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Kurzzusammenfassung
In dieser Arbeit wird die Auswirkung von Bor-Sauerstoff-korrelierten Rekombinations-
zentren in kristallinem Silicium auf die Ladungsträgerlebensdauer sowie auf Solarzel-
lenparameter untersucht. Die Degradation der Ladungsträgerlebensdauer in bordo-
tiertem, sauerstoffreichem kristallinem Silicium unter Beleuchtung bei Raumtempe-
ratur auf Grund der Bildung von Bor-Sauerstoff-korrelierten Rekombinationszentren
ist ein lange bekanntes Phänomen, das in den letzten fünfzehn Jahren intensiv un-
tersucht wurde. Dabei wurde ein linearer Zusammenhang zwischen Defektdichte und
Borkonzentration sowie ein quadratischer Zusammenhang zwischen Defektdichte und
interstitieller Sauerstoffkonzentration gefunden. Des Weiteren zeigte sich eine qua-
dratische Abhängigkeit des Ratenkoeffizienten der Defektbildung von der Borkonzen-
tration. Auf Grundlage dieser Ergebnisse wurde ein Defektmodell entwickelt, in dem
der rekombinationsaktive Defekt aus einem substitutionellen Boratom und einem in-
terstitiellen Sauerstoffdimer besteht. In den bisherigen Untersuchungen wurde jedoch
vorwiegend Silicium untersucht, das ausschließlich mit Bor dotiert war. Als Folge
dessen konnte nicht zwischen der Borkonzentration und der Löcherkonzentration un-
terschieden werden. Dies ist in kompensiertem Silicium anders. Das in dieser Arbeit
hauptsächlich untersuchte Material ist sowohl mit Bor als auch mit Phosphor dotiert.
Die freie Ladungsträgerkonzentration ergibt sich dadurch aus der Differenz zwischen
Bor- und Phosphorkonzentration. Gibt es mehr Bor- als Phosphoratome, so hat das
Material p-Leitfähigkeit. Gibt es mehr Phosphor- als Boratome, so hat das Mate-
rial n-Leitfähigkeit. Lichtinduzierte Degradation wird dabei sowohl in kompensiertem
p-Typ Silicium als auch in kompensiertem n-Typ Silicium beobachtet. Die Unter-
suchungen an kompensiertem p-Typ Silicium zeigen, dass die Defektdichte proportional
zur Löcherkonzentration ist und nicht wie bisher angenommen zur Borkonzentration.
Desweiteren ist der Ratenkoeffizient der Defektbildung proportional zum Quadrat der
Löcherkonzentration. Diese Ergebnisse sind mit dem etablierten Defektmodell nicht zu
erklären. Im Rahmen dieser Arbeit wird daher ein alternatives Defektmodell diskutiert
und experimentell verifiziert. Ebenfalls lange bekannt ist, dass die Degradation durch
kurzes Tempern in Dunkelheit rückgängig gemacht wird. Da dieser Zustand allerdings
nicht stabil ist, führt erneute Beleuchtung auch zu erneuter Degradation der Lebens-
dauer. Der Annihilationsprozess wird im Rahmen dieser Arbeit erstmals an kom-
pensiertem Silicium untersucht. Dabei wird ein reziproker Zusammenhang zwischen
dem Ratenkoeffizienten der Annihilation und der freien Ladungsträgerkonzentration
beobachtet. Desweiteren zeigt sich, dass die Defektannihilation in kompensiertem n-
Typ Silicium deutlich länger dauert als in p-Typ Silicium. Für die Steigerung des
Wirkungsgradpotenzials von Solarzellen ist neben der grundlegenden Frage nach der
Natur des Defekts besonders eine mögliche Reduzierung oder vollständige Vermei-



dung seiner Bildung von großem Interesse. Der zweite Teil dieser Arbeit beschäftigt
sich daher mit einem Verfahren, mit dem die Defektdichte dauerhaft gesenkt wird.
Dieses Verfahren basiert auf einer Beleuchtung bei Temperaturen zwischen 135◦C
und 220◦C. Um die Mechanismen der dauerhaften Deaktivierung zu identifizieren,
wird in der vorliegenden Arbeit erstmals die Abhängigkeit des Ratenkoeffizienten der
Deaktivierung von der Bor-, der Löcher- sowie von der Sauerstoffkonzentration un-
tersucht. Die Auswertung der experimentellen Daten liefert einen inversen Zusam-
menhang zwischen dem Ratenkoeffizienten der Deaktivierung und der Borkonzentra-
tion sowie einen quadratisch inversen Zusammenhang zwischen dem Ratenkoeffizien-
ten der Deaktivierung und der interstitiellen Sauerstoffkonzentration. Desweiteren
wird beobachtet, dass ein Hochtemperaturschritt die Deaktivierung um bis zu einem
Faktor 4 beschleunigt, während die Abscheidung einer Siliciumnitrid-Schicht mittels
Plasmaverfahren eine Beschleunigung um einen Faktor 5 bewirkt. Die dauerhafte
Deaktivierung in kompensiertem n-Typ Silicium wird nicht beobachtet. Zwar führt
Beleuchtung bei erhöhter Temperatur auch bei kompensiertem n-Typ Silicium zu einer
Reduzierung der Defektdichte, allerdings ist dieser Zustand nicht stabil unter Beleuch-
tung bei Raumtemperatur. Abschließend wird der Prozess der Deaktivierung erfolg-
reich auf Solarzellen angewandt. Dadurch wird erstmals ein stabiler Wirkungsgrad
über 20% auf niederohmigem, bordotiertem Czochralski-Silicium erreicht.



Abstract
This work investigates the impact of boron-oxygen-related recombination centers on

the carrier lifetime and on solar cell parameters in crystalline silicon. Degradation of
the carrier lifetime in boron-doped oxygen-rich crystalline silicon under illumination at
room temperature has been known for a long time and has been intensely studied dur-
ing the last fifteen years. In these studies, the effective defect concentration was found
to depend linearly on the substitutional boron concentration and quadratically on the
interstitial oxygen concentration. In addition, the defect generation rate constant was
found to increase quadratically with the square of the boron concentration. Based
on these findings, a defect model was developed, in which the recombination-active
defect consists of one substitutional boron atom and an interstitial oxygen dimer.
However, past studies mainly investigated silicon which was exclusively doped with
boron. As a result, no distinction between the substitutional boron concentration
and the hole concentration was made. Using compensated silicon doped with both
boron and phosphorus, however, the substitutional boron concentration and the hole
concentration can be investigated separately. This was done in this work. The free
carrier concentration in compensated silicon equals the difference between boron and
phosphorus concentrations. If the material contains more boron than phosphorus, it
will have p-type conductivity. If the material contains more phosphorus than boron,
it will have n-type conductivity. Note that light-induced degradation is observed in
both cases. Investigating light-induced degradation in compensated p-type silicon, it
is shown that the effective defect concentration actually depends on the hole concen-
tration and not on the boron concentration. In addition, the defect generation rate
constant is found to depend on the square of the hole concentration. These results
cannot be explained with the established defect model. Therefore, an alternative de-
fect model is discussed and experimentally verified. It has also been known for a long
time that the boron-oxygen-related defect can be annihilated through short annealing
in darkness, resulting in a recovery of the carrier lifetime. However, this annihilated
state is not stable and renewed illumination thus results in renewed degradation. In
this work, this annihilation step is investigated for the first time in compensated sili-
con. These experiments reveal an inverse dependence of the annihilation rate constant
on the free carrier concentration. In addition, defect annihilation is found to take
considerably longer in compensated n-type silicon than in p-type silicon. Apart from
understanding the underlying defect mechanism, a way to permanently reduce the
defect concentration or even completely avoid its generation is a matter of great in-
terest, especially with regard to increasing the energy conversion efficiency of solar
cells fabricated on boron-doped oxygen-rich silicon. The second part of this work thus
examines a procedure, which is capable of permanently decreasing the defect concen-



tration: illumination at temperatures between 135◦C and 220◦C. In order to identify
the mechanisms behind this deactivation, the deactivation rate constant is examined in
this work for the first time as a function of boron concentration, net doping concentra-
tion and interstitial oxygen concentration, respectively. An inverse dependence of the
deactivation rate constant on the boron concentration as well as an inverse quadratic
dependence on the interstitial oxygen concentration is found. In addition, processing
steps at high temperature result in an increase of the deactivation rate constant by a
factor of 4, whereas deposition of a silicon nitride layer using plasma-enhanced chemi-
cal vapor deposition results in an increase of the deactivation rate constant by a factor
of 5. Permanent deactivation is not observed in compensated n-type silicon. While
the lifetime recovers under illumination at elevated temperature, this state is not sta-
ble under illumination at room temperature for compensated n-type silicon. Finally,
the deactivation treatment is successfully applied to silicon solar cells, by which for
the first time a stable efficiency above 20% is obtained for a solar cell fabricated on
low-resistivity B-doped Czochralski-grown silicon.

