020 us is
measured on a sample treated during RTA with 850 °C peak temperature and a belt
speed of 7.2m/min and permanently recovered at a recovery temperature of 130°C at

a light intensity of 100 mW /cm?.

In contrast to the lifetime after permanent recovery 7y, the rate constant R, critically
depends on the recovery temperature. An Arrhenius-plot of the recovery rate constant is
shown in Fig. 5.9 for the 1.0 {2 cm samples of this study (filled symbols). For comparison,
previously published data by Lim et al. [36] and Herguth et al. [84] on Cz-Si samples
with a specific resistivity between 1 and 2 (2 cm are also displayed. Please note that the
permanent recovery process was performed at different light intensities in the different
studies. Up to now, the large difference in the rate constants determined by Lim et al.

and Herguth et al. (more than one order of magnitude at comparable temperatures) was
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unclear. However, considering our results regarding the impact of an RTA treatment,
we conclude that the difference in the sample processing of both groups caused this
difference, as Herguth et al. performed an RTA step, while Lim et al. omitted the RTA
step.

As shown in Fig. 5.9, the recovery rate constants Rg4. vary up to 3 orders of magnitude
when the recovery is performed in a temperature range between 80 and 220°C. Com-
paring different rate constants at a constant recovery temperature, it can be concluded
from our new data that the last high-temperature process step has a crucial impact
on the rate constant (apart from variations in the light intensity during the recovery
process). The data is plotted here in the form of an Arrhenius-plot, as it has been
concluded in previous publications [36, 84] that the process of permanent recovery is
thermally activated. Assuming a simple thermally activated process, the recovery rate
constant would follow a simple exponential law: Rgj. = v X exp(—FE,/(kyT)), where v is
the attempt frequency, E, the activation energy of the recovery process, k; the Boltz-
mann constant and T' the absolute temperature. However, as is shown in Fig. 5.9, our
new data does not show a simple Arrhenius-law behaviour of the rate constant over the
entire investigated temperature range. A possible explanation for the retarded increase
of the rate constant towards higher temperatures could be that at elevated recovery
temperatures (higher than ~ 185°C) the lifetime after the process of permanent recov-
ery is not completely stable under subsequent illumination. This suggests that another
defect transition occurs in this temperature range and the increase of the lifetime during
the process is promoted by at least two competing defect reactions. However, even at
low temperatures (lower than ~ 185°C) the dependence of R4, cannot be explained by
a single-exponential function. Therefore, we conclude that the process of permanent
recovery is not described by a simple thermally activated process and that the recovery
process is of more complex nature. Also, previous data presented by Lim et al. [36] and

Herguth et al. [84] support our findings.

5.1.4 Impact of illumination intensity during recovery

The material used for this investigation is (165 4 10) um thick boron-doped Cz-Si with a
resistivity of p = (1.6 £0.1) 2 cm and with an interstitial oxygen concentration of [O;]=
(74 0.5) x 10! cm™3, determined via four-point-probe and FTIR measurements (I0C
88), respectively. The measured dependence of the recovery rate constant Rg4. on the
illumination intensity Pj; is shown in Fig. 5.10 on a double-logarithmic scale. The orange
circles correspond to results obtained on lifetime samples passivated with AloO3/SiN,
stacks. All of these samples have been treated during RTA at 850 °C with a belt speed

of 7.2m/min and are permanently recovered at 185°C. The blue diamonds correspond
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FIGURE 5.10: Recovery rate constant Rg4. plotted versus the illumination intensity
Py during permanent recovery of lifetime samples with Al;O3/SiN, stack and fired
at Vpeyr = 7.2m/min belt speed (orange circles) on a double-logarithmic scale. The
recovery is performed at 185°C. Blue diamonds correspond to data determined by
Herguth et al. [35] at a temperature of 140°C from solar cells. The black solid and
dashed lines are power law fits to the respective data. Note that 1sun corresponds to
a light intensity of 100 mW /cm?.

to recovery rate constants published by Herguth et al. [35] measured on solar cells
using a recovery temperature of 140 °C. In both cases, an increasing rate constant with
increasing illumination intensity is observed. From a power-law fit to the data, however,
different exponents are extracted. For our lifetime data an exponent of (1.25 4 0.06)
is extracted, while for Herguth’s data a value of (0.66 & 0.06) is obtained. Despite the
notable difference in the exponents of almost a factor of 2, the qualitative behaviour is
comparable. Note that the recovery of the lifetime at elevated temperatures depends
on the concentration of excess carriers, as it was shown by Herguth et al. [35]. As the
concentration of excess carriers increases with the illumination intensity, the observed
trend of an increasing rate constant Rg. with increasing illumination intensity Pj; may
be expected. However, if results on lifetime samples and solar cells are compared, it
has to be taken into account that the change of the excess carrier concentration in the
silicon bulk does not only depend on the illumination intensity, but also on the optical
properties of the sample and on the overall (injection-dependent) lifetime of the sample
during permanent recovery. Hence, these additional factors might explain the differences
observed between the Rg.(P;;)-dependence of the lifetime samples and the cell results

of Herguth et al., shown in Fig. 5.10.
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FIGURE 5.11: Measured lifetimes 7 at a fixed injection density An = 0.1 X py as
a function of illumination time ¢ during the recovery process. Left, two curves of
samples with a base resistivity of 1.7 2 cm are shown, right two curves of samples made
of 4.8 cm material. Open symbols correspond to samples after annealing at 200°C
in darkness for 10min and subsequently recovered at 185°C and 100 mW /cm? light
intensity. Filled symbols correspond to two samples after 250 °C annealing in darkness
and recovered at 230 °C and 245 mW /cm? light intensity.

5.1.5 Recovery within seconds

For industrial applications it is important to reach the high lifetimes after permanent
recovery 7o, in an as short as possible time frame. Therefore, an optimized pre-treatment
is required. In particular, a fast cooling ramp at 600 °C is very important to minimize the
process time of the recovery process (see section 5.1.2). From previous studies it is known
that increasing the recovery temperature (see [84] and also Fig. 5.9) as well as increasing
the illumination intensity (see [35] and Fig. 5.10) during the recovery process further
increases the recovery rate constant, i.e. shortens the recovery period. Additionally, it
was shown by Wilking et al. [49] that an additional annealing step in darkness after
the RTA treatment at intermediate temperatures between 200°C and 400 °C leads to
a further reduction of the recovery period. All these findings are included into our
experiments described in this section. We anneal the samples after firing at 250°C for
10 min in darkness and perform the recovery process at an elevated temperature of 230 °C
at 245 mW /cm? light intensity. Two different Cz-Si materials with base resistivities of
p=17Qcm and p = 4.7Q cm are chosen. Again, the samples are P-diffused, with the
diffused regions removed afterwards, and are coated with an AlyO3/SiN, stack. During

RTA the samples are treated with 850°C set peak temperature and 7.2 m/min belt speed.

Figure 5.11 shows the recovery behaviour of the lifetime during annealing under illu-
mination for four samples. The filled symbols correspond to samples treated with our

improved conditions, while the samples corresponding to the open symbols are annealed
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at 200°C and recovered at 185°C and 100mW/cm? (1sun) light intensity. Our im-
proved conditions clearly further accelerate the recovery process. After only 10s during
the recovery process the lifetime of the 1.7 2 cm Cz-Si material reaches values above 1 ms
(see left graph in Fig. 5.11). On another sample with a higher resistivity of 4.7 cm
(circles in right graph of Fig. 5.11), which was also treated with our improved condi-
tions, the typical degradation of the lifetime followed by its recovery is not observed.
The lifetime remains apparently stable at values above 2.5 ms. As the first data point
is measured after 5s of recovery treatment, we conclude that the deactivation process is
in fact already completed within the first 5seconds. We have, hence, for the first time
identified an industrially applicable (i.e. ultra-fast) treatment leading to lifetimes larger

than 1ms in conventional boron-doped Cz-Si.

5.1.6 Summary

In this section, we have examined the impact of rapid thermal annealing (RTA) on the
carrier lifetime of boron-doped, oxygen-rich p-type Cz-Si wafers for three characteristic
stages of light-induced degradation/recovery. The RTA step was performed in a belt-
type firing furnace as typically used for the metallization of screen-printed silicon solar
cells. By varying the peak temperature and the belt speed of the RTA treatment, sig-
nificant differences in the lifetimes after complete degradation (74), after dark annealing
(70), and after permanent recovery (7p,) were observed. On 1Qcm Cz-Si material we
have found that the degraded lifetime can be improved by RTA from 42 ps to 107 us. The
permanently recovered lifetime can be improved even more dramatically: from 110 us
up to 2020 us.

In addition, we discovered a very strong impact of the RTA treatment on the kinetics of
the permanent recovery. Due to the RTA treatment, the recovery rate constant Rg. (at
the recovery conditions: ¥ = 185°C, Py = 100mW /cm?) increased from 1h=! to 75h~!
for the highest applied belt speed of 7.2m/min. We attribute the observed increase of
Rg. with increasing belt speed to an increased cooling rate at the end of the RTA step.
We have identified the relevant temperature interval during cooling after RTA to be
~ 600°C, as the recovery rate constant in that temperature interval shows a linear cor-
relation with the cooling rate, i.e. Rg. o ¢. A further experiment on a variety of Cz-Si
materials featuring different base resistivities confirmed the validity of this important
fundamental finding, which clearly favourites a recently proposed B;B;O; model [47].
Our investigations of the recovery temperature on the lifetime after permanent recov-
ery Top revealed no dependence in the temperature range between 100 and 220°C. In
contrast, the rate constant Ry, was found to be strongly dependent on the recovery

temperature. However, R4, does not follow a simple Arrhenius-law, suggesting that the
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process of permanent recovery is more complex than a simple thermally activated pro-
cess. Apart from the recovery temperature, we examined the impact of the illumination
intensity on the recovery process. Our experiments clearly showed that the rate constant
R4 also depends critically on the illumination intensity, for intensities below 1sun. On
the investigated samples, Rg. increases following a simple power-law with an exponent
of a = 1.25.

Our new experimental findings are discussed in the context of a previously proposed
B;Bs0; model (see section 2.3.3.3) for the lifetime-degrading recombination centres.
Within this model, various B;-containing complexes exist —in the initial stage of sam-
ple cooling from a high temperatures ¥— in equilibrium with boron nano-precipitates
(B-NPs). At lower temperature the equilibrium is no longer supported and a specific
concentration of B;B;0; is frozen-in. This concentration is expected to be smaller at
higher cooling rates, as was also observed in our experiments. The sinking ability of the
B-NPs (the product of their density and the radius) is predicted to be simply propor-
tional to the cooling rate referring to a specific temperature of B-NP nucleation. From
our experimental results it is hence concluded that this nucleation temperature is around
600 °C. The rate constant Rg. for the permanent recovery is proportional to the B-NP
sinking efficiency — and thus to the cooling rate q.

In the last part of this section we combined all measures to increase the rate constant
Rge as discussed before. This led to ultra-short industrially feasible process times in
a time frame of 5s to 10s, opening the path for implementing our recovery process to

industrial solar cell production.