Schlagwörter: Kompensiertes Silicium, Ladungsträgerlebensdauer, Bor-Sauerstoff-Defekt
Keywords: compensated silicon, carrier lifetime, boron-oxygen defect
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1 Introduction

Crystalline silicon solar cells constitute the bigger part (∼85% in 2010 [1]) in photo-
voltaic production nowadays. Compared to low-cost, low-efficiency thin-film technol-
ogy and high-cost, high-efficiency multi-junction solar cells, they offer a compromise
of cost and obtainable energy conversion efficiency.
The cost of a solar cell can be split into two factors: (1) the material and (2) the

production processes. Naturally, both factors are also important for a solar cell’s effi-
ciency. A good and easily obtainable measure of material quality is the (excess) carrier
lifetime, i.e. the time between generation of excess carriers and their recombination,
which is studied in this work.
The carrier lifetime increases with decreasing overall recombination. In silicon, re-

combination mainly takes place via defects, such as impurities or crystallographic
defects. Decreasing impurity concentrations and increasing crystal quality thus im-
prove the lifetime. Of course, extended purification and enhanced crystallization also
increase material cost. It should be noted, however, that at some point, depending on
the used solar cell structure and the production processes, other aspects than material
quality (and thus lifetime) will limit the solar cell efficiency. The challenge is thus to
balance the cost of purification and crystallization against the benefit for cell efficiency.
The vast majority of crystalline silicon used in current production is boron-doped

mono- or multicrystalline silicon. Monocrystalline silicon can further be split into two
groups: Float zone silicon (FZ-Si) and Czochralski-grown silicon (Cz-Si). Monocrys-
talline silicon has better crystal quality and in general less impurities than multicrys-
talline silicon (mc-Si) but the fabrication of monocrystalline ingots is more expensive
than that of multicrystalline ingots. FZ-Si in particular is too expensive to be used
in solar cell production. Cz-Si on the other hand can be produced cost-effectively.
However, Cz-Si contains large amounts of oxygen, which is particularly harmful in
combination with boron-doping.
It has been known for a long time that the carrier lifetime in boron-doped oxygen-

rich silicon degrades significantly under illumination at room temperature [2]. As
a result, the efficiency of solar cells fabricated on such material degrades by up to
10% relative [3]. This so-called light-induced degradation (LID) has been intensely
studied [2–19] and the effect is firmly linked to the simultaneous presence of both
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2 1 Introduction

boron and oxygen [4]. In particular, higher quantities of either boron or oxygen result
in lower lifetimes after degradation.
In current solar cell production, this issue is addressed by using low doping concen-

trations of around NA = 5 × 1015 cm−3, which balances the gain in degraded lifetime
against the losses due to increased resistivity of the material. However, in order to fur-
ther reduce material cost, new purification routes are explored, which result in much
higher boron concentrations in the material. It is thus essential to examine how these
increased boron concentrations affect the degraded lifetime in the material.
The first part of this work examines the boron-oxygen-related recombination center

in silicon doped with both boron and phosphorus. In such compensated silicon, the net
doping concentration differs from the boron concentration, which allows new insights
regarding the defect composition and its generation kinetics. In the second part of this
work, we examine a recently proposed deactivation procedure [20,21], which promises
to permanently reduce the defect concentration, thus leading to improved lifetimes
that are stable under illumination at room temperature.
Chapter 2 gives a short overview of the characterization techniques and measurement

setups used to measure carrier lifetime and doping concentration.
Chapter 3 briefly outlines the value chain of silicon wafers used in photovoltaic

production today. Subsequently, the origin of compensation in material made from
less refined feedstock and its effect on the carrier mobility are presented. A signifi-
cant reduction of the mobility is observed in the studied material, which needs to be
considered in the analysis of the lifetime measurements.
In Chapter 4, the generation of boron-oxygen-related recombination centers under il-

lumination (at room temperature) in compensated p- and n-type Cz-Si is investigated.
Through this, the impact of the doping concentration and the boron concentration on
the generation of boron-oxygen-related defects can be investigated separately.
Chapter 5 examines the defect annihilation during annealing in darkness in com-

pensated p- and n-type Cz-Si. Even though this defect annihilation does not result in
stable lifetimes, it is an important aspect of the boron-oxygen-related defect and can
contribute useful information on the defect transformation mechanism.
In Chapter 6, a means to permanently deactivate the boron-oxygen defect is inves-

tigated. The impact of various processing steps and material characteristics is studied
in B-doped p-type Cz-Si and a large number of parameters is found to influence the
deactivation process. In addition, the procedure is applied to compensated n-type
Cz-Si, where it is found to be ineffective.
Chapter 7 discusses two defect models for the boron-oxygen-related recombination

center. The standard model, in which the defect is composed of one substitutional
boron atom and an interstitial oxygen dimer, is found to be incapable of explaining



3

the new experimental data obtained on compensated p-type silicon. On the other
hand, an alternative model, in which the defect is composed of one interstitial boron
atom and an interstitial oxygen dimer, is found to explain all experimental results
presented in this work.
In Chapter 8, the permanent deactivation treatment is applied to solar cells. An

increase in solar cell efficiency by 1.2% absolute is observed in industrial screen-printed
solar cells, while a stable efficiency of 20.4% is obtained on a high-efficiency RISE-
EWT solar cell fabricated on low-resistivity B-doped p-type Cz-Si. Using the lifetime
data from Chapter 6, one-dimensional solar cell simulations are performed in order
to investigate the potential of screen-printed solar cells fabricated on low-resistivity
B-doped Cz-Si. By using an advanced cell concept, which includes passivation of the
emitter and rear, an efficiency potential of 20.6% is found for solar cells fabricated on
0.8 Ω cm B-doped p-type Cz-Si after permanent deactivation of the BO defect.
Finally, Chapter 9 summarizes the results presented in this work.





2 Characterization techniques

2.1 Carrier lifetime measurements

2.1.1 Quasi-steady-state photoconductance (QSSPC)

Figure 2.1: Example of the injection-dependent carrier lifetime measured using the
quasi-steady-state photoconductance technique. The red arrows indicate the error made
by determining a single lifetime value at a fixed light intensity.

The quasi-steady-state photoconductance (QSSPC) technique [22] offers a fast and
accurate means to measure the effective carrier lifetime τeff over a wide range of excess
carrier densities ∆n. This in turn offers the possibility to extract the lifetime at a fixed
injection level, which is important when comparing the lifetimes of different samples
or when monitoring the change of lifetime in a single sample over the course of time.
An example of the injection-dependent carrier lifetime measured via QSSPC is shown
in Fig. 2.1.
The lifetime in a 1 Ω cm B-doped Czochralski-grown silicon sample is measured

at different stages of lifetime degradation. The amount of excess carriers at a given
generation rateG is proportional to the lifetime τ (as is demonstrated by the decreasing
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6 2 Characterization techniques

Figure 2.2: Schematic of the setup used for quasi-steady-state photoconductance mea-
surements [23].

maximum excess carrier density ∆nmax with decreasing carrier lifetime τ). The orange
arrow indicates this shift in excess carrier density at a fixed generation rate G. The red
arrows mark the difference in measured lifetime at this new excess carrier density and
the previously analyzed ∆n. Obviously, this error increases with increasing difference
of the lifetimes as well as with increasing injection dependence of the lifetime.
In this work, a Sinton Instruments WCT-100 as well as a WCT-120 lifetime tester

are used for QSSPC measurements. A schematic of the measurement setup is depicted
in Fig. 2.2. The silicon test wafer is inductively coupled to a coil, which in turn is part
of an rf-bridge circuit. The conductance σ of the silicon wafer is a quadratic function
of the output voltage Vwafer of the rf-bridge circuit. Using a set of reference wafers
with known conductance, a calibration curve of the form σ = a V 2

wafer + b Vwafer + c

is determined, as shown in Fig. 2.3. This curve can then be used to determine the
conductance of any silicon sample. Note that the coil has a diameter of 18 mm and
accordingly covers an area of approximately 250 mm2. All measurements are thus
averaged over this area.
For a lifetime measurement, the silicon test wafer is illuminated by a flash (decay

time approximately 2.1 ms), which generates excess carriers in the sample. The original
spectrum of the flash is quite similar to the solar spectrum, however, in order to obtain
a homogeneous photogeneration throughout the sample, the light of the flash is filtered
by a 700 nm IR-pass filter. The intensity of the flash is monitored as a function of
time via a calibrated solar cell.
The short-circuit current ISC of the reference cell is known to depend linearly on

the light intensity I, thus I = c ISC. The calibration factor c is obtained by measuring
ISC under standard testing conditions (25◦C, AM1.5G spectrum, 100 mW/cm2 light
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Figure 2.3: Calibration function of the rf-bridge circuit.

intensity). In order to reduce the signal-to-noise ratio, the current is also converted to
a voltage Vlight via a resistor. At the same time, the generated excess carriers increase
the conductance of the sample (photoconductance). This increase is measured by
the rf-bridge circuit. Using an oscilloscope, both the photoconductance and the light
intensity are monitored as a function of time t.
In general, the conductance σ of a silicon wafer is a product of carrier density and

carrier mobility:

σ = q
∫ W

0
(n µn + p µp) dz. (2.1)

Here, q is the elementary charge, W is the sample thickness, n and p are the elec-
tron and hole concentrations, respectively, and µn and µp are the electron and hole
mobilities, respectively. Note that the carrier concentrations in this expression are a
function of position on the z-axis, while the mobilities are a function of the carrier
concentration at position z.
During a QSSPC measurement, the quantity of interest is the excess carrier density

∆n, and hence the photoconductance. It is thus convenient to split the measured total
conductance σ of the sample into the base conductance σbase (which is then treated as
an offset) and the photoconductance ∆σ:

σ = σbase + ∆σ. (2.2)

Since the photogeneration of excess carriers is quite homogeneous, Eq. 2.1 can be
simplified by introducing an average excess carrier density ∆nav (if the recombination
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Figure 2.4: Flow chart of the data analysis during quasi-steady-state photoconductance
measurements.

at the surface is small). The photoconductance ∆σ is then given by:

∆σ ≈ q W (µn + µp) ∆nav. (2.3)

In order to transform the measured photoconductance into the (average) excess
carrier density ∆n in the sample, one then only needs to know the sum of electron
mobility µn and hole mobility µp. In exclusively boron-doped p-type silicon and in
exclusively phosphorus-doped n-type silicon, these mobilities are well known and can
be described by the semi-empirical expression [24]:

(µn + µp) = 1800
1 + exp

[
0.8431 ln

(∆n+Ndop
Nref

)]
1 + 8.36 exp

[
0.8431 ln

(∆n+Ndop
Nref

)] , (2.4)

where Ndop is the doping concentration and Nref = 1.2× 1018 cm−3.
In compensated silicon (doped with both boron and phosphorus, or B-doped and

compensated by thermal donors), however, a considerable reduction of carrier mobili-
ties compared to mobilities in non-compensated silicon has been observed [25–27]. A
similar reduction is observed in the dopant-compensated samples investigated in this
work (see Sec. 3.4.2). Consequently, the prefactor in Eq. 2.4 is adjusted to measured
values of µn and µp for the analysis of the lifetime data obtained on compensated
Cz-Si. Note that this correction is only valid for low injection conditions, however,
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these are of interest in this work.
The calibrated reference cell is used to obtain the light intensity at time t. Depend-

ing on the optical parameters of the sample fopt, such as anti-reflection coating and
texturization, the generation rate G of excess carriers can be calculated.
Knowing both the excess carrier density ∆n and the generation rate G allows the

determination of the carrier lifetime τ . The time dependence of the excess carrier
density ∆n is given by the continuity equation:

∂∆n
∂t

= G (t)− U (t) + 1
q
∇J, (2.5)

where U is the recombination rate and J is the current density. Since the photogener-
ation is very homogeneous and the surfaces are well passivated, the carrier density in
the sample can be assumed to be spatially uniform. As a result, the last term in Eq.
2.5 can be neglected. The recombination rate U can further be written as U = ∆n/τeff ,
which yields for the effective lifetime τeff [28]:

τeff = ∆n
G− ∂∆n/∂t. (2.6)

A flow chart of the analysis is shown in Fig. 2.4: on the left hand side, the inductive
coupling of the wafer to the coil and the rf-bridge circuit results in a change of the
output voltage Vwafer. Using the calibration function shown in Fig. 2.3, the photocon-
ductance ∆σ is obtained. In combination with a semi-empirical mobility model (Eq.
2.4) and measured mobility data (see Section 3.4), the conductance is then converted
into the excess carrier density ∆n. On the right-hand side of the flow chart, the light
intensity of the flash is detected by the reference cell. Taking the optical properties of
the sample fopt into account, the generation rate G is obtained. Inserting ∆n and G
into Eq. 2.6 then yields the effective lifetime τeff .

Measurement uncertainty

The measurement uncertainty of the Sinton Instruments WCT-100 lifetime tester has
been analyzed in detail by Berge in 1998 [29], who investigated

• heating of the wafer due to high-intensity illumination,

• heating of the wafer due to energy dissipation from the rf-bridge,

• impact of the spectrum of the flash lamp,

• impact of the optical properties of the sample,

• low signal-to-noise ratio,
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• digitalization, and

• position of the flash lamp.

In summary, Berge found that the major source of uncertainty was the possible
difference between the photogeneration rate G in the reference solar cell and in the
sample, i.e., the factor accounting for the optical parameters of the sample fopt. Low
signal-to-noise ratios and errors resulting from digitalization, on the other hand, be-
come significant at low excess carrier densities ∆n < 1014 cm−3.
Recently, the measurement uncertainty of photoconductance lifetime measurements

via inductive coupling was also investigated by McIntosh and Sinton [30]. Their list
of sources of uncertainty includes

• the calibration of the rf-bridge circuit,

• the calibration of the reference solar cell,

• the width of the quasi-neutral base W,

• the output voltages Vwafer and Vlight,

• the sum of carrier mobilities, and

• the base doping concentration.

Taking all aspects into account, they estimated an uncertainty of ±10.9% for mea-
surements done under quasi-steady-state conditions and an uncertainty of ±8.6% for
PCD measurements. However, they stressed that the impact of each item on the list
strongly depends on the actual measurement setup and the care that was taken to
determine the values of interest.
It should also be mentioned that the Sinton Instruments WCT lifetime testers have

an absolute uncertainty (caused by systematic errors) as well as a relative uncertainty
(caused by statistical errors). The absolute uncertainty is important when investi-
gating absolute lifetime values, e.g. when comparing different lifetime measurement
techniques. However, when the time dependence of the carrier lifetime under certain
circumstances is investigated, the relative uncertainty is of more importance. In the
course of this work, this relative uncertainty was found to be less than 5%.
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Photoconductance decay (PCD) measurements

The Sinton Instruments lifetime testers can also be used for photoconductance decay
measurements. For this, a much shorter flash (decay time approximately 30 µs) is
used. As a result, the generation rate G vanishes and Eq. 2.6 simplifies to:

τeff = − ∆n
∂∆n/∂t. (2.7)

Note that since the optical parameters of the sample are now irrelevant the (absolute)
uncertainty of the measurement technique is notably reduced, as was also pointed out
by McIntosh and Sinton [30]. In addition, a wide range of excess carrier densities ∆n
is covered during the decay of the photoconductance and the effective lifetime is thus
again measured as a function of ∆n.
In order to use Eq. 2.7, the effective lifetime τeff of the sample needs to be much

larger than the decay time constant of the flash. For the present setup, this condition
is fulfilled when τeff > 200 µs.

2.1.2 Microwave-detected photoconductance decay (MW-PCD)
For spatially resolved carrier lifetime measurements, microwave-detected photoconduc-
tance decay (MW-PCD) measurements were performed using a SEMILAB WT-2000
tool. A simplified schematic of an MW-PCD setup is depicted in Fig. 2.5. The silicon
test wafer is placed under a microwave source and excess carriers are generated by a
short laser pulse (wavelength 908 nm, pulse length 200 ns). Since the microwaves are
reflected by free carriers in the silicon, the amplitude of the reflected microwave signal
is a measure of the carrier density ∆n in the sample. By monitoring the microwave
amplitude as a function of time, the photoconductance decay can thus be monitored.
Note, however, that the reflected microwave power P is in general a non-linear

function of the conductance σ (and accordingly of ∆n), i.e., only in the small signal
case ∆σ � σ is ∆σ proportional to ∆P . Since a small ∆σ corresponds to a small ∆n,
additional excess carriers are generated by a white bias light.
As already mentioned above, the time dependence of the excess carrier density ∆n

is described by the continuity equation. However, in contrast to the QSSPC mea-
surements, the generation of excess carriers during MW-PCD measurements is non-
uniform. As a consequence, the carrier distribution in the sample is inhomogeneous
and the divergence of the current density ∇J is no longer negligible. As a result, the
general form of the continuity equation needs to be examined [31]:

∂∆n (x, t)
∂t

= G− ∆n
τb

+Da
∂2∆n (x, t)

∂x2 − µaE
∂∆n (x, t)

∂x
. (2.8)
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Figure 2.5: Schematic of the setup used for microwave-detected photoconductance
decay measurements.