5.2 Impact of hydrogen on the deactivation process

In a series of three different experiments we examine the impact of hydrogen on the
BO deactivation. In the first experiment, different dielectric passivation layers featuring
largely different hydrogen concentrations are applied to the Cz-Si wafers. The impact
of the various hydrogen contents in combination with high-temperature firing on the
lifetime is then examined. In the second experiment, the cooling of the lifetime samples
after a high-temperature treatment is varied without any hydrogen-rich dielectric layer
being present. The surface passivation is carried out after the sample cooling, so that
an equally small amount of hydrogen is incorporated into each sample. In the final ex-
periment, a low-temperature passivation (the maximum temperature applied is 130°C)
based on depositing the polymer PEDOT:PSS is applied, which virtually completely
omits the in-diffusion of hydrogen from the passivation layer into the silicon bulk.

For our experiments we use wafers from three different boron-doped Cz-grown silicon

ingots. The wafers feature base resistivities of (1.0 & 0.03) Qcm, (1.6 £ 0.1) Q cm, and
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(2.5 £ 0.03) Qcm, as determined via four-point-probe measurements and have a final

thickness after processing of (165 + 10) ym.

5.2.1 Dielectric passivation layers with varying hydrogen content
5.2.1.1 Experimental details

Sample processing starts with the removal of the surface damage using a solution of
potassium hydroxide (KOH) followed by a RCA cleaning sequence. Afterwards, a phos-
phorus diffusion is performed at 850 °C for 70 minutes, which results in n* layers with
a sheet resistance of (100 £ 10) /g on both wafer surfaces. After the removal of the
phosphosilicate glass (PSG) in hydrofluoric acid (HF), the phosphorus-doped n*-regions
are removed from both wafer surfaces, again using KOH. In the following, two different
surface passivation schemes are applied which feature very different hydrogen concen-
trations. Within the first group of samples, 20nm AlsOg are deposited on both wafer
surfaces via plasma-assisted atomic layer deposition (plasma-ALD) in a FlexAL tool
(Oxford Instruments). In the second group, a 10nm AlyOgz layer, also deposited via
plasma-ALD, is covered by a 70 nm thick SiN, (n,=2.05) layer deposited via plasma-
enhanced chemical vapour deposition (PECVD) using a Roth & Rau SiNA system.
Please note that the hydrogen content of the Al;O3 and the SiN, layers differ by about
one order of magnitude between 12 to 20 at.% [85] for the SiN, layer and between 1 to
2at.% [86] for the Al,Og3 layer. After the deposition of the dielectric layers, all samples
underwent a fast firing step in a conventional belt-firing furnace (Centrotherm DO-FF-
8.600-300) with a set peak temperature of ¥peqr = 850°C at various belt speeds between
1.2 and 7.2m/min. The temperature profiles are measured on identically processed sam-
ples, using a DATAPAQ Insight Oven Tracker. Afterwards, the lifetime measurements
are performed and the permanent deactivation of the BO centre is performed at a tem-
perature of 185°C and at a light intensity of 100mW /cm?. As illumination source a
halogen lamp is used. To start the deactivation process from a defined state of the
BO defect, all samples are annealed at 200 °C for 10 min in darkness directly before the

deactivation process is performed.

5.2.1.2 Results and discussion

In Fig. 5.12, the regeneration curves of two lifetime samples passivated with single
Al5O3 layers and fired at 850 °C set peak temperature with two different belt speeds are
shown. The orange circles correspond to a sample fired at a belt speed of 7.2m/min,

while the blue squares correspond to a sample fired at a belt speed of only 1.2m/min.
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FIGURE 5.12: Recovery of the effective lifetime 7 plotted versus the illumination time ¢
at 185°C and 100 mW /cm? (1 sun) light intensity. A fast belt speed (vpe;; = 7.2m/min,
orange circles) leads to a fast recovery of the lifetime, while for a slow belt speed
(Uperr = 1.2 m/min, blue squares) a longer recovery time is needed.

Comparing the saturated lifetimes of the sample treated with the fastest belt speed with
the results obtained on samples passivated with a stack of AloO3/SiN, on various Cz-Si
materials (see section 5.3), we observe that the saturated lifetime with a single AloO3
layer is significantly lower compared to that with SiN, capping layer, the latter ones
being larger than 1 ms. This suggests that a hydrogen-rich layer during the firing step
is indeed required in order to obtain very high lifetimes (> 1ms). However, the same
kinetics for the recovery process, independent of the hydrogen content in the dielectric
passivation layer, is observed. As can be seen in Fig. 5.12, for the fast belt speed, the
lifetime clearly regenerates much faster compared to the sample treated with the slow
belt speed.

In order to evaluate these different recovery behaviours quantitatively, we extract the
recovery rate constants Ry, using Eqn. 2.1. The rate constant Ry, is then determined
by fitting the time-resolved effective defect concentration N with a single-exponential
decay function: N; = A x exp(—Rge X t) + B. The rate constants Ry of all samples,
passivated with a single AloO3 layer and treated with different belt speeds, are compared
to the extracted values of the recovery rate constants of samples treated identically
which, however, are passivated with an Al,O3/SiN, stack (see Fig. 5.5). The result
of this comparison is shown in Fig. 5.13, where the extracted recovery rate constant
Rg. is plotted versus the measured cooling rate ¢ at 600°C after the firing step at
P pear = 850 °C. Compared to the samples fired with the AloO3/SiN, stack, the samples
passivated with a single AlyO3 layer also show a linearly increasing rate constant with
increasing cooling rate after firing. The comparison at equal cooling rates clearly shows

that the recovery rate constants R . are quite comparable between the two sample types.



74 Impact of hydrogen on the deactivation process

100 e e
[ 1.0 Qcm p-type Cz-Si ]
— [ 9=185°C P,=100 mW/cm? ]
= 80 T -
2 R
o | [
= o
& [ | ]
-'g 60 |- §
3 AlLO,/SIN, stack
) [ - A
T 40} HH 4
= s ]
L
o} 0 AlLO, single layer 7
2 | | ,U; single lay
0-...!...|...|...|...|...

0 20 40 60 80 100 120
Cooling rate g @ 600°C [°C/s]

FIGURE 5.13: Recovery rate constant Rg4. plotted versus the cooling rate ¢ at 600°C
after firing. The blue squares correspond to the rate constants determined from the
single-layer AloOg passivated samples, while the orange circles correspond to samples
passivated with an Al,O3/SiN, stack (see Fig. 5.5).

The rate constants for the samples with single AloO3 layer tend to be slightly below the
Rge values determined for the AlyO3/SiN,-passivated samples. However, this can be
explained by the different optical properties of the dielectric layers, resulting in different
reflectivities and hence different excess carrier concentrations at the same illumination
intensity (see section 5.1.4). That is, the slight difference between the two sample types in
Fig. 5.13 can be attributed to the overall lower excess carrier concentration in the AlsOg-
passivated Cz-Si samples under the same regeneration conditions. First, the reflectivity
considerably varies between the two sample groups. At a wavelength of 1000 nm, which
is the dominating wavelength in our halogen lamp spectrum, the reflectivity of the
AlyOz-passivated samples is calculated to be approximately 32 % using the OPAL 2 ray
tracer [87]. The reflectivity of the AloO3/SiN,-passivated samples is only about 13 %.
Second, the observed lifetime of these samples is significantly lower at room temperature
compared to the samples passivated with the AloO3/SiN, stack.

Hence, we draw the important conclusion that the different hydrogen contents in the

silicon bulk do not have a major impact on the kinetics of the BO deactivation process.

5.2.2 Variation of the sample cooling rate without any hydrogen source

present

5.2.2.1 Experimental details

In this experiment, the samples are split up into 4 different groups. Groups 1 and 2

undergo a phosphorus diffusion at 850°C for 50 minutes. Group 1 is removed from
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the tube furnace at 800°C, while group 2 remains within the furnace in a nitrogen
atmosphere until the furnace is cooled down to 250°C. In total, the cooling down to
250 °C takes 215 min. Groups 3 and 4 undergo an annihilation step for thermal donors
(TDs) in a quartz-tube furnace at 650°C for 30 min in a nitrogen atmosphere. The
third group is immediately removed from the tube furnace at 650°C to realize a high
cooling rate, while group 4 remains within the tube furnace until it is cooled down to
250 °C, which takes 180 min in total. Afterwards, all samples are passivated with AlyO3
deposited via thermal-ALD in a FlexAL system. The deposition of the AlsO3 layers as
well as the activation of the passivation layers, performed on a hotplate in ambient air
for 15 min, are performed at a maximum temperature of 260 °C. The layer deposition
takes 36 min per side.

From literature it is well known that the diffusion of hydrogen in oxygen-rich silicon
([Oi]~ 8 x 10'" cm™3, which is a typical value for today’s Cz-Si) is trap-limited [52, 88].
Hence, it must be assumed that even at deposition times of 72 min in total, the diffusion
of hydrogen is limited to the first ~ 20 pm of the silicon bulk [52, 89, 90]. Because of the
trap-limited diffusion of hydrogen, the in-diffusion of hydrogen into the silicon bulk at
even lower temperatures (and shorter time spans), e.g. during wet chemical processing,

can be neglected as well.

The permanent deactivation of the BO centre is performed at a temperature of 185°C
and a light intensity of 100mW /cm?, again using a halogen lamp as light source. To
start the deactivation process from a defined state of the BO defect, the permanent
deactivation is performed after all samples have been illuminated at room temperature

for 60 hours (i.e. from the fully degraded state).

5.2.2.2 Results and discussion

In Fig. 5.14, the kinetics of the BO deactivation in terms of the effective lifetime are
shown for four different lifetime samples, which are cooled down rapidly (orange cir-
cles) or very slowly (blue triangles) after the TD annihilation step. During the high-
temperature TD annihilation (performed at 650 °C) no dielectric layers are present on
the wafer surfaces, i.e. no hydrogen is incorporated into the silicon bulk. As can be
seen from Fig. 5.14, the time span until the lifetime saturates depends critically on
the sample cooling, even if there is no hydrogen present during the cooling of the sam-
ples. Again, the same trend can be observed: a fast cooling results in a fast recovery
of the lifetime, while a slow cooling results in a slow recovery. Additionally, our pre-
vious result (see section 5.1) that the achievable lifetime after the recovery process 7o,

increase with increasing cooling rate is also confirmed. For the fast cooled samples we
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FIGURE 5.14: Lifetime 7 plotted versus the illumination time ¢ at 185°C recovery
temperature and 100 mW /cm? (1 sun) light intensity. Orange circles correspond to two
samples with a fast cooling after the last high temperature treatment (TD annihilation)
at 650°C, while the blue triangles correspond to two samples with a slow cooling.
No hydrogen-containing dielectric layer has been present during the high-temperature
anneal.

measured a lifetime 7, = 738 = 52 s, while for the slowly cooled samples we measured
Top = 520 &= 23 us.

In Fig. 5.15, the extracted recovery rate constants Rg. are shown for different annealing
treatments and Cz-Si materials. The orange circles correspond to samples annealed at

850 °C, while the blue squares correspond to samples annealed at 650 °C. In all cases,
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FIGURE 5.15: Recovery rate constant Rg. for different samples cooled w/o hydrogen
being present. Two different base resistivities are shown: left 1 cm, right 2.5Q cm.
Orange circles correspond to samples annealed at 850 °C in the last high temperature
process, blue squares to samples annealed at 650 °C.
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a high rate constant for the rapidly cooled samples and a reduced rate constant for
samples after a slow cool down is found. This result further supports our interpretation
that the thermal history and especially the cooling of the samples after the last high-
temperature step is of major importance for the dynamics of the BO deactivation process.
Concerning the influence of hydrogen, it has to be pointed out that the amount of
hydrogen introduced into the silicon is extremely small and in particular it is exactly the
same for all examined samples in this experiment, as the same Al,O3 surface passivation
layer, which is the only source of hydrogen, is applied after the last high-temperature
treatment. Still, the recovery rate constant varies up to a factor of three between fast
and slowly cooled samples, clearly proving that the cooling rate and not the hydrogen

content is the most crucial parameter.