Here, the third term describes the diffusion current and the fourth term describes
the drift current of charge carriers. τb is the carrier lifetime in the bulk, Da =
(n+ p) / (n/Dp + p/Dn) is the ambipolar diffusion coefficient and µa = (n− p) / (n/µp + p/µn)
is the ambipolar mobility.
In the low-injection case ∆n� p0, the electric field E is negligible and the continuity

equation simplifies to the diffusion equation. In addition, the ambipolar diffusion
coefficient Da can be replaced by the minority-carrier diffusion coefficient (Dn in p-
type silicon and Dp in n-type silicon):

∂∆n (x, t)
∂t

= G− ∆n
τb

+Dn
∂2∆n (x, t)

∂x2 . (2.9)

In the case of equally passivated surfaces, two boundary conditions apply:

∂∆n (x, t)
∂x

∣∣∣∣∣
x=0

= S
∆n (0, t)
Dn

and ∂∆n (x, t)
∂x

∣∣∣∣∣
x=W

= −S∆n (W, t)
Dn

, (2.10)

where W is the sample thickness and S is the surface recombination velocity. Under
a pulsed excitation, the solution to Eq. 2.9 can be written as

∆n (x, t) =
∞∑
m=0

Am exp
(
− t

τm

)
, (2.11)

where the coefficients Am depend on the sample thickness, the absorption coefficient
α (λ) for the wavelength of optical excitation (i.e., in the present case 908 nm) and
the surface recombination velocity S. The decay time constants τm are given by
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1
τm

= 1
τb

+ α2
mDn. (2.12)

Here, αm are given by the transcendental equation

tanαmW = 2DnαmS

D2
nα

2
m − S2 , (2.13)

which can be solved graphically or numerically. Note that the value of αm increases
monotonously, which means that the decay time constants τm decrease with increasing
m. Since the fast decay modes fade after a short time, the decay of ∆n quickly becomes
monoexponential:

∆n (t) = ∆n0 exp
(
− t

τeff

)
. (2.14)

Infinite surface recombination velocity

For large values of the surface recombination velocity S, the solution for αm approaches

αm = (2m− 1) π
W

, (2.15)

which results in a decay time constant for the principal mode m = 1 of

1
τeff

= 1
τb

+
(
π

W

)2
Dmin. (2.16)

Here, τb is the bulk carrier lifetime,W is the wafer thickness, and Dmin is the minority-
carrier diffusion coefficient. Since Dmin relates to the minority-carrier mobility µmin

via
µmin = q

kB T
Dmin, (2.17)

where kB is Boltzmann’s constant and T is the temperature, the minority-carrier
mobility µmin can be determined from effective carrier lifetime measurements in the
case of very large surface recombination velocities [32].

2.2 Electrochemical capacitance voltage technique
In order to determine the doping concentration Ndop in compensated silicon, electro-
chemical capacitance voltage (ECV) measurements [33] were performed using a WEP
CVP21 profiler. The operation mode of the measurement technique is as follows: the
silicon wafer is contacted by an electrolyte. As a result, a Schottky barrier is formed
through the depletion of carriers at the silicon surface. By applying an external voltage,
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the width of the depletion region can be changed. In reverse bias, the width increases
and accordingly the capacitance of the depletion region decreases, while in forward
bias, the width of the depletion region decreases while the capacitance increases.
Determination of the doping concentration is done in reverse bias. The voltage is

varied by an ac source, which results in variation of the capacitance C and accordingly
in a flow of charge. Knowing the applied voltage V and the capacitance C, the doping
concentration Ndop can be derived from the Mott-Schottky equation:

1
C2 = −2

q ε0 εSi A2 Ndop
(V − Vfb) . (2.18)

Here, q is the elementary charge, ε0 is the vacuum permittivity and εSi is the relative
permittivity of silicon. A is the area of the Schottky contact and Vfb is the flatband
voltage at which the depletion region width is zero. Transposing to Ndop then yields

Ndop = −2
q ε0 εSi A2 d(1/C2)

dV

. (2.19)

Since the WEP CVP21 setup is designed to measure doping profiles, the system is
also capable of etching silicon. For this, a 0.1M solution of NH4F is used. Measure-
ment of a doping profile then consists of cycling between measurement of the doping
concentration and etching of a defined amount of silicon.
Note that the doping concentration Ndop depends quadratically on the area A of

the Schottky contact, which is thus a major source of measurement uncertainty. In
the present case, A is defined by a plastic sealing ring, the size of which is known.
However, it was recently demonstrated that an external determination of the contact
area A, e.g. through inspection of the etching crater with an optical microscope, should
always be performed [34]. The thus determined area A = 0.1142 cm2 was subsequently
used for the analysis of the measurement data. Due to the low doping concentrations
investigated in this work, the ECV measurements nonetheless have an uncertainty of
±10%.



3 Compensation in mono- and
multicrystalline silicon

Silicon exists in abundance. Unfortunately, it is not found as a pure element but
instead exists as silicon dioxide or silicates. In addition, the silicon dioxide and the
silicates contain a large variety of other elements in large numbers. The fabrication of
pure silicon thus requires extensive refining.
The reduction of silicon dioxide is done in an electric arc furnace using coal. This

results in so-called metallurgical-grade silicon, which has a purity of at least 98%.
For the microelectronic industry, where purities as high as 99.9999999% (9N) are
needed, silicon is further purified via the Siemens process. This process includes the
transformation of silicon into gaseous phase (trichlorosilane) and then running multiple
distillations. Subsequently, the purified gas is decomposed at over 1100◦C in the
presence of high-purity silicon rods, at which additional silicon is then deposited. Due
to its complexity and the very high temperatures involved, this process is naturally
very costly.
In order to reduce the cost of silicon purification, refining routes which avoid the

transformation into the gas phase are explored. Examples of such metallurgical purifi-
cation schemes, which result in so-called upgraded metallurgical silicon (UMG-Si), are
the usage of high purity quartz and carbon powder (thus reducing the initial concen-
tration of impurities), the addition of reactants to the silicon melt to bind impurities,
and multiple directional solidifications, which extract impurities with low segregation
coefficients.
However, the extraction of boron and phosphorus by these means is very difficult,

as their segregation coefficients are comparatively large (0.8 and 0.35, respectively, see
Tab. 3.1). As a result, silicon which is purified without distillation in the gas phase
contains high amounts of boron and phosphorus. The net doping concentration, i.e.
the difference of acceptor and donor concentrations, which determines the resistivity of
the material, can be adjusted by adding additional dopants, however, the initially high
concentrations may already be harmful by themselves. As UMG-Si is a relatively novel
material, not much research has so far been undertaken to understand this material
and in particular the effects of dopant compensation.

15
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This Chapter briefly describes the two most important crystallization techniques of
silicon used for today’s photovoltaic silicon production. (1) The Czochralski process
that results in monocrystalline silicon and (2) block-casting which results in multicrys-
talline silicon. In the third Section of this Chapter, the doping profiles of boron and
phosphorus in silicon ingots are discussed. Finally, in the last Section, the carrier mo-
bilities in mono- and multicrystalline silicon doped with both boron and phosphorus
are investigated.

3.1 The Czochralski-growth process

Figure 3.1: Schematic of the Czochralski-growth technique. (a) Dipping of the seed
crystal into the silicon melt. (b) Beginning of crystallization with simultaneous rotation
and pulling. (c) Pulling of the ingot.

The Czochralski process was developed in 1916, at which time is was used to study
the crystallization of metals [35]. However, the principle of crystallization can also be
applied to semiconductors or salts. A schematic of the process is shown in Fig. 3.1:
(a) At the beginning of the process, the material of interest is molten in a crucible and
then kept slightly above the melting point. Subsequently, a seed crystal is submerged
into the melt. (b) The melt crystallizes in accordance with the orientation of the seed
crystal. (c) Through simultaneous rotation and pulling, the crystal slowly growths in
diameter and length.
For the crystallization of silicon, high-purity polycrystalline silicon made via the

Siemens process is used as feedstock, while the crucibles, which need to withstand more
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than 1400◦C, are made out of quartz (SiO2). Dopants, such as boron or phosphorus, are
added to the feedstock before melting. By adjusting the temperature, the rotational
speed and the pulling speed, the diameter of the ingot can be controlled. In current
production, ingots with 200 mm and 300 mm diameter are produced.
Since the melt and the quartz crucible are kept at over 1400◦C for a long time, oxygen

from the crucible diffuses into the melt and is thus incorporated into the crystal. As a
result, Czochralski-grown silicon contains high amounts of oxygen. Typical values for
the interstitial oxygen concentration [Oi] are in the range of 5× 1017 cm−3 to 1× 1018

cm−3.

3.2 Block-casting of silicon

Figure 3.2: Schematic of the block-casting process used to manufacture multicrystalline
silicon (mc-Si). (a) The coquille is filled with molten silicon. (b) The silicon solidifies
with a planar interface. (c) Completely solidified mc-Si ingot.