5.2.3 Polymer-based surface passivation at temperatures < 130°C
5.2.3.1 Experimental details

After the removal of the surface damage, a phosphorus diffusion is performed at 850°C
for 7T0min. After diffusion, the PSG as well as the diffused n'-regions are removed
using HF and KOH, respectively. The surface passivation is then realized by poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) which is deposited using
a spin-on technique [91]. PEDOT:PSS is a transparent hole-conducting polymer which
allows to achieve low saturation current densities of Jy = 80fA/cm? on ¢-Si [92]. Before
PEDQOT:PSS deposition, all samples are illuminated at room-temperature and a light
intensity of Py = 10mW /cm? for more than 48 hours to fully degrade the lifetime. After
PEDQOT:PSS deposition, the samples are dried on a hotplate at 130 °C for up to 11 hours
under illumination, using a halogen lamp of approximately 200 mW /cm? light intensity.
Under these conditions, the PEDOT:PSS is dried and the BO defect is deactivated at

the same time.

5.2.3.2 Results and discussion

Within this experiment, unfired Cz-Si samples are exposed to the recovery conditions
(in this case 130°C and 2 suns light intensity) for defined time intervals. In Fig. 5.16,
the injection-dependent lifetimes of four samples are shown which are recovered for
different time intervals. The red curve corresponds to the lifetime before recovery. The
light blue, dark blue and green curves correspond to the lifetime of samples exposed
to the recovery conditions for 2, 4 and 6 hours, respectively. While for the red curve

the pronounced injection dependence typical of the BO-related defect is observed, the
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injection dependence weakens with increasing time interval under recovery conditions.
At increased injection densities (An > 106 cm™3), the lifetime is limited by a saturation
current density of Jy = 80 fA /cm? provided by the PEDOT:PSS/c-Si interface. This Jy
value is also confirmed by our lifetime measurements on 1.3 cm boron-doped float-
zone (FZ) silicon wafers processed in parallel. As the measured effective lifetime at
high injection densities of the samples shown in Fig. 5.16 is strongly influenced by
recombination at the surfaces, the bulk lifetime 7;, of the Cz-Si material is extracted by
determining the saturation current density Jy of the PEDOT:PSS/c-Si interface in the
high-injection regime and subtracting its influence from the measured effective lifetime

T using the equation:

B 1 2 x Jo(An + pp) -1

with g, being the elementary charge, n; the intrinsic carrier concentration and W the
sample thickness. Please note that this equation only holds if the injection dependence
of the PEDOT:PSS surface passivation can indeed be expressed by a single Jy value,
which will be assumed in the following. From the lifetime measurements on FZ reference
samples it is known that this is a reasonable assumption. However, even if the assump-
tion does not hold, the extracted bulk lifetimes can be considered as a lower limit for
the actual bulk lifetime.

In Fig. 5.17, an example for the extraction of the bulk lifetime 7, from the measured

effective lifetime 7 for a Cz-Si sample exposed for 2 hours to the regeneration conditions

100 T T
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FIGURE 5.16: Injection-dependent carrier lifetime 7(An) of PEDOT:PSS-passivated
samples, exposed between 2 and 6 hours to the recovery conditions at a temperature of
130°C and 2suns light intensity. The red curve corresponds to the injection-dependent
lifetime before the recovery process is applied. The black solid line corresponds to the
lifetime limited by a saturation current density of Jy = 80 fA /cm?.
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is displayed. At low injection levels, An < 5 x 10'* cm™3, the bulk lifetime can be de-
termined quite accurately. However, at higher injection conditions (An > 10'® cm™3),
the uncertainty in the extracted 7, is larger compared to the determined bulk lifetime
itself. In the following, we perform this analysis for all investigated time spans and
extract the bulk lifetimes in the low-injection regime at a fixed injection density of
An = 2 x 10" em™3. The result of this analysis is shown in Fig. 5.18 where the ex-
tracted bulk lifetime 73, is plotted versus the recovery time ¢. As can be seen by the
black dashed line (guide to the eyes), the bulk lifetime clearly increases with recovery
time. Moreover, the recovery of the lifetime proceeds in a time frame which is compa-
rable to the recovery of a lifetime sample without RTA treatment and passivated with
a single AlaO3 layer (blue squares), deposited via a thermal-ALD process (see section
5.2.2). For the latter sample, the recovery is performed at a temperature of 130 °C and a
light intensity of 100 mW /cm?. Despite the strong scatter in the data obtained from the
samples passivated with PEDOT:PSS, the lifetime seems to saturate after ~ 6 hours,
i.e. slightly faster than the sample passivated with AloOs. This difference might be
attributed, at least partially, to the increased light intensity (200mW /cm?) during re-
generation of the PEDOT:PSS-passivated sample. This result further supports that the
deactivation of the BO defect does not require any hydrogen. Especially, a fast-firing
step with a hydrogen-rich dielectric layer is not required for the BO deactivation. Hence,
we conclude from our experiments that hydrogen is not a necessary prerequisite for the

BO deactivation. Advanced BO defect models should hence not rely on the presence of
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FIGURE 5.17: Lifetime 7(An), extracted from the measured effective lifetime 7 and
the saturation current density Jy at the surfaces, for a PEDOT:PSS-passivated sample
exposed for 2hours to the recovery conditions. Orange circles show the measured
effective lifetime while the open blue diamonds represent the extracted bulk lifetime.
The black solid line is the lifetime limit described by a saturation current density of
Jo = 7T8fA /cm?.



80 Impact of hydrogen on the deactivation process

1000 P—r—r—1Tr—r—"rT T 7T 7T T
[ 1.0 Qcm p-type Cz-Si
9=130°C

un-fired Al,O, - [ ]

P,=100 mW/cmz ®

—_ in=

7 J
Z - |
o 100 | = -
I T N B Sl o
2 _— _= - J. ]
3 -1 ]

{ PEDOT:PSS

5 '!'\ P,=200 mW/cm? 4

#+ guide to the eyes

7o) AN BRI BN BN R
0 2 4 6 8 10 12

llluimnation time ¢ [h]

FIGURE 5.18: Lifetime 7(An = 2 x 10'*)cm ™3 plotted versus the illumination time
t. The orange circles show the increasing bulk lifetimes of the samples passivated with
PEDOT:PSS with increasing recovery time. The black dashed line is a guide to the
eyes. For comparison, the effective lifetime 7 of a sample passivated with Al,O3 (blue
squares) is also displayed.

hydrogen in the silicon bulk during permanent deactivation.

5.2.4 Summary

We have performed three different experiments with the intention to separate the ef-
fects of hydrogen and thermal history on the kinetics of the permanent deactivation of
boron-oxygen-related recombination centres in crystalline silicon.

In the first experiment, it was shown that the recovery kinetics of the lifetime under
illumination at elevated temperatures are not affected by different hydrogen contents in
the dielectric layers, deposited onto the sample surfaces prior to a high-temperature fast-
firing process. However, omitting any hydrogenation (via fast-firing with a hydrogen-rich
dielectric layer being present) no lifetimes in excess of 1ms have been achieved. This
result might be interpreted in terms of an effective hydrogen passivation of background
defects of yet unidentified nature.

In the second experiment, we have examined the influence of sample cooling after the
last high-temperature treatment without the presence of hydrogen. A surface passi-
vation based on AlyO3 at a maximum temperature of 260°C was deposited onto the
surfaces only after the high-temperature step. Our experimental results clearly revealed
the crucial importance of the sample cooling on the kinetics of the recovery process.
Moreover, even with exactly the same, very low hydrogen content in the silicon bulk,
a pronounced recovery of the lifetime in all cases with the kinetics depending on the

sample cooling was observed.
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In the last experiment, we observed a pronounced permanent recovery of the lifetime
even without any hydrogen in-diffusion into the silicon bulk. This result is based on a
low-temperature (maximum temperature 130 °C) surface passivation using the polymer
PEDOT:PSS.

Summarizing our experiments, the results clearly prove for the first time that hydro-
gen introduced from dielectric layers present during high-temperature treatments is
not responsible for the observed permanent recovery of the lifetime in boron-doped
Czochralski-grown silicon upon illumination at elevated temperature. However, in order
to obtain very high lifetimes, we found that a hydrogen-rich dielectric layer as well as
a fast-firing step are required, which we attribute to the hydrogen passivation of up to

now unknown background defects.

5.3 Lifetime parameterization after complete BO

deactivation and the impact on solar cell performance

The following section is subdivided into two parts. In the first part, the maximum stable
lifetimes which can be achieved after permanent deactivation of the boron-oxygen defect
centre will be analysed and parameterized. In the second part, we examine the impact of
these lifetimes on the performance of next-generation industrial-type passivated emitter
and rear solar cells (PERC).

5.3.1 Parameterization of the lifetime after BO deactivation

In order to examine the achievable lifetimes after permanent recovery as a function of
the boron doping concentration, five different commercially available boron-doped Cz-
Si materials with resistivities between 0.5 cm and 5 {2 cm were processed into lifetime
samples. The measured interstitial oxygen concentration [O;], determined via FTIR
measurements (IOC 88), varies between 5 x 107 and 10 x 10'7 cm™3, representing a

typical range for Cz-Si material.

5.3.1.1 Experimental details

Sample processing includes the removal of the surface damage using an aqueous solu-
tion of KOH which is followed by a standard RCA cleaning sequence. Afterwards, all
samples undergo a phosphorus diffusion (850°C, 1h) resulting in a sheet resistance of
the diffused n'-regions of pspeer &~ 1009Q/g. After the removal of the phosphosilicate
glass using HF, the n*-diffused regions are removed using KOH. After RCA cleaning,
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the wafer surfaces are passivated by a stack of aluminum oxide (Al;O3) and silicon ni-
tride (SiN) [78]. 10nm of AlyO3, deposited via plasma-assisted atomic layer deposition
(plasma-ALD) using an Oxford Instruments FlexAL reactor, are deposited underneath
a 70 nm thick SiN, layer (refractive index n, = 2.05) which is deposited by plasma-
enhanced chemical vapor deposition (PECVD) using a Roth & Rau SiNA system. After
deposition of the dielectric passivation layers, the samples undergo a fast-firing step in a
commercially available belt firing furnace (Centrotherm). For the determination of the
ultimate lifetime limit, the firing parameters are set at a peak temperature of 850°C
and a maximum belt speed of 7.2m/min (see section 5.1.2). Please note that the actual
peak temperature of the wafer, which is measured using a temperature probe attached
to lifetime samples of the same material processed in parallel, is only in the range of
(775 £+ 20) °C.

After sample processing, the permanent BO deactivation is performed by illuminating
the samples at a light intensity of 100mW /cm? using a halogen lamp. The samples
were placed on a hotplate at various temperatures between 130 and 230°C during il-
lumination. As shown previously (see section 5.1.3), in contrast to the belt speed the
temperature of the permanent recovery process does not affect the lifetime reached after

the recovery process in the applied temperature interval.