A more cost-effective way of crystallization is block-casting. A schematic of the
process is depicted in Fig. 3.2: (a) High-purity feedstock is molten in a crucible and
subsequently transferred to the so-called coquille. (b) Through controlled cooling of
the melt, the silicon slowly solidifies from bottom to top, with a planar solidification
interface until (c) the complete block is crystallized.
The coquille is made out of quartz and is additionally coated with silicon nitride

(Si3N4). This coating acts as a separating agent between the molten silicon and the
quartz and facilitates crystallization without the formation of cracks. Block-cast silicon
contains considerably less oxygen than Czochralski-grown silicon (typically [Oi] = (2−
3)×1017 cm−3), however, it is known to contain significant amounts of metal impurities
[36,37]. Since high amounts of metal impurities are also observed in block-cast ingots
made from high-purity feedstock, it is likely that one source of these impurities is the
Si3N4 coating.
In contrast to the Czochralski process, crystallization by block-casting does not

result in a monocrystalline ingot. Instead, the solidified silicon consists of many crys-
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tallites of different size and orientation (so-called grains), which is why it is referred to
as multicrystalline silicon (mc-Si). Apart from the many grain-boundaries, mc-Si also
contains high amounts of dislocations and in particular dislocation networks. Given
such high amounts of metal impurities and crystal defects, it is not surprising that the
material quality of mc-Si is in general lower than that of Cz-Si.

3.3 Dopant concentrations in compensated silicon
ingots

The solubility of an element in liquid silicon differs from its solubility in solid silicon.
As a result, there is a constant redistribution of solutes during crystallization. If the
solubility in the liquid phase is higher than that in the solid phase, the concentration
of the solute will accumulate in the liquid. As a result, the concentration in the solid
increases with increasing amount of solidified portion. This is described by the Scheil
equation [38]:

CS = k C0 (1− fS)k−1 , (3.1)

where CS is the concentration in the solid, k is the effective segregation coefficient, C0

is the initial concentration in the melt and fS is the fraction of solidified material.
The equilibrium segregation coefficients k0 of common dopants and metal impurities

in silicon are summarized in Tab. 3.1. An example of the boron and phosphorus
concentrations in a solidified silicon ingot according to Eq. 3.1 is shown in Fig. 3.3.
The concentrations in the melt assumed for the calculation are [B]melt = 1.2 × 1017

cm−3 for boron and [P]melt = 2.0 × 1017 cm−3 for phosphorus.
Due to its higher segregation coefficient, the concentration of boron (solid blue line)

in the part which solidifies first is higher than the concentration of phosphorus (dashed
red line), even as [B]melt < [P]melt. As a result, the first part of the ingot has p-type
conductivity. With advancing solidification, both the boron and phosphorus concen-
trations increase. However, due to its lower segregation coefficient, the increase of
the phosphorus concentration is considerably steeper than the increase of the boron
concentration. Consequently, the difference between boron and phosphorus concen-
trations (dashed green line) decreases with advancing solidification until [B] = [P]
(indicated by the vertical black line). After this point, there is more phosphorus than
boron in the solidified silicon and the material accordingly has n-type conductivity.
The large variation of net doping concentration, and consequently of the resistivity,

over the ingot height is a disadvantage of compensated silicon, since most processes
in solar cell production need to be optimized for a specific resistivity. In addition, the
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Figure 3.3: Concentration of boron (solid blue line) and phosphorus (dashed red line) in
a silicon ingot as a function of relative ingot height fS as given by the Scheil equation (Eq.
3.1). Also shown is the net doping concentration (dashed green line), i.e. the difference
between boron and phosphorus concentration. The solid black line at 0.5 relative ingot
height indicates the transition from p-type conductivity to n-type conductivity.

portion that has n-type conductivity is discarded, since the vast majority of solar cells
is fabricated on p-type silicon.
The position of the transition point depends on the amount of boron and phosphorus

in the melt and can be pushed towards later solidification through adding additional
boron (or other acceptors). However, by adding boron the total dopant concentration
is increased and the overall quality of the material is reduced due to decreasing mobility
and carrier lifetimes.

3.4 Majority- and minority-carrier mobilities in
compensated crystalline silicon

The mobility of electrons and holes in silicon is determined by the amount of scattering
they experience. Sources of scattering include lattice scattering, impurity scattering
and carrier-carrier scattering. Since the probability of a scattering process is deter-
mined by both the scattering cross-section and the density of scattering centers, an
increase in either results in a decreased mobility. Compensated silicon in general and
UMG-Si in particular contain much more dopants than standard silicon, and thus con-
siderably higher amounts of impurities and carriers. A reduction of the carrier mobility
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in this kind of material is thus expected. However, no experimental data on mobilities
in highly compensated silicon was available in the literature at the beginning of this
work.

3.4.1 Block-cast multicrystalline silicon
The impact of compensation on the carrier mobilities in multicrystalline silicon is
investigated on an mc-Si ingot made from upgraded metallurgical-grade (UMG) silicon.
The exact boron and phosphorus concentrations in the melt are unknown. However,
using the Scheil equation (Eq. 3.1) and the net doping concentrations obtained from
electrochemical capacitance voltage (ECV) measurements (see Sec. 2.2), the melt
concentrations for both B and P are estimated to exceed 2 × 1017 cm−3.
The majority-carrier mobilities (i.e. µp in p-type wafers and µn in n-type wafers)

are determined through a combination of four-point probe resistivity ρ measurements
and measurements of the equilibrium hole concentration p0 (or, in n-type silicon, the
equilibrium electron concentration n0) using the ECV technique. The carrier mobilities
then follow from µp = (p0 ρ q)−1 and µn = (n0 ρ q)−1, respectively, where q is the
elementary charge.
As can be seen from Fig. 3.4, the hole mobility µp in the compensated p-type

wafers is significantly lower than in non-compensated control samples, even though
the resistivities are comparable. In addition, a further considerable decrease of the
hole mobility in samples close to the transition region from p- to n-type silicon is
observed. Beyond the transition point, however, the mobility increases again. Note
that the majority-carriers are now electrons, which generally have higher mobilities
than holes.
The pronounced reduction of µmaj in the transition region can be attributed to a

drastically reduced screening of the ionized scattering centers, caused by a significant
decrease of the free carrier concentration. Based on the Brooks-Herring equation [39],
we derive the following parameterization of the experimental data:

µmaj = amaj

(NA +ND)
(
ln bmaj

p0
− 1

) , (3.2)

where amaj and bmaj are prefactors. The values for the boron concentration NA, the
phosphorus concentration ND and net doping concentration p0 are obtained from mod-
eling the distribution of boron and phosphorus over the ingot height by using the hole
concentrations p0 obtained from the ECV measurements and the Scheil equation (Eq.
3.1). The result is plotted in Fig. 3.4 (dark red line), where amaj = 4.3 × 1020 (cm V
s)−1 and bmaj = 7.0 × 1019 cm−3. As can be seen, the agreement with the measured
data of µmaj is excellent.
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Figure 3.4: Majority-carrier mobilities µmaj in a compensated mc-Si ingot, derived from
four-point probe resistivity ρ measurements and determination of the carrier concentra-
tion p0 (or n0), plotted versus the ingot height (blue diamonds). The black circles give
reference values obtained in non-compensated p-type mc-Si of similar resistivity. The
transition from p- to n-type conductivity is indicated by the dashed green line.

The minority-carrier mobility (µn in p-type wafers and µp in n-type wafers) is deter-
mined through spatially resolved effective carrier lifetime τeff measurements on as-cut
wafers using a microwave-detected photoconductance decay (MW-PCD) setup (see
Sec. 2.1.2). Due to the saw damage, the surface recombination velocity S of such
as-cut wafers can be expected to exceed 106 cm/s. Using a bias-light intensity of 30
mW/cm2 and low laser power, the samples are kept in low-injection (∆n � p0) and
τeff is thus limited by the diffusion of minority-carriers to the surfaces (see Sec. 2.1.2).
These measurements are performed on wafers cut horizontally from the mc-Si ingot

as well as on a wafer which was cut vertically from the ingot. As a result, the evolution
of the minority-carrier mobility over almost the entire ingot height can be studied on
a single wafer (the wafer was cut to 156 × 156 mm2, while the ingot height was 195
mm). The resulting lifetime mapping is shown in Fig. 3.5(a). The red rectangular
specifies the region over which an averaged linescan is drawn, shown in Fig. 3.5(b).
In the linescan, the pronounced peak of τeff in the transition region is clearly visible.
The lifetime image from Fig. 3.5(a) is subsequently converted into a minority-carrier

mobility µmin mapping by using Eqs. 2.16 and 2.17, as shown in Fig. 3.6(a). It should
be noted that an infinite bulk carrier lifetime τb is assumed for this calculation. Given
that multicrystalline silicon is investigated, this assumption does not hold true, as is
demonstrated by the far too high µmin values [> 1500 cm2/(V s)] obtained for the
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Figure 3.5: (a) Effective carrier lifetime τeff mapping of an as-cut wafer cut vertically
from a compensated mc-Si ingot. The bottom edge of the wafer corresponds to an ingot
height of 35 mm. The red rectangular marks the region over which an averaged linescan
was drawn. (b) Averaged linescan of the effective lifetime τeff data shown in Fig. 3.5(a),
plotted versus the ingot height. There is a sharp increase of τeff in the transition region
from p- to n-type silicon (indicated by the dashed green line).