5.3.1.2 Results and discussion

The maximum effective lifetimes reached after completing the deactivation process, i.e.
after full deactivation of the BO defect, are shown in Fig. 5.19 (green circles) as a func-
tion of the doping concentration pg. On lifetime samples processed in parallel on 1.3 2 cm
boron-doped float-zone silicon (FZ-Si) as well as on 0.8 2cm gallium-doped Cz-Si sur-
face recombination velocities below 1 cm/s were extracted. Therefore, it is assumed that
the measured effective lifetimes equal the bulk lifetimes of the examined boron-doped
Cz-Si materials. Please note that this may underestimate the actual bulk lifetime if the
assumption does not hold. In that case, the lifetimes measured here have to be consid-
ered as a lower limit to the bulk lifetime. For comparison, the intrinsic lifetime limit, as
recently published by Richter et al. (solid black line) [60], as well as the lifetime limit
after permanent deactivation (but without fast-firing process), as previously published
by Schmidt et al. (dashed blue line) [93] are also shown in Fig. 5.19. Please note, that
if no recovery process is applied, the lifetime after complete degradation is represented
by the orange dashed-dotted line according to the parameterization by Bothe et al. [27]
for a typical interstitial oxygen concentration of [0;]=7.5 x 10’7 cm™3. In this case, an

enhancement factor of 2 was multiplied to the lifetime parameterization of Ref. [27],
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FIGURE 5.19: Measured lifetimes 7 at a fixed injection density of An = 0.1 X py after
permanent deactivation (green circles) versus doping concentration pg. For comparison,
the lifetime parameterization after complete degradation according to Bothe et al. [27]
(orange dashed-dotted line), the lifetime parameterization after permanent deactivation
according to Schmidt et al. [93] (blue dashed line) as well as the intrinsic lifetime limit
according to Richter et al. [60] (black solid line) are also displayed. The green solid
line gives the dependence of the lifetime after permanent deactivation according to our
new proposed parameterization shown in Eqn. 5.3.

accounting for the phosphorus diffusion the samples underwent during processing. How-
ever, the actual lifetimes after complete degradation depend also critically on the fast
firing process (see Fig. 5.2), which leads to an additional significant lifetime improve-
ment (see section 5.1.2). Therefore, the low lifetimes shown as orange dash-dotted line
in Fig. 5.19 can be considered as worst-case scenario.

The lifetimes achieved in this thesis significantly exceed the previously published life-
times on boron-doped Cz-Si. Note that for the technologically important materials with
resistivities around 1 Qcm, the lifetimes measured in this thesis are a factor of 20 larger
than predicted by the previous lifetime limit of Ref. [93] represented by the dashed
blue line in Fig. 5.19. The main difference of the samples presented here compared to
the previous parameterization is the presence of the optimized fast-firing step, which we
have identified to be required to reach maximum lifetimes after permanent recovery.
The dependence of the lifetime 7, after permanent deactivation of the BO centre on
the hole concentration pg, at a fixed injection density of An = 0.1 X pg, is well described

by our new parameterization (solid green line in Fig. 5.19):

1 o1\! 1 P2 -
An =0.1 =—+=) = L 5.3
Top(An X po) <7‘1 * 7‘2) (5500 us + 5 x 1035 cmﬁ,us> (5:3)
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FIGURE 5.20: Measured injection-dependent carrier lifetime 7(An) of three differently
doped materials (coloured symbols). The blue dashed line is the dependence described
by the novel parameterization (Eqn. 5.3). The black solid lines are calculated using
the SRH equation and assuming a single-level recombination centre at mid-gap with a
capture cross section ratio o, /0, = 12, including the intrinsic lifetime limit.

In addition to the lifetime values at the fixed injection level of An/py = 0.1, our data
also allows to extract the complete injection dependence of the lifetimes after permanent
recovery. The full injection dependence of the lifetimes can be quite well described by
a single Shockley-Read-Hall (SRH) [61, 62] recombination centre in addition to the
intrinsic lifetime limit (including Auger and radiative recombination) according to Ref.
[60]. The SRH centre is located in the middle of the silicon band gap and the electron-
to-hole capture cross section ratio is o, /0, = 12. Please note that the lifetime analysis
performed here is not intended to comprehensively describe the defect physics involved
in the deactivation process but to systematically describe the measured lifetime curves

in the low-injection regime relevant to solar cell operation.

In general, the SRH lifetime of a single-level centre is described by the expression shown
in Eqn. 3.9. The capture time constants are inversely proportional to the respective
capture cross section, thus 7,0/70 = 0p/0n, = 1/12 in our case. Restricting the analysis
to excess carrier concentrations of An > 10'° cm™3 and exploiting the fact that in our
case the defect energy level is assumed to be in the middle of the band gap (p1 < po+An
and n; < An), the SRH lifetime for p-type silicon (pp > no) can be written as [65]:

Tpo X An + Tpo X (po + An)
po + An

X( 1 +7'n0> 54
= Tp0 —_1 - .
el e e e (5.4)

o 1 n 1
= T, —_— -
p0 17;1 +1 12

TsrH(Po, An) =
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with n; = An/py being the injection level. A fixed injection level of n; = 0.1 leads to:

23

Using this equation, as well as the expression for the measured lifetime 771(n;) =
TZ»;% (mi) + Tg, éH(m) with 7;,+ being the intrinsic lifetime, the hole capture time constant

Tpo, determined at a constant injection-level of 7; = 0.1, is obtained:

132 x Topu(n; = 0.1) 132 1 1 -1
(5 ) 6o

0 = 23 T 23 \ 7 =0.1)  Tame(n; = 0.1

Hence, the complete injection-dependent lifetime is given by inserting Eqn. 5.6 into
Eqn. 5.4:

. ] -1 132 11
) = B X —= L ). 5.7
TsrH(P0; i) <T(77i =01)  Time(m = 0.1)) <23 < (7 L+ 1) 23> (5.7)

For the intrinsic lifetime 7;,¢ the parameterization by Richter et al. is used, which is
given for materials with pg < 6 x 106 ecm ™2 (i.e. for resistivities exceeding 0.3 Qcm) by
[60]:

An
np(8.7 x 10729 n891 + 6.0 x 10730 p8-91 + 3.0 x 10-29An092 + B,,,)

Tint = (5.8)
with By, = 4.73 x 1071, Please note that the electron and hole densities must be given
per cubic centimetre in order to obtain the intrinsic lifetime in the unit of seconds. All
the measured injection-dependent lifetimes after permanent recovery in this study are
well described by this parameterization. An example is given in Fig. 5.20 which shows
the injection-dependent lifetimes of three differently doped samples with resistivities
ranging from 0.5 to 2.0 2 cm. The calculated lifetimes using Eqn. 5.7 (black solid lines)
are in good agreement with the measured injection-dependent lifetimes of the three
exemplary materials, especially in the low-level-injection regime. At higher injection
densities one might speculate about the influence of another defect close to edges of the
band gap, which is frequently observed on lifetime samples (see also section 4.3) and

might originate from recombination at the surface.

5.3.2 Implications of lifetime parameterization on solar cell perfor-

mance

In order to examine the impact of our new lifetime parameterization on the performance
of next-generation industrial silicon solar cells, we perform two-dimensional device simu-

lations using the Quokka simulation tool [94], which is based on the conductive boundary
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model introduced by Brendel [95]. Passivated Emitter and Rear solar Cells (PERC)
are simulated with a total thickness of 180 um and a homogeneous frontside n*-diffusion
with a sheet resistance of 80 Q2/g. A schematic of the simulated cell structure is shown in
Fig. 5.21. Furthermore, a random-pyramid front texture is assumed, which is coated by
a 70 nm thick SiN, layer (refractive index n, = 2.03). The line width of the metal finger
on the front side is chosen to be 55 pm, which has already been shown to be achievable
using industrial printing technology [96]. Additionally, a 5-busbar design is assumed
with an overall front side shading of 4%, which has recently been demonstrated for such
a design [97]. At the rear side, a state-of-the-art rear surface passivation using, a stack
of Al,O3 and SiN, is further assumed. The rear side is then assumed to be full-area
screen-printed with an aluminum paste. Line openings in the dielectric layer stack are
assumed to be realized by laser ablation with a contact opening width of 100 ym [96].
A subsequent fast-firing step leads to the formation of a local back surface field. The
general input parameters such as the spacing and the saturation current densities Jy are
summarized in Table 5.1. Realistic values for the .Jy values are chosen, which have been

shown to be achievable in today’s state-of-the-art screen-printed solar cells [98].

Figure 5.22 (a) shows the simulated conversion efficiencies 1 for a constant pitch p of
the metal contact lines of 2mm on the front and rear as a function of the doping con-
centration pg, to compare the results here with previous results by Schmidt et al. [93].
In Figure 5.22 (b), an optimization of the front and rear side pitch in terms of the con-
version efficiency has been performed for each simulated data point.

For the constant pitch of 2mm at the front and rear [Fig. 5.22(a)], the Quokka simula-
tion reveals that the optimum resistivity is shifted towards lower resistivities compared
to the results shown in [93]. For the optimal resistivity of 0.75cm, a maximum effi-
ciency of 21.9% is achieved. Compared to that, the optimal resistivity according to Ref.
[93] was in the range between 1 and 2 cm. The decrease of the efficiency towards both

sides of the maximum efficiency is dominated by two different mechanisms. Towards

Ag-contact .
SiNX / n-region
ALO, p-type Cz-Si
N
e
Al-contact p-region

F1GURE 5.21: Schematic of the simulated passivated emitter and rear solar cell
(PERC).
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TABLE 5.1: Input parameters for the 2D Quokka simulations.

Parameter Value
Cell thickness W [pm] 180
Series resistance R finger [MS) cm?] 100
(only finger contribution)

Front side

Front contact width pfron: [pm] 55
n™ sheet resistance p,+ [Q/0] 80
Junction depth x,+ [pum] 0.62
Saturation current density of contacted area Jy consn+ [fA/cm?] 500
Saturation current density of passivated area Jy pussn+ [FA/cm?] 125
Contact resistance R, ,+ [m€cm?] 2
Rear side

Rear contact width preq, [pm] 100
Sheet resistance beneath contact p,+ /g 35
Junction depth z,+ [um] 4
Contact resistance R, ,+ [m€cm?] 8
Saturation current density on contacted area Jy perp+ [FA/cm?] 650
Saturation current density of passivated area Jy pass,rear [fA/ cm?] 25

higher doping concentrations, that is, lower resistivities, the efficiency decreases because
of a reduction of the bulk lifetime. Towards lower doping concentrations, that is, higher
resistivities, the efficiency decreases because of lateral resistive losses of the majority
carriers in the silicon bulk.

The latter limitation can be overcome by a reduction of the contact line distance on the
rear side. This can be seen in Fig. 5.22 (b), where the contact distances on the front and
rear side are varied independently to obtain the highest efficiency for each base resistiv-
ity. For the efficiency curves corresponding to the lifetimes after complete degradation
(orange squares) and to the lifetimes after permanent recovery as presented in Ref. [93]
(blue triangles), the maximum efficiency is shifted towards higher resistivities, greater
than 4 Q cm. For our novel lifetime parameterization (green circles), the pitch optimiza-
tion does not shift the maximum efficiency significantly towards higher resistivities, but
widens the range of resistivities with maximum efficiencies now reaching 22.1%, for a
finger distance of 1.8 mm at the front and a line pitch of 1.2mm at the cell rear, in this
case. The simulation unambiguously reveals that if the contact line distances at the
front and rear side are optimized, efficiencies of 22% can be reached for an extremely
broad range of base resistivities between 0.5 and 32 cm.

The fact that the green curve decreases towards lower resistivities is, again, an effect
of the bulk lifetime. The parameterization of the lifetime after permanent deactivation
according to Ref. [93] predicts a continuously increasing lifetime towards lower doping
densities. Compared to that and according to Eq. 5.3, the lifetime parameterization

presented in this study saturates at low doping densities at a lifetime of 71 = 5500 us.
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FIGURE 5.22: Simulated conversion efficiencies 1 versus base doping concentration
po (base resistivity p) using Quokka. (a) Efficiencies for the three different lifetime
parameterizations, shown in Fig. 5.19, for a constant front and back pitch of 2mm. (b)
Efficiencies for the same lifetime parameterization with an optimum pitch at the front
and rear side.

This leads to an intersection of the corresponding lifetime curves in Fig. 5.19 (solid green
line and blue dashed line) at doping densities pg between 10'° cm™3 and 2 x 10 cm 3.
Therefore, in Fig. 5.22(b), equal conversion efficiencies in this doping range for both
parameterizations are obtained.

It is also interesting to take a closer look at the simulation results based on the completely
degraded lifetimes shown in Fig. 5.22(b). Obviously, conversion efficiencies above 20%
can be achieved even in the fully degraded state if lowly doped material with a specific
resistivity above 2.0 €2 cm is used. Note, however, that in this case, the line distance has
to be adapted, for example, at a bulk resistivity of 2.0 {2 cm, a rear pitch of only 0.6 mm
(front finger spacing of 1.8 mm) leads to an efficiency of 20.0% in the fully degraded

state.

For the maximal simulated efficiency of 22.1% on 1.0 Q2 cm material, we perform a free
energy loss analysis (FELA) [99]. The result of this analysis is shown in Fig. 5.23 for the
eight parameters with the highest contributions to the lost power density Pj,s. From
this analysis, we conclude that the bulk lifetime according to our novel parameterization
is not the limiting factor of the simulated conversion efficiency. The simulated efficiency
is mainly limited by the saturation current densities at the front side at the passivated
nt-region Jy poss n+ and at the metallized p*-region on the rear side Jy et p+, as well

as by resistive losses in the n"-region on the front side p,,+. Hence, the lifetimes based
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FIGURE 5.23: Lost power density P, according to the free energy loss analysis,
performed for the highest obtained conversion efficiency of 22.1%. The eight parameters
with the highest contributions to the lost power density are displayed.

on the novel parameterization would allow conversion efficiencies exceeding 23% if these

parameters are further optimized.

To reduce the recombination currents at the front side even further, we introduce a
selective emitter [105] to our simulation environment. Additionally, we significantly re-
duce the saturation current densities as well as the contact resistances at the front and
rear side to values which are among the lowest reported for the respective structures.
Table 5.2 summarizes the parameters which were adapted for the simulation of the op-
timized PERC cell. The overall shading at the front side is in this case reduced to 3.4%
compare to 4% in the previous simulation. All other parameters remained unchanged.
In Fig. 5.24 a schematic of our optimized PERC cell as well as the simulated conver-
sion efficiency versus the base doping concentration are shown (purple squares). While
the curve progression compared to our simulation of a PERC cell with a homogeneous

emitter (green circles) remained equal, the maximum efficiency now reaches 23.4% for a

TABLE 5.2: Adapted input parameters for a 2D Quokka simulation of a next-generation
PERC cell with selective emitter.

Parameter Value
Front side

n™ sheet resistance p,+ [Q/0] 150 [100]
ntt sheet resistance p,++ [Q/0] 30 [101]
Saturation current density of contacted area Jy consnt++ [FA/cm?] 210 [101]
Saturation current density of passivated area Jy pussn+ [FA/cm?] 22 [100]
Contact resistance R. [m( cm?] 1.3 [102]
Rear side

Contact resistance R, ,+ [m$cm?] 4 [103]
Saturation current density on contacted area Jy perp+ [FA/cm?] 300 [104]

Saturation current density of passivated area Jo pass rear [fA/cm?] 8 [104]
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FIGURE 5.24: Left: Schematic of the simulated next-generation PERC cell with se-
lective emitter. Right: Simulated conversion efficiencies 1 versus base doping concen-
tration po (base resistivity p) using Quokka of the next-generation PERC cell with
selective emitter (purple squares) including our novel lifetime parameterization. As
reference the efficiency curve obtained from the simulations of a present-day PERC cell
with a homogeneous emitter is also shown (green circles, cf. Fig. 5.22).

base resistivity of 1.0 Qcm. Furthermore, over a broad range of base resistivities between
0.5 and 5 Qcm efficiencies above 23% can be achieved. Accordingly, PERC solar cells
featuring a selective emitter can be expected to reach efficiency values above 23% in the
future, if the high lifetime we observed on our lifetime samples can be transferred into

the solar cell’s bulk.

5.3.3 Summary

In the first part of this section, lifetimes of boron-doped Czochralski-grown silicon wafers
after complete deactivation of the BO defect have been presented, which significantly
exceeded the maximum lifetimes reported previously. For the first time we have achieved
lifetimes of several milliseconds due to an optimized thermal treatment, which consisted
of a fast-firing process and an optimized permanent BO deactivation. Based on our
measured lifetime data, we have developed a new parameterization of the lifetime as a
function of the hole concentration. In addition, we have modelled the injection depen-
dence of the measured lifetimes after permanent recovery in the injection range relevant
to solar cell applications using a single-level SRH centre at mid-gap with an electron-to-

hole capture cross-section ratio of o, /o), = 12.
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In the second part of this section, we have examined the impact of the new param-
eterization on the efficiency potential of present-day PERC solar cells by performing
2D simulations using Quokka. The simulations revealed that very high efficiencies up to
22.1% are achievable using today’s state-of-the-art processing techniques, if the lifetimes
achieved on our lifetime samples could be transferred into the device. Additionally, if
the contact line spacing at the rear side of the PERC cells would be optimized with
respect to the base resistivity of the wafer, a very broad range of wafer resistivities,
between 0.5 and 3 cm, has a potential for conversion efficiencies of 22%. Finally, our
simulations of next-generation PERC cells with selective emitter revealed that a further
optimization of the cell would allow to achieve even higher efficiencies in excess of 23%

using conventional boron-doped Cz-Si material in the future.

5.4 Chapter summary

In the first part of this chapter, we have examined the impact of rapid thermal annealing
(RTA) on the deactivation of the boron-oxygen-related defect centre. The result of this
investigation is twofold. For the first time we could show that the exact parameters of
the RTA treatment, namely the peak temperature and the belt speed, determine the
lifetimes at different stages of degradation and recovery. The lifetimes 74 after complete
light-induced degradation, 7y after annealing in darkness as well as g, after the perma-
nent deactivation of the BO-related defect centre critically depend on the applied RTA
treatment. Additionally, the kinetics of the deactivation process also depends on the
RTA treatment. This is illustrated by the increasing recovery rate constant Ry, with an
increased sample cooling in a critical temperature regime around 600 °C. Importantly,
we discovered a linear dependence of R4, on the cooling rate ¢ at 600 °C. We interpreted
our experimental results within the framework of a recent B;B;0O; model which consis-
tently explains the dependence of the characteristic lifetimes on the complete cooling
curve due to different participating complexes which are frozen-in at their individual
critical temperatures. On the other hand, the recovery rate constant Rj. depends lin-
early on the cooling rate at 600 °C as this is the critical temperature for the formation
of boron nano-precipitates.

The kinetics of the recovery process was also shown to depend on the applied recov-
ery conditions. For temperatures below 9 = 220°C and illumination intensities below
Py = 100mW /cm? the rate constant Rg. increases when increasing temperature and
light intensity. The lifetime ¢, reached after the recovery process, however, does not

depend on the applied recovery conditions.
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In the second part of this chapter we studied the impact of hydrogen introduced from
the dielectric layers, usually applied for surface passivation, in a variety of experiments.
Summarizing the results of these experiments, we could show for the first time that
hydrogen is not responsible for the observed deactivation of the BO defect centre. An
important finding in that regard is that samples processed at low temperature, passivated
with PEDOT:PSS, which inhibits the diffusion of hydrogen into the bulk, nevertheless

show a permanent recovery of the lifetime.

In the last part of this chapter, the achievable lifetimes after permanent recovery were
examined. We achieved lifetimes which significantly exceeded lifetimes reached in previ-
ous studies, where no fast-firing process had been applied. For the first time we achieved
lifetimes on conventional boron-doped Cz-Si material in the millisecond-range for base
resistivities > 1{cm. Based on our measured lifetime data, we developed a new pa-
rameterization which describes the lifetime after permanent recovery, depending on the
hole concentration in darkness pg as well as on the injection density An. The lifetimes
measured after permanent recovery were successfully described by a single-level SRH
centre in the middle of the band gap with an electron-to-hole capture cross section of
onfop = 12.

Additionally, we examined via 2D simulations the impact of our new parameterization
on the performance of next-generation industrial PERC solar cells. Assuming today’s
state-of-the-art techniques, the lifetime in the silicon bulk is no longer the limiting factor
for the conversion efficiency. Our simulations predict for the first time that conversion
efficiencies exceeding 23% are achievable in next-generation industrial PERC cells on

conventional boron-doped Cz-Si.



Chapter 6

Lifetime stability after
deactivation of the
boron-oxygen-related

recombination centre

In this chapter, the stability of the lifetime of boron-doped Cz-Si at room temperature
and at elevated temperatures after applying the process of permanent recovery is studied.
In addition, we examine the impact of various parameters on the long-term stability, such
as the cooling rate in the critical temperature regime (see section 5.1.2) and the recovery
temperature at which the recovery process is conducted (see section 5.1.3). Furthermore,
the influence of different types of surface passivation layers on the stability of the lifetime

is explored. Finally, we present stability results obtained on solar cell level.

6.1 Long-term stability of the lifetime after
BO deactivation

Lifetime samples are processed from commercially available Cz-Si which has a resistiv-
ity of p = (1.02 £ 0.03) Qcm and an interstitial oxygen concentration of [O;]=(6.9 £
0.3) x 10'"cm ™3 determined via four-point-probe and FTIR measurements, respectively.
Sample processing includes the removal of the surface damage using an aqueous solu-
tion of KOH and the cleaning of the surfaces by applying a standard RCA cleaning
sequence. Subsequently, the samples undergo a phosphorus diffusion resulting in dif-

fused nT-regions on both surfaces with a nominal sheet resistance of pgpeer = 1002/0.
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Afterwards, the samples are separated into two different groups.

The first group keeps the diffused n*-layers and is surface-passivated using a 70 nm thick
silicon nitride (SiNg) layer (n, = 2.05), directly after the diffusion. The dielectric layer
is deposited via plasma-enhanced chemical vapour deposition (PECVD).

In the second group, the diffused region is removed, again using KOH, and the surfaces
are subsequently passivated by either an aluminium oxide/silicon nitride (AlpOz/SiN)
stack or only with AloO3 which is deposited via plasma-assisted atomic layer deposition
(plasma-ALD). The thickness of the Al;O3 layer is chosen to be 5 and 10nm for the
passivation stack and 20nm for the single-layer passivation. For the passivation stack
the same SiN, layer is deposited as in group 1.