edge regions. However, looking at Eq. 2.16, one finds that a finite bulk carrier lifetime
will always yield a smaller diffusion coefficient Dmin, and accordingly a smaller carrier
mobility. The values for the minority-carrier mobilities stated here thus pose an upper
limit, further stressing all observed reductions.
An averaged linescan of the minority-carrier mobility µmin over the wafer (and thus

the ingot height), indicated by the red rectangular in Fig. 3.6(a), is shown in Fig.
3.6(b) (blue diamonds). Due to the above-mentioned impact of a finite bulk carrier
lifetime τb on the calculation of Dmin and µmin, the highly contaminated edge regions
as well as the bottom (< 45 mm ingot height) and top (> 175 mm) of the ingot are
excluded from the linescan, since these regions are known to contain increased amounts
of metal impurities.
From 70 mm to 110 mm ingot height, the electron mobility is almost constant at µn =

580 cm2/(V s). This value is notably lower than that determined for non-compensated
p-type mc-Si of similar resistivity [there, µn = 1073 cm2/(V s)]. At lower ingot height
(between 45 mm and 70 mm), the minority-carrier mobility steeply increases, which
is most likely due to significantly reduced bulk lifetimes, as explained above. At ingot
heights above 110 mm, µmin starts to steadily decrease until reaching its minimum in
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Figure 3.6: (a) Minority-carrier mobility µmin mapping of a wafer cut vertically from
a compensated mc-Si ingot, calculated from the effective lifetime mapping shown in
Fig. 3.5(a). The extremely high values at the edge of the wafer originate from falsely
assuming an infinite bulk carrier lifetime τb. The red rectangular marks the region over
which an averaged linescan was drawn. (b) Averaged linescan of the minority-carrier
mobility µmin data shown in Fig. 3.6(a), plotted versus the ingot height. The dashed
green line indicates the transition from p- to n-type silicon (and thus from electron to
hole mobility).

the ’transition point’ from p- to n-type silicon (indicated by the dashed green line).
Conveniently, even though the n-type portion of the ingot is significantly smaller than
the p-type region, the increase of the minority-carrier mobility (now µp) beyond the
transition point is well visible.

With regard to the transition region, it must be noted that the assumption of low-
level injection will at some point be violated (i.e. ∆n ≈ p0 or even ∆n > p0). In that
region, the minority-carrier diffusion coefficient Dmin in Eq. 2.16 must be replaced
by the ambipolar diffusion coefficient Da, defined as Da = [(n+ p) / (n/Dp + p/Dn)],
with the electron concentration n = n0 + ∆n, hole concentration p = p0 + ∆p as well
as the diffusion coefficients for holes Dp and electrons Dn. Estimating that the excess
carrier density ∆n is below 5 × 1013 cm−3 under the bias light intensity of 30 mW/cm2,
the sample is in low-level injection when p0 > 5 × 1014 cm−3. Looking at the hole
(and electron) concentrations obtained from the ECV measurements, the region where
p0 < 5 × 1014 cm−3 can be narrowed to be ± 10 mm (at most) around the transition
point, as indicated by the yellow background in Fig. 3.6(b).
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Analogously to Eq. 3.2, we parameterize the minority-carrier mobility µmin by:

µmin = amin

(NA +ND)
(
ln bmin

p0
− 1

) . (3.3)

Here, the prefactors are bmin = 1.2 × 1020 cm−3 and amin = 1.5 × 1021 (cm V s)−1. The
result is plotted in Fig. 3.6(b) (dark red line). As can be seen, the parameterization
yields very good agreement from 70 mm to 120 mm ingot height. The considerable
deviation below 70 mm can, as mentioned before, most likely be attributed to a no-
ticeably reduced bulk carrier lifetime. In addition, the decrease of the measured µmin

values is much steeper than that predicted by the parameterization between 120 mm
and 150 mm ingot height. This could be related to other so far unidentified scattering
mechanisms, which become more important in that region and which are more effective
for electrons (or minority-carriers in general) than for holes (or majority-carriers).

3.4.2 Monocrystalline Czochralski-grown silicon
To study the impact of compensation on the carrier mobility in monocrystalline silicon,
samples from two Cz-Si ingots are investigated. As opposed to the UMG-Si used to
make the mc-Si ingots from the last Section, high-purity feedstock was used for these
two crystals.
In Ingot A, the boron and phosphorus concentrations added to the melt were [B]melt

= [P]melt = 3 × 1016 cm−3. Accordingly, the transition from p- to n-type conductivity
is located at about 98% relative distance from the seed end. In Ingot B, the boron
concentration added to the melt was [B]melt = 6 × 1016 cm−3 while the phosphorus
concentration added to the melt was [P]melt = 9 × 1016 cm−3. The transition from p-
to n-type conductivity is located at about 25% ingot height. As a result, Ingot A has
mostly p-type conductivity while the bigger part of Ingot B has n-type conductivity.
As was the case for the mc-Si in the previous Section, the majority-carrier mobilities

µmaj are obtained from a combination of four-point-probe resistivity ρ measurements
and the determination of the net doping concentration n0 (or p0) with the ECV tech-
nique according to µn = (n0 ρ q)−1 and µp = (p0 ρ q)−1, respectively (where q is the
elementary charge).
When applied to non-compensated control samples, this method results in µp =

(480 ± 50) cm2/(V s) in 1.3 Ω cm p-type Float zone silicon and µn = (1750 ± 200)
cm2/(V s) in 1.5 Ω cm n-type Czochralski-grown silicon. These values are slightly
higher than those derived from standard mobility models. For example, in the model
of Klaassen [40, 41], which is a good parameterization of existing experimental data
reported for non-compensated silicon, µp = 432 cm2/(V s) in non-compensated 1.3 Ω
cm p-type silicon, whereas µn = 1320 cm2/(V s) in non-compensated 1.5 Ω cm n-type
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silicon. However, taking into account the scatter range of the experimental data in the
literature, the agreement between our measurements and existing data is very good.
The minority-carrier mobility µmin is obtained from effective carrier lifetime mea-

surements on as-cut wafers using the MW-PCD technique. Measurements on non-
compensated samples yield µn = (1180± 40) cm2/(V s) in 1.0 Ω cm p-type FZ-Si and
µp = (424± 20) cm2/(V s) in 1.0 Ω cm n-type FZ-Si (compared to µn = 1060 cm2/(V
s) and µp = 440 cm2/(V s) according to Klaassen’s parameterization). Note that an
infinite bulk lifetime τb is assumed in the analysis. Given that lifetimes down to 20 µs
are measured in degraded low-resistivity samples from the seed end of the ingot, this
assumption may result in an overestimation of the minority-carrier mobility by up to
20%.
The measured hole mobilities µp are depicted in Fig. 3.7, where Fig. 3.7(a) shows

µp in p-type samples from Ingot A (majority-carrier mobility) and Fig. 3.7(b) shows
µp in n-type samples from Ingot B (minority-carrier mobility), plotted versus the ingot
height. The transition from p- to n-type conductivity is indicated by the dashed green
line.
The hole mobilities in Ingot A are reduced by 25% to 60% when compared to hole

mobilities in non-compensated Cz-Si. Note that the reduction is almost constant over
the entire height of the ingot, with a slight additional decrease at the tail end. This
trend, as well as the overall reduction, can be attributed to the increased amount of
dopants in the material, which are ionized impurities. As a result, the scattering of
free charge carriers is increased and the mobility is reduced. Accordingly, the largest
reduction (40% to 60%) is observed at the tail end of the ingot, where the dopant
concentrations are the highest.
In Ingot B, the hole mobility µp (shown in Fig. 3.7(b)) is even lower than in Ingot

A, which can be explained by the higher dopant concentrations in the melt (and
consequently in the ingot). The material thus contains even more ionized impurities,
which leads to even lower carrier mobilities. In addition, the hole mobility µp decreases
further with decreasing distance from the transition region (as indicated by the dashed
line). Note that this reduction cannot be attributed to a significant increase in the
number of scattering centers, as was the case for Ingot A, since the transition region
from p- to n-type conductivity in Ingot B already occurs at 25% ingot height, where
the dopant concentrations are almost constant.
Instead the observed reduction can be explained by lack of screening of the ionized

impurities, as was already explained in Sec. 3.4.1: while the sum of donor ND and
acceptor atoms NA remains almost constant, the free carrier concentration, i.e. the dif-
ference between ND and NA, decreases significantly, resulting in a weakened screening
of the ionized impurities and accordingly in increased scattering cross sections [39].
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Figure 3.7: Hole mobility µp in two compensated Cz-Si ingots, plotted versus the ingot
height. Apart from the overall reduction of µp in comparison with non-compensated Cz-
Si, there is an additional decrease of the hole mobility in the vicinity of the transition
region from p- to n-type conductivity (as indicated by the dashed green line.)