After the sample preparation all samples undergo a rapid thermal annealing (RTA)
treatment in a conventional belt-firing furnace (DO-FF-8.600-300, Centrotherm) apply-
ing a set peak temperature of 850 °C at various belt-speeds between 1.2 and 7.2 m/min.
Lifetime measurements are performed using the lifetime tester WCT-120 from Sinton
Instruments (see section 3.2.1). If not stated otherwise, the lifetime is extracted at an
injection density of An = 0.1 X pg, with An being the excess carrier density and py being
the hole concentration in darkness. For the examined, non-compensated material the
hole concentration equals the boron concentration.

The process of permanent recovery is performed at various temperatures between ¥,¢cop =
150°C and Yyecon = 200°C on a hotplate, illuminated with a light intensity of Py =
100 mW /cm? using a halogen lamp. To examine the stability of the recovered lifetime,
the samples are subsequently illuminated at room-temperature (¥4 == 25 °C) at a light
intensity of P stqp = 10mW/ cm?, also using a halogen lamp. Further stability tests are
performed at an elevated temperature of ¥4, = 75 °C and at an elevated light intensity
of Pyi stap = 75 mW /cm?.

6.1.1 Impact of the recovery temperature on the lifetime stability

One possibility to accelerate the process of permanent recovery is, independent of the
previous temperature treatment, to perform the process at higher temperatures (see for
example Ref. [106] and section 5.1.3). Hence, we examine here whether the process tem-
perature ¥,¢c0, affects the stability of the lifetime reached after the permanent recovery.
In Fig. 6.1, the stability of the lifetime after permanent recovery is shown for four differ-
ent samples from group 2 passivated with an Al,O3/SiN, passivation stack and recovered
at four different temperatures between 150 °C and 200 °C. Over the course of approxi-
mately 1000 h, a weak degradation of the lifetime is observed, however, this degradation
is completely different compared to the degradation behaviour of these samples prior to

the permanent recovery treatment (see open squares in Fig. 6.1). A comparison to the
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FIGURE 6.1: Effective lifetime 7 versus illumination time ¢ at room temperature af-
ter permanent recovery. The process of permanent recovery is performed at a light
intensity of 100mW /cm? and at different temperatures between 150 °C and 200°C. A
weak degradation of the lifetime upon illumination at 10 mW /cm? is observed which
is, however, independent of the recovery temperature. The open squares correspond to
the lifetime degradation without the recovery process being performed.

lifetime behaviour of identically processed float-zone (FZ) lifetime samples reveals that
the observed degradation is a bulk material effect and not due to the degradation of the

surface passivation quality.

The observed degradation differs in two different ways from the traditional LID: First,
the degradation proceeds on a much longer time scale. The traditional BO-related LID
process on the investigated material features a degradation rate constant of Ry, =
0.47h~! [28] at room temperature. The observed degradation, however, corresponds to
a degradation rate constant of only v = (0.006 + 0.002) h—1.

Second, the magnitude of degradation is much smaller than typically observed for the
standard LID effect. Before the process of permanent recovery, the average lifetime
after complete LID 74 on these samples is determined to 74 = (97 & 12) us. However,
after almost 1000 h of illumination at room temperature after the process of permanent
recovery, the average lifetime of these samples is still 7 = (950 &= 150) ps.

Although the recovered lifetime is fairly stable, there seems to be a weak impact of the
recovery temperature, with a slight increase in degradation after 1000 h with increasing
Urecon- However, this effect lies within the experimental scatter. Another interesting
observation is that for some samples, the lifetimes seem to increase again for very long

illumination times (see orange triangles in Fig. 6.1).
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FIGURE 6.2: Effective lifetime 7 versus illumination time ¢ at room temperature for
three differently treated samples during RTA. A constant set peak temperature of
850 °C is applied to all samples, however, the belt speed during RTA is varied between
1.2m/min (circles) and 7.2m/min (squares). All samples are permanently recovered at
200°C and 100 mW /cm? light intensity.

6.1.2 Impact of the RTA treatment on the lifetime stability

In section 5.1.2 it was shown that an RTA treatment can be very beneficial to accelerate
the process of permanent recovery. In the following, we examine the stability of the
lifetime after the recovery process for different RTA treatments. In Fig. 6.2, the mea-
sured effective lifetime versus the illumination time at room temperature with a light
intensity of Py stqp = 10mW/ cm? is shown for three samples, treated differently during
the RTA process. A set peak temperature during RTA of ¥pe.r = 850°C is applied to
all samples. The belt speed, on the other hand, varies between vpe; = 1.2m/min and
Upert = 7.2m/min. The investigated samples are all taken from group 2, passivated with
an AlyO3/SiN, stack and recovered at a recovery temperature of ¥, ecor, = 200 °C. For all
different samples a comparable degradation of the lifetime after the permanent recovery
process is observed, suggesting that the degradation after recovery is independent of the

exact RTA conditions.

6.1.3 Lifetime stability at elevated temperatures

Under solar cell operating conditions in a module, the solar cell is exposed to light at
elevated temperatures. To test the stability of the lifetime under these conditions, we
expose lifetime samples to illumination at a temperature of ¥4, = 75 °C. Concerning
the degradation due to the BO defect it is known that the defect generation rate constant

is independent of the light intensity for light intensities higher than Py s¢qp = 1 mW/ cm?
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FIGURE 6.3: Effective lifetime 7 versus illumination ¢ time at an elevated temperature
of 75°C and at an elevated light intensity of 75 mW /cm?. No dependence of the lifetime
on the illumination time can be observed on both, a FZ-Si reference sample (squares)
and the Cz-Si sample under investigation (circles). Both samples are permanently
recovered at 185°C and 100 mW /cm? light intensity.

[24]. For the degradation effect which we observed after applying the permanent recovery
process the dependence on the light intensity is yet unknown. However, as solar cells
preferably operate at higher light intensities (Py; > 1mW/cm?), an increased light
intensity of Py stap = 75 mW /cm? is chosen. The samples have all been taken from
group 2, passivated with an AlyO3/SiN, passivation stack and permanently recovered
at Yyecor = 185°C. In Fig. 6.3, an example of the stability of the lifetime at elevated
temperatures is shown. A 1.3Qcm FZ silicon lifetime sample, treated identically, is
included as reference. Within the first 900 h of illumination no change of the lifetime
in observed in both the Cz-Si and the FZ-Si samples, suggesting that the degradation
we observed in Fig. 6.1 is not accelerated by increasing temperature and illumination

intensity.

6.1.4 Impact of the surface passivation on the lifetime stability

In section 5.2 we showed that the process of permanent recovery does not rely on hydro-
gen being incorporated from surface passivating dielectric layers into the silicon bulk. In
this section, we analyse if the surface passivation layer, and thus the hydrogen concen-
tration in this layer, does have an influence on the stability of the lifetime g, after the
recovery process. An experiment is performed which analyses the influence of different
surface passivation layers providing different amounts of hydrogen. Samples from group
1 and 2 with an Al;O3/SiN, passivation stack and with a single AlyOg layer are chosen.
The total hydrogen concentration [H] in the AlaO3 and in the SiN, layers differ roughly



98 Long-term stability of the lifetime after BO deactivation

10000 p=rrrmm—rrrrm—rrrrm—rrrm
F 1.0 Qcm p-type Cz-Si

| 10 nm Al,O, + 70 nm SiN
o0 00000 04 e o

1000 E
F 20 nm Al,0,

llll..{ Hpg l.‘

70 nm SiN + 100Q/sq. n*-region
100 E

Lifetime 1 [us]

[ Ygtap= 25°C Py ¢1op=10 mW/cm?

stab™
10 PERTITT EEERTTIT BECERTTIT BTN TTTTT BRI B

0.01 0.1 1 10 100 1000 10000

lllumination time ¢ [h]

FIGURE 6.4: Effective lifetime 7 versus illumination time ¢ at room temperature for
three differently passivated lifetime samples. Apart from the surface passivation all
samples have been treated identically. Circles correspond to an Al;O3/SiN,, passivation
stack, squares to a single-layer Al,O3 passivation and diamonds to a SiN, passivation
with nT-region beneath.

by a factor of 10, with [H|(AlxO3)~ 1 to 2 at. % [86] and [H](SiN)~ 15 to 20 at. % [107].
After the permanent recovery at ¥yecon = 185°C we expose the samples to illumination
with a light intensity of Pij st = 10mW/ cm? at room temperature. The results of this
experiment are shown in Fig. 6.4 for three different samples which have been treated at
850 °C set peak temperature and 7.2 m/min belt speed during RTA.

For samples with different surface passivation layers, treated otherwise identically, a com-
parable degradation of the lifetime after the process of permanent recovery is observed.
Especially, when comparing the results for the sample with the AlaO3/SiN passivation
stack and the result for the sample with a single Al;Og layer, it can be concluded that
the amount of hydrogen being present in the dielectric layer does not have a major im-
pact on the stability of the lifetime.

On the other hand, comparing the samples with the passivation stack and the single
AlyO3 layer, the absolute values of the lifetimes are higher, by approximately a factor of
two, for the passivation layers with more hydrogen. In case of the passivated diffused re-

gion, the lifetime is mostly dominated by the recombination at the n*-diffused surfaces.

6.1.5 Impact of material in the lifetime stability

In the first sections of this chapter, the impact of external influences, namely the recovery
temperature, the RTA treatment, the surface passivation type and the exposure to

room and elevated temperatures, was studied on a single Cz-Si material. In order to
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F1GURE 6.5: Effective lifetime 7 versus illumination time ¢ at room temperature for
three samples with different base resistivities. Besides the different staring materials,
the lifetime samples are treated identically.

examine the validity of these findings on different Cz-Si materials, we process lifetime
samples on different Cz-Si materials following the process of group 2. For the RTA
process the parameters have been set at 850°C peak temperature and a belt speed of
Upet = 7.2m/min. Materials with a base resistivity of p = 2.2Qcm and p = 0.5Qcm
are chosen. After sample processing and subsequent permanent recovery of the lifetime
at 185°C at a light intensity of Py recor = 100mW/ cm?, the samples are exposed to
prolonged illumination at room temperature at a light intensity of Pij stqr = 10mW/ cm?.
In Fig. 6.5, the result of this experiment is shown for three lifetime samples. While
the Cz-Si samples with the base resistivites p = 1.0Qcm and p = 0.5Qcm feature
a slightly degrading lifetime over the same time scale, the lifetime sample with the
base resistivity of p = 2.2 cm shows a continuously increasing lifetime, however, on a
relatively low lifetime level. For comparison, in section 5.3, lifetimes above 7 = 2 ms were
obtained for materials in this resistivity range. This result shows that the stability, or
the lifetime behaviour after permanent recovery, critically depends on the Cz-Si material
itself. We attribute the differences in the long-term stability to different background
defects which are expected to be present in the different Czochralski-grown materials
and limit the lifetime to values usually lower than the lifetime of defect-lean float-zone
silicon. Although the detailed nature of these defects is so far unknown, it is very
likely that they are not related to the BO defect which causes the typical light-induced
degradation in boron-doped Cz-Si, as for example no clear trend depending on the boron

(or hole) concentration can be observed, as can be seen in Fig. 6.6.