Unfortunately, a fit of the mobility data using the Brooks-Herring formula (Eqs. 3.2
and 3.3) is not possible, because no reliable data of the distribution of dopants in the
ingot is available. While the net doping concentration and consequently the boron and
the phosphorus concentrations could be very well described by the Scheil equation in
Sec. 3.4.1, this is not the case in the studied Cz-Si. This might be due to evaporation
of dopants from the melt during crystal growth.
Figure 3.8 depicts the measured electron mobilities µn in the two ingots. The data

from Ingot A is plotted in Fig. 3.8(a), while the data from Ingot B is plotted in
Fig. 3.8(b). As was already the case for the hole mobility, the electron mobility in
Ingot A is significantly reduced when compared to non-compensated silicon of similar
resistivity. Again, the reduction is almost uniform over the bigger part of the ingot
height, with an additional decrease at the tail end of the ingot. In Ingot B, the trend
of the electron mobility is also very similar to that of the hole mobility: apart from the
overall reduction of µn, there is an additional dramatic decrease close to the transition
region.
Detailed data of the studied p-type Cz-Si wafers from Ingot A is summarized in

Tab. 3.2. The error margins of µn stated in the table refer to variations over the wafer
area. The total boron concentration NA was determined through the iron-acceptor
association time constant τassoc [42]. Table 3.3 compares the measured mobilities of
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Figure 3.8: Electron mobility µn in two compensated Cz-Si ingots, plotted versus the in-
got height. Apart from the overall reduction of µn in comparison with non-compensated
Cz-Si, there is an additional decrease of the mobility in the vicinity of the transition
region from p- to n-type conductivity (as indicated by the dashed green line.)

the p-type samples with mobilities of non-compensated wafers of the same resistivity
according to the parameterization of Klaassen [40, 41]. The values were obtained
through a self-consistent calculation.
The experimental data obtained on the examined n-type Cz-Si wafers from Ingot B

is summarized in Tab. 3.4. Also stated are the mobilities of non-compensated wafers
of the same resistivity according to the model of Klaassen.

3.5 Chapter summary

In this Chapter, comprehensive data on majority- and minority-carrier mobilities in
compensated mono- and multicrystalline silicon were presented for the first time. An
overall reduction of the carrier mobilities of 25% to 50% was found in compensated Cz-
Si, and of 45% to 55% in compensated mc-Si. This reduction can mostly be attributed
to the increased amounts of ionized impurities which act as scattering centers. In
addition, a significant additional decrease of both µmaj and µmin was observed in the
highly compensated transition region of all ingots. This decrease was explained by
the decrease of the free carrier concentrations and the resulting weakened screening of
the ionized dopant atoms. For the multicrystalline silicon ingots, a parameterization
of the mobilities based on the Brooks-Herring formula resulted in excellent agreement
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with the experimental data of µmaj and in good agreement for µmin. This new mobility
parameterization for compensated mc-Si will be useful for the numerical simulation of
solar cells made on this novel type of silicon.
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Table 3.1: Equilibrium segregation coefficients k0 of the most common dopants and
metal impurities in silicon. Data taken from [43].

Impurity Equilibrium
segregation coefficient

k0

B 8× 10−1

Ga 8× 10−3

Al 2× 10−3

In 4× 10−4

P 3.5× 10−1

O 1.25
C 7× 10−2

Fe 8× 10−6

Cu 4× 10−4

Ag 1× 10−6

Cr 1.1× 10−5
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Table 3.2: Resistivities ρ of the studied p-type Cz-Si samples cut from Ingot A as mea-
sured by the 4-point-probe method, equilibrium hole concentrations p0.ECV determined
via ECV measurements, hole mobilities µp.ECV calculated from ρ and p0.ECV, electron
mobilities µn.MWPCD determined from effective lifetime measurements on as-cut wafers,
total boron concentrations NA determined via the iron-acceptor association time con-
stants τassoc, and total phosphorus concentrations ND, calculated using NA and p0.ECV.

Relative
distance
from

seed end

ρ from
4-pp
[Ω cm]

p0.ECV

from ECV
[cm−3]

µp.ECV

[cm2/(V s)]
µn.MWPCD

[cm2/(V s)]
NA from
τassoc

[cm−3]

ND

= NA - p0

[cm−3]

0.16 1.45 1.3 × 1016 326 ± 33 838 ± 32 1.5 × 1016 0.2 × 1016

0.32 1.50 1.2 × 1016 329 ± 33 792 ± 33 1.8 × 1016 0.6 × 1016

0.48 1.70 1.1 × 1016 320 ± 32 789 ± 34 1.9 × 1016 0.8 × 1016

0.66 2.1 9.0 × 1015 323 ± 32 733 ± 34 1.9 × 1016 1.0 × 1016

0.82 3.7 6.1 × 1015 272 ± 27 656 ± 34 2.1 × 1016 1.5 × 1016

0.88 5.1 4.5 × 1015 271 ± 27 593 ± 36 2.3 × 1016 1.8 × 1016
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Table 3.3: Resistivities ρ of the studied p-type Cz-Si samples cut from Ingot A as
measured by the 4-point-probe method, measured hole mobilities µp.ECV from Tab. 3.2,
hole mobilities µp.K in non-compensated silicon of resistivity ρ according to Klaassen’s
parameterization, measured electron mobilities µn.MWPCD from Tab. 3.2, and electron
mobilities µn.K in non-compensated silicon of resistivity ρ according to Klaassen’s pa-
rameterization.

Relative
distance
from

seed end

ρ from
4-pp
[Ω cm]

µp.ECV

[cm2/(V s)]
µp.K

[cm2/(V s)]
µn.MWPCD

[cm2/(V s)]
µn.K

[cm2/(V s)]

0.16 1.45 326 ± 33 435 838 ± 32 1118
0.32 1.50 329 ± 33 436 792 ± 33 1123
0.48 1.70 320 ± 32 440 789 ± 34 1145
0.66 2.1 323 ± 32 445 733 ± 34 1176
0.82 3.7 272 ± 27 456 656 ± 34 1248
0.88 5.1 271 ± 27 460 593 ± 36 1280
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Table 3.4: Resistivities ρ of the studied n-type Cz-Si samples cut from Ingot B as
measured by the 4-point-probe method, equilibrium electron concentrations n0.ECV de-
termined via ECV measurements, electron mobilities µn.ECV calculated from ρ and
n0.ECV, electron mobilities µn.K in non-compensated silicon of resistivity ρ according
to Klaassen’s parameterization, hole mobilities µp.MWPCD determined from effective life-
time measurements on as-cut wafers, and hole mobilities µp.K in non-compensated silicon
of resistivity ρ according to Klaassen’s parameterization.

Relative
distance
from

seed end

ρ from
4-pp
[Ω cm]

n0.ECV

from ECV
[cm−3]

µn.ECV

[cm2/(V s)]
µn.K

[cm2/(V s)]
µp.MWPCD

[cm2/(V s)]
µp.K

[cm2/(V s)]

0.37 4.9 5.6 × 1015 285 ± 28 1385 201 ± 16 464
0.49 1.9 6.8 × 1015 500 ± 50 1336 221 ± 13 453
0.62 1.05 1.0 × 1016 595 ± 60 1290 237 ± 14 442
0.74 0.65 1.4 × 1016 683 ± 69 1228 241 ± 11 428
0.88 0.43 2.0 × 1016 747 ± 75 1185 252 ± 11 418
0.99 0.29 2.9 × 1016 746 ± 75 1086 243 ± 17 396



4 Generation of boron-oxygen-related
recombination centers

Figure 4.1: (a) Typical degradation of the lifetime τ in a 1.4 Ω cm boron-doped p-type
Cz-Si wafer under illumination at room temperature due to the formation of boron-
oxygen-related recombination centers. (b) Effective defect concentration N∗t , derived
from the lifetime data in Fig. 4.1(a), plotted on a double logarithmic scale. The data
can be fitted by an exponential rise to maximum function (red line), which yields a
defect generation rate constant of Rgen = 0.28 h−1.