Figure 6.6 shows the result of an experiment, which has been jointly conducted with

centrotherm photovoltaics AG using their commercially available belt-line regeneration
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FIGURE 6.6: Effective lifetime 7 plotted versus the illumination time ¢ at room temper-
ature and P siap = 10mW /cm? light intensity for five Cz-Si materials. Left (A) two
examples of Cz-Si materials featuring a stable lifetime after regeneration are shown,
right (B) two examples of Cz-Si materials with changing lifetimes are shown. The FZ
reference sample (A) features a stable lifetime.

furnace (C.REG 6.200), especially designed for the deactivation of the boron-oxygen de-
fect centre on an industrial scale. While the processing to lifetime samples has been per-
formed at ISFH according to the processing sequence of group 2 applying the same condi-
tions for the RTA treatment as mentioned above (9 peqr = 850 °C, vpep = 7.2m/min), the
recovery of the lifetime has been performed using the belt-line furnace at at centrotherm.
In total four different Cz-Si materials with base resistivities between p = 1.0Q2 cm and
p = 4.8 cm have been investigated. Again it is observed that different materials behave
differently under the same conditions after the recovery process. While stable lifetimes
are observed for the 4.8Qcm and the 1.6 Q2 cm material (see Fig. 6.6(A)) the lifetime
of the 1.0 Q cm material slightly degrades and the lifetime of the 2.2 {2 cm material even

increases.

6.2 Long-term stability of solar cells after BO deactivation

We present our results on solar cell level from two different perspectives. In the first part,
a one-dimensional device simulation of a silicon solar cell is performed which includes
the lifetime changes observed in the previous section. In the second part, we examine

actual PERC solar cells.
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TABLE 6.1: Input parameters for the 1D PC1D simulations.

Parameter Value
Cell thickness W [pm] 180
Base resistivity p [Q2 cm] 1
Emitter

Emitter contact resistivity pemitter [ cm?] 0.4
Emitter sheet resistance pgpeer [2/0] 80
(error function profile)

Peak concentration [cm ™3] 10%°
Junction depth z; [pum] 0.16
Surface

Recombination velocity at the front Sfpons [cm/s] 16000
Recombination velocity at the rear Syeqr [cm/s] 70

6.2.1 One-dimensional device simulations of the solar cell stability

In order to estimate the impact of the lifetime degradation observed in the previous sec-
tions on the performance of high-efficiency silicon solar cells, we perform one-dimensional
device simulations using the PC1D simulation tool [108]. A next-generation industrial-
type solar cell using a passivated emitter and rear cell (PERC) design [105] is simulated.
The general input parameters of the simulation are listed in Tab. 6.1. For the simula-
tion, the optical properties of the cell presented in Ref. [97] are adopted. For the lifetime
in the silicon bulk material, it is assumed that the lifetime degrades as shown in Fig.
6.1 for the sample permanently recovered at a recovery temperature of ¥y econ = 185°C.
To implement the change of the lifetime into the simulation, the injection-dependent
lifetime measured after defined illumination times is analysed and the lifetime curves
are fitted according to Shockley-Read-Hall theory [61, 62]. The determined values for
the capture time constants for electrons 7,9 and holes 7,9, as well as the energy level
are then included in the PC1D device simulation. An example of an injection-dependent
lifetime curve measured after 988 h of illumination at room-temperature is shown in Fig.
6.7. For comparison, the injection-dependent lifetime measured on the same sample after

1min of illumination as well as the intrinsic lifetime limit are also displayed.

The result of the PC1D simulation is shown in Fig. 6.8. As can be seen from Fig.
6.8, the reduction in the lifetime during illumination at room temperature, in this case
from 7 = 1500 us to 7 = 900 us over the period of 988h, does not lead to a change
in the conversion efficiency of n = 21.2% and only to a marginal degradation in the
open-circuit voltage of AV,, < 1mV . Compared to that, the efficiency and open-circuit
voltage in the fully degraded state are n = 20.5% and V,. = 649mV (V,, = 662mV

after permanent recovery), respectively.
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calculated using the SRH equation and assuming a single-level recombination centre at
mid-gap, including the intrinsic lifetime limit.
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FIGURE 6.8: Simulation result of a PC1D simulation of an industrial-type PERC solar
cell in terms of the conversion efficiency 7 (A) and the open-circuit voltage Vy. (b)
versus the illumination time ¢. The implemented lifetime values are extracted from
Fig. 6.1.

Hence, it can be concluded that on solar cell level our process of permanent recovery,
leads to a stable solar cell performance for at least 1000 h under illumination at room

temperature (25°C) as well as at elevated temperatures (75°C).
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6.2.2 Experimental results on solar cell level

In this section, we examine PERC solar cells after permanent deactivation of the BO
defect. As base material 1.0Q2cm Cz-Si is used. The cells are processed at a size of
239 cm?. Processing includes the removal of the surface damage as well as wafer cleaning.
Afterwards, a rear side protection layer is deposited followed by an alkaline texturing.
The emitter is then formed in a phosphorus diffusion. The diffused region features a
sheet resistance of pspeer = 8082/0. After the diffusion process, the rear protection layer
as well as the phosphosilicate glass are removed before the surfaces are passivated using
an aluminium oxide (AlyOs3) / silicon nitride (SiN,) stack at the rear side and a silicon
nitride anti-reflection coating at the front side. Next, the laser contact openings are
formed on the rear side using a pico-second laser. The front side metallization is then
realized by a fine-line silver printing technique while the rear metallization is realized
using a full-area printed aluminium paste. At last, the solar cells are fired for contact

formation. More details about the processing sequence can be found in Ref. [98].

The solar cells are characterized using the pv-tools LOANA system under standard test-
ing conditions, i.e. under 100 mW /cm? light intensity at a temperature of 25°C. Figure
6.9 shows the changes of the parameters of the IV-characteristics of the solar cell during
the recovery process at an illumination intensity of Py = 100 mW /cm? and a recovery
temperature of ¥,ecop, = 185 °C. The orange squares in Fig. 6.9 correspond to the values
in the fully activated state of the boron-oxygen complex which is reached upon illumi-
nating the cell at room temperature for more than 24 h. The green squares are the values
measured directly after an annealing step at 200 °C for 10 min in darkness, which corre-
sponds to an inactive state of the BO complex. Directly after the latter measurement,
the solar cell is exposed to the recovery conditions. Hence, a fast degradation of the
open-circuit voltage V,. (Fig. 6.9 (A)) and the short-circuit current density Js. (Fig. 6.9
(B)) is observed which is followed by a recovery of these values. The fill factor FF (Fig.
6.9 (C)), on the other hand, does not change throughout the process. Accordingly, the
conversion efficiency n (Fig. 6.9 (D)) follows the changes of V,. and Js.. The strongest
influence of the recovery process can be observed for the V. values. In the fully de-
graded state we measure an open-circuit voltage of V,. = 644.5mV which is strongly
increases by 2% to V,. = 658.1mV after annealing in darkness. After completing the
recovery process, a slightly higher value of V,. = 659.3mV is measured. Js. changes
form Js. = 38.0mA /cm? prior to the recovery process to Js. = 38.8mA /cm?, which is
also an increase of 2% relative. With the unchanged average fill factor of FF = 80.0%,
this translates into an increase of the conversion efficiency from n = 19.6% in the fully
degraded state to a maximum efficiency of n = 20.5% after recovery, which corresponds

to a relative increase of 4.5%.
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FIGURE 6.9: Permanent recovery of a PERC solar cell at an illumination intensity
of Py = 100mW /cm? and a recovery temperature of ¥,ccor = 185°C. The change
during the recovery process of the open-circuit voltage V,. (A), of the short-circuit
current density Js. (B), of the fill factor FF (C) and of the conversion efficiency n (D)
is displayed. Relative changes, referenced to the values in the fully activated state of
the BO complex, are given on the right y-axis.

The changes of V,. and J,. are mainly driven by the changes of the free carrier lifetime
in the bulk material [3] which can be easily understood for V.. The V. of an ideal solar

cell is given by [109]:

Voe

_ kT, [(NA + An)An} , (6.1)

Ge n?

i
with T" being the absolute temperature, k; the Boltzmann constant, ¢ the elementary
charge, N4 = po the doping density, An the excess charge carrier density and n; the
intrinsic carrier concentration. According to Eqn. 3.2, a higher lifetime corresponds
to a lower recombination rate and hence a higher carrier density An at a constant
illumination intensity. Accordingly, V. increases with increasing lifetime. Also J,. is a
monotone function of 7, hence an increasing lifetime causes an increasing short-circuit

current.
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FIGURE 6.10: Stability of a permanently recovered PERC solar cell tested at an il-
lumination intensity of Pj; = 10mW /cm? at room temperature. The changes of the
open-circuit voltage V,. (A), of the short-circuit current density Js. (B), of the fill factor
FF (C) and of the conversion efficiency 7 (D) is displayed. Relative changes, referenced
to the values measured directly after the recovery process, are given on the right y-axis.

Figure 6.10 shows the stability of a different PERC solar cell from the same batch, recov-
ered at ¥yecopr = 185 °C and a light intensity P;; = 100 mW/ cm? for 30 min. The stability
is tested at room temperature and an illumination intensity of Py; = 10 mW /cm? for up
to 10000 h, corresponding to more than 415 days. As can be seen in Fig. 6.10 (D), the
conversion efficiency 7 of the cell under investigation is reduced over the testing period
by 1.5% relative, from 20.5 % to saturation value of 20.2 %, which is much lower than the
reduction of more than 4% over the course of 24 h without applying the recovery process
(see orange square in Fig. 6.10 (D)). The reduction of 1 is mainly caused by a reduction
in Jy. of 1% from Jg. = 38.65mA /cm? directly after recovery to Js. = 38.23 mA /em?.
Compared to the Js., V,. decreases only from V,. = 659.6 mV to V,. = 656.2mV, which

corresponds to a reduction of only 0.5%.

As observed previously, the fill factor is not affected. Comparing this experimental result
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Py = 100mW /cm?. N; is independently scaled.

to the results based on the simulation in the previous section, it is obvious that the solar
cell under investigation degrades much stronger upon illumination at room temperature
compared to the prediction of the simulation. However, the degradation proceeds over
the same time frame as is shown in Fig. 6.11. While the effective defect concentration
corresponding to the lifetime sample is calculated using to Eqn. 2.1 and replacing 7
with 79, the defect concentration corresponding to the solar cell is calculated according

to Bothe [65] using the expression

1 1

- exp(qeVoe(t) /(miksT))  exp(qeVeoe(t = 0)/(mikpT))” (6.2)

Ny, (1)

Here, g. is the elementary charge, k; the Boltzmann constant, T' the absolute tem-
perature and n; the local ideality factor. The latter is considered to be unity in the
investigated case [110]. The change in the effective defect concentration can be fitted
using a simple exponential function, as is shown by the solid coloured lines in Fig. 6.11,
from which the degradation rate constant + can be extracted. For these two exam-
ples, the rate constant v = (3.5 4+ 0.5) x 1073h~! is extracted for the solar cell and
v = (5.5 4+ 0.6) x 1073h~! is extracted for the lifetime sample, which is very similar.
Thus, the observed degradation of the solar cell is predominantly driven by the change of
the bulk lifetime. Please note, that the degradation rate constant of the lifetime sample

without the recovery process is Rge, = 0.47 h~!, i.e. two orders of magnitude larger.

Also, the more pronounced degradation of the solar cell compared to the lifetime sample

can be understood considering the results shown in Fig. 6.2 and the fact that the solar
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cell is not fired at the maximum belt speed. Hence, it is a reasonable assumption that
the lifetime in the bulk of the solar cell is lower than the maximum lifetime shown in
Fig. 6.2 which might explain the more pronounced degradation of the examined solar

cell compared to the simulation, where the maximum lifetime was assumed.

6.3 Chapter summary

In this chapter, the stability of the lifetime upon further illumination of boron-doped, Cz-
Si material was examined after applying the permanent recovery process. The stability
was investigated at room temperature as well as at elevated temperatures, typical for
solar cell operating conditions. Additionally, one-dimensional device simulations of a
PERC solar cell implementing the measured injection-dependent lifetimes during the

stability tests were performed.

The lifetime measurements showed a minor degradation of the lifetime during illumi-

2. However,

nation at room temperature and a light intensity of Py gqp = 10 mW /cm
for the first time we observed lifetimes higher than 1ms after an illumination period of
approximately 1000 h on the examined 12 cm Cz-Si material. The observed degradation
was found to be independent of the applied recovery temperature, independent of the
belt speed at a fixed set peak temperature of ¥p.q. = 850 °C during the applied rapid
thermal annealing step, as well as independent of the passivation layer deposited on the
samples’ surfaces.

For lifetime samples exposed to an elevated temperature (75°C) and an elevated light-
intensity Py stqp = 75 mW/ cm? after the process of permanent recovery, no degradation
within the first 900 h of illumination was observed. An investigation of the lifetime sta-
bility of different Cz-Si materials revealed a material-specific behaviour of the lifetime
after the recovery process upon illumination at room temperature. In particular, a sta-
ble, an increasing as well as a decreasing lifetime were observed, depending on different
background defects in different materials, which dominate the lifetime after permanent
deactivation of the BO defect. Because of the different lifetime evolutions we consider
it as very unlikely that these unknown background defects are related to the BO defect,

which causes the well-known LID effect.

In the second part, the observed degradation of the lifetime was analysed in detail
and the lifetime values were implemented into a PC1D simulation of a next-generation
industrial-type PERC solar cell. The simulation suggests that the lifetime degradation
does not affect the characteristic solar cell parameters and illumination-stable solar cell
efficiencies in excess of 21 % are achievable on conventional Cz-grown boron-doped sil-

icon. Additionally, the stability of a PERC solar cell was tested experimentally after
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permanent recovery. The conversion efficiency of the investigated solar cell degraded
by 1.5% relative over the course of 10000 h (more than 415 days) from 20.5% to 20.2%.
Despite this degradation, the saturated efficiency of 20.2% was considerably higher than
the efficiency after complete degradation without the recovery process of 19.6%. From
the observed weak degradation we concluded that the lifetime in the bulk of the solar
cell is lower than the optimum lifetimes considered in our simulations. This reduced
lifetime was attributed to the non-optimal firing conditions of the solar cell with regard
to the bulk lifetime. Nevertheless, the degradation rate constant of the lifetime samples
and the solar cell were identical within the uncertainty of our analysis, which clearly in-
dicates that the degradation of the efficiency of the PERC cell is predominantly driven
by the reduction of the bulk lifetime.

Comparing the post-recovery degradation to the well known BO-related degradation,
it has to be pointed out that the degradation rate constant in this case is two orders
of magnitude lower than the rate constant of BO-related degradation. Additionally,
the magnitude of the degradation observed in this chapter was much lower than the
degradation caused by the BO complex. Hence, we conclude that the degradation ob-
served in this chapter is not related to the boron-oxygen defect, but is due to a hitherto

undiscovered background defect, observed for the first time in this thesis.
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Summary and outlook

In this work boron-doped, oxygen-rich Czochralski-grown silicon was studied with regard
to the bulk material quality characterized by the recombination lifetime of excess car-
riers. Our focus was to improve the fundamental understanding of lifetime degradation
and regeneration related to the activation and deactivation of a defect complex which is
formed in the silicon material in the simultaneous presence of boron and oxygen. The
responsible defect complex, referred to as BO defect, becomes recombination-active un-
der carrier injection, typically realized via illumination, at room temperature. However,
illumination at elevated temperatures reduces the recombination activity of the defect
in a process which is referred to as permanent deactivation. In this thesis, both the
activation of the BO defect as well as its permanent deactivation (permanent recovery

of the lifetime) were studied in detail.

The impact of the crystal growth conditions on the BO defect formation was studied on
three different Czochralski-grown silicon crystals. Along the crystal axis, apart from the
influence of the variations in the doping and oxygen concentrations, no relevant impact
of the position on the BO defect formation was observed. On a silicon crystal where
a transition between a vacancy-rich and interstitial-rich region occurred, we were able
to shown for the first time that typical growth-related concentrations of vacancies and

self-interstitials do not affect the BO defect formation.

In a series of long-term annealing experiments, we discovered that the BO-related de-
fect concentration is not necessarily in equilibrium after sample processing. However,
annealing in darkness at temperatures between 200°C and 300°C for up to 50 hours
establishes the equilibrium. The equilibrium defect concentration was found to decrease
with increasing annealing temperature, which supports a recently proposed defect model
(B;BsO; model), which attributes the equilibration process to an exchange of a mobile

B; species between two sinks, presumably a B;O complex and boron nano-precipitates
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(B-NPs). From our new experimental results presented in this thesis, we concluded that
the binding energy of the B; atoms to the B;O; complex is larger than the binding energy
to the NPs. Consequently, the supply of sufficient energy to the system, for example by
annealing in darkness, would cause a net transition of B; atoms from the B-NPs to the

B;O; complex and hence a degradation of the lifetime.

Lifetime limitations in oxygen-rich Cz-Si free of the BO defect were studied using n-
type Cz-Si doped with phosphorus. It was observed that Cz-Si materials from different
ingots behave very differently if exposed to high-temperature processing due to the
temperature dependent nucleation of oxygen precipitates. However, we were able to
prevent the nucleation of these precipitates by a short high-temperature process step,
referred to as ‘tabula rasa’ treatment. It was shown here for the first time that this
tabula rasa step can be applied to Cz-Si for PV applications. Additionally, it was shown
that tabula rasa can be performed in a conventional belt-line furnace, typically used for

the metallization of silicon solar cells.

Concerning the permanent deactivation of the BO defect we showed for the first time
that the last high-temperature treatment, before the deactivation process is applied, is
of utmost importance for the deactivation kinetics. In particular, by applying a rapid
thermal annealing (RTA) step in a conventional belt-line furnace, the deactivation can
be strongly accelerated. A linear correlation was discovered between the deactivation
rate constant and the cooling rate at a critical temperature of 600 °C. That is, the faster
a sample is cooled at 600°C, the larger the deactivation rate constant. This result was
explained in the framework of the B;B;O; model, which attributes the deactivation to
a dissociation of the B;B;O; complex and a subsequent sinking of the free B; atoms
into B-NPs. Combining a fast cooling rate at 600°C with a permanent deactivation
under optimized conditions (applying a temperature of 230°C and a light intensity of
245 mW /cm?) we were able to show for the first time, that industrially feasible process
times of 5 to 10 s for the complete deactivation process are achievable. These short pro-
cess times allow the implementation of the deactivation process into industrial solar cell
production, for example by the development of belt-line furnaces for this application.

Additionally, in various experiments the claims that the introduction of hydrogen into
the silicon is necessary for a successful permanent deactivation could be disproved, ex-
cluding defect models involving hydrogen. Nevertheless, hydrogen can have a beneficial
impact on the deactivation process if the lifetime in the silicon is generally improved via

a hydrogenation of background defects.

We performed a detailed analysis of the lifetime reached after the deactivation process.
In the course of this work, very high lifetimes exceeding 1 ms on 1.0 {2 cm material were

obtained, significantly exceeding previous results and demonstrating the potential of
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B-doped Cz-Si for high-efficiency solar cells. The achieved lifetimes after deactivation
were parameterized as a function of the doping concentration and injection level. The
injection level dependence is given by a single Shockley-Read-Hall centre, located in the
middle of the silicon band gap and featuring a capture cross section ratio of oy, /o), = 12.
To study the impact of our new lifetime parameterization on the performance of silicon
solar cells, we performed a 2D device simulation. The simulation, based on a state-of-the-
art passivated emitter and rear cell (PERC) with homogeneous emitter, revealed that
stable conversion efficiencies exceeding 22% are achievable on conventional boron-doped
Cz-Si using today’s cell technologies and the deactivation process optimized in this work.
In particular, implementing a selective emitter and reducing the recombination current
densities at the interfaces to the lowest so far reported values, our measured lifetimes
would allow conversion efficiencies of up to 23.4%, which was hitherto not believed to

be achievable with conventional boron-doped Cz-Si.

We examined the stability of the lifetime after permanent deactivation of the BO defect
in detail under various conditions for up to 10000 hours. On a single material (p =
1.0 Q cm) the stability was tested at room temperature and at a low illumination intensity
of Py = 10mW /cm? as well as under harsher conditions, i.e. Py = 75mW /cm? and at
75°C. The lifetime was found to degrade only slightly and lifetimes in the range of 1 ms
(An = 0.1 x pg) are still achieved after 1000 hours of illumination at room temperature
(independent of the recovery temperature). The change in the lifetime in general was
found to be independent of the applied belt speed during RTA and independent of the
surface passivation type. Under the harsher conditions, no degradation was observed,
which is highly relevant, as under operating conditions, the solar cell is exposed to similar

temperatures.

Stability tests using different base materials revealed a material-dependent long-term
behaviour of the lifetime. While some materials showed no change in lifetime on the
long-term, decreasing or increasing lifetimes were observed on other materials. We
attribute these different behaviours to different material-dependent background defects.
To further improve the quality of the Cz-Si material, these background defects have to

be better understood and methods to eliminate them have to be developed in the future.

Finally, we examined the stability of a PERC solar cell after permanent deactivation.
After the permanent deactivation, the cell featured a conversion efficiency of 20.5%,
which degraded over the course of 10000 hours (Py; = 10 mW /cm? at room temperature)
by 1.2% relative to 20.2%. Despite this degradation, the efficiency is still much higher
than the efficiency without the deactivation process of 19.6%. Hence, the deactivation
process leads to an absolute increase of 0.8% in efficiency, making it highly relevant

for industrial applications. Additionally, the degradation rate constant obtained from
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the solar cell degradation is in very good agreement to the results obtained on lifetime

samples, which shows that the change of the efficiency is driven by the bulk lifetime.

From the results obtained within this thesis further fundamental questions arise with
regard to the deactivation process of the BO defect. While for the deactivation rate
constant we discovered the dependence on the cooling rate, our results indicate a base
doping dependence in heavily doped materials, which is not yet understood. Addition-
ally, the deactivation rate constant was found to increase with the illumination intensity
during the deactivation process suggesting a dependence on the excess carrier concentra-
tion. However, the change of the effective defect concentration during the deactivation
process can be described by a single exponential decay function although the excess car-
rier concentration changes about one order of magnitude during the process. Hence, the
dependence on the excess carrier concentration is not yet unambiguously understood.
Regarding the lifetime reached after the deactivation process, we have observed lifetimes
significantly exceeding previous results. However, the high lifetimes are still below the
lifetimes observed in defect-lean FZ-Si. Further studies are therefore necessary to iden-
tify the reasons for this difference and to clarify whether these limitations are only due to
—up to now — unknown background defects, which need to be further studied, or whether

for example the recombination at the B-NPs also contributes to these limitations.
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