The carrier lifetime in boron-doped oxygen-rich crystalline silicon degrades under
illumination at room temperature. This phenomenon has been known for a long
time and has since then been intensely studied [2–19]. In those studies, light-induced
degradation (LID) has been firmly linked to the simultaneous presence of both boron
and oxygen [4]. Accordingly, the formation of boron-oxygen-related recombination
centers has been proposed as the cause of LID.
The first Section of this Chapter briefly outlines the experimental results and theo-

retical approaches published before the beginning of this work. In the second Section,
the formation kinetics as well as the extend of degradation are investigated for the

33
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first time in Czochralski-grown silicon (Cz-Si) doped with both boron and phospho-
rus. The defect concentration and the defect generation rate constant in compensated
p-type Cz-Si are investigated as a function of the boron concentration NA as well as of
net doping concentration p0. In addition, first experimental evidence of light-induced
degradation in dopant-compensated n-type Cz-Si is presented.
An example of light-induced degradation in exclusively boron-doped Cz-Si is de-

picted in Fig. 4.1. In Fig. 4.1(a), the lifetime τ of a 1.4 Ω cm boron-doped p-type
Cz-Si wafer, measured using the QSSPC technique and extracted at a fixed injection
level of ∆n = 1015 cm−3, is plotted versus the duration of illumination t at 25◦C.
Illumination is done at a light intensity of 10 mW/cm2 using a halogen lamp. In the
course of 30 hours, the lifetime decreases from initially 130 µs to its final value of 20
µs.
This decrease in lifetime corresponds to an increase of the concentration of recombi-

nation-active defects. Assuming that all other recombination channels, such as other
defects or recombination at the surface, remain unchanged during light-induced degra-
dation, the lifetime τ can be converted to an effective defect concentration N∗t accord-
ing to:

N∗t = 1
τ (t) −

1
τ0
, (4.1)

where τ (t) is the lifetime at time t and τ0 is the initial lifetime before degradation.
Figure 4.1(b) depicts the effective defect concentration N∗t derived from the lifetime

data shown in Fig. 4.1(a). The increase of N∗t as a function of time t can be described
by an exponential function of the form y = y0 + a [1− exp (−Rgent)], where Rgen is
the defect generation rate constant. In the case shown, Rgen = 0.28 h−1 is obtained.

4.1 Review of previous experimental and theoretical
work

Light-induced degradation (LID) of the energy conversion efficiency of solar cells made
on boron-doped Czochralski-grown silicon (Cz-Si) was first observed by Fischer and
Pschunder in 1973 [2]. After observing a loss of red spectral response, they concluded
that the cause for degradation was a photon-induced decay of the carrier lifetime in the
solar cell base. In addition, they found that a recovery of solar cell performance was
possible through temperature treatments above 80◦C. In particular, they reported
a full restoration of the initial performance after annealing for 1 h at 200◦C. The
results obtained on solar cells were further supported by photoconductance decay
measurements of the carrier lifetime. However, no explanation for the cause of these
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reversible changes in lifetime were offered.
Despite the far-reaching implications of this finding, no significant progress was

made on the subject during the following 20 years. Eventually, in 1995, Knobloch et
al. [3] presented high-efficiency solar cells fabricated on low-resistivity boron-doped
Cz-Si, which suffered up to 10% relative loss in efficiency under illumination. Similar
to Fischer and Pschunder [2], Knobloch et al. [3] also observed a full recovery of the
solar cell performance after annealing; in their work at temperatures above 175◦C.
External quantum efficiency measurements again indicated that the degradation was
caused by a degradation of the carrier lifetime in the bulk. Photoconductance decay
measurements on unprocessed samples of the starting material confirmed this assump-
tion as an exponential decay of the diffusion length was observed, which proceeded on
the same time scale as the decay of the open-circuit voltage.
In 1997, Schmidt et al. presented the first systematic study of different Cz-Si mate-

rials doped with either boron, gallium or phosphorus [4]. Through this comparison, it
was revealed that LID only occurs in B-doped Cz-Si, whereas the lifetime in Ga-doped
Cz-Si and P-doped Cz-Si remains perfectly stable under illumination. In addition,
they found that the extent of degradation increases with increasing boron concentra-
tion. In accordance with the previous results of Fischer and Pschunder [2] as well as
of Knobloch et al. [3], Schmidt et al. also observed a full recovery of the lifetime after
annealing. Furthermore, they demonstrated a full reversibility between the initial and
the degraded state. Since the recovery behavior of the lifetime was found to correspond
remarkably well with the annealing behavior of BiOi pairs, Schmidt et al. proposed
that the recombination-active defect generated during LID was in fact the BiOi pair.
Further investigations by Glunz et al. [5] revealed that the effective concentration of

the recombination-active defect, obtained from subtracting the inverse lifetime mea-
sured before and after light-induced degradation, i.e. 1/τd − 1/τ0, increased linearly
with the boron concentration NA. In addition, a strong dependence of the defect
concentration on the interstitial oxygen concentration was found.
A detailed characterization of the electronic properties of the defect responsible for

the lifetime degradation was performed in 1999 by Schmidt and Cuevas [6]. Through
injection-dependent carrier lifetime measurements, which were analyzed using the
Shockley-Read-Hall equation, they determined that the energy level of the defect was
located between EV + 0.35 eV and EC− 0.45 eV, i.e. close to the middle of the silicon
band-gap, and that the ratio of the electron and hole capture cross sections σn/σp
was 10. This result was found to contradict the proposal that the BiOi pair was re-
sponsible for LID, since the energy level of the BiOi pair was known from deep level
transient spectroscopy measurements to be at Et = EC − 0.26 eV. Instead, Schmidt
and Cuevas suggested a defect of the type BsOin, i.e. a defect that is composed of one



36 4 Generation of boron-oxygen-related recombination centers

substitutional boron atom and n interstitial oxygen atoms.
After the linear dependence of the defect concentration on the boron concentration

seemed assured, Glunz et al. examined the impact of the doping concentration on
the defect generation rate constant 1/τgen [7]. In that study, a quadratic dependence
of 1/τgen on the doping concentration was found. On the basis of this finding, Glunz
et al. proposed that defect formation proceeded via a recombination-enhanced defect
reaction [7]. However, no detailed suggestions concerning the nature of the defect or
the actual transformation progress during LID were made.
In 2002, Bothe et al. reported on light-induced degradation in B-doped n-type

silicon [11]. They investigated high-resistivity oxygen-rich Float zone silicon that was
overcompensated by the formation of thermal donors. Light-induced degradation was
observed both when the material had p- and n-type conductivity, however, the lifetime
after degradation was much higher in the n-type state than in the p-type state.
In the same year, Hashigami et al. [12] presented time resolved measurements of

current-induced degradation of the open-circuit voltage of solar cells, which revealed
that the degradation actually proceeds in two distinct stages: a fast one that occurs
on the time scale of seconds to minutes and a subsequent slow stage, which proceeds
on a time scale of hours.
An unambiguous determination of the electronic properties was performed by Rein

and Glunz via a combination of temperature- and injection-dependent lifetime spec-
troscopy (TDLS and IDLS) [13]. As a result, the energy level of the boron-oxygen-
related recombination center was revealed to be at Et = EC− 0.41 eV, while the ratio
of the electron and hole capture cross sections σn/σp was confirmed to be 9.3.
In 2004, Schmidt and Bothe proposed a new defect model for the boron-oxygen-

related recombination center in crystalline silicon [14]. With regard to the experimental
result that the defect concentration depends linearly on the boron concentration and
quadratically on the interstitial oxygen concentration, they concluded that the defect
is composed of one substitutional boron atom Bs and an interstitial oxygen dimer O2i.
Concerning the BsO2i formation process, they proposed the capture of a fast-diffusing
oxygen dimer by a substitutional boron atom. The diffusivity of the oxygen dimer was
assumed to be increased by illumination due to a recombination-enhanced diffusion
process.
In the same year, Adey et al. used density functional calculations to verify the

proposed BsO2i-model [15]. They showed that two different configurations of the BsO2i

complex are stable in silicon, but only one of these configurations has an energy level in
the silicon bandgap. Adey et al. [15] also demonstrated that an electrically stimulated
enhanced diffusion of the oxygen dimer in silicon is possible.
Also in 2004, Bothe et al. performed carrier lifetime measurements to further investi-
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gate the two distinct stages of light-induced degradation [16]. Temperature-dependent
measurements of the fast and slow defect generation rate constant showed no recogniz-
able temperature dependence of the fast component of LID. The slow stage of defect
formation, however, was found to be thermally activated with an activation energy of
Ea = 0.37 eV [16].
In a more detailed study based on a larger number of samples in 2005, Bothe and

Schmidt corrected their earlier finding and reported an activation energy of Ea =
0.23 eV for the formation of the fast forming recombination center [17]. In addition,
similar to the slowly forming recombination center, the generation rate constant of the
fast forming defect was found to increase quadratically with the doping concentration
(and to be independent of the interstitial oxygen concentration). An analysis of the
electronic properties yielded an energy level Et = EV + 0.60 eV and a capture cross-
section ratio σn/σp of 100 [17].
In 2006, Herguth et al. demonstrated that illumination at elevated temperature

(65◦C to 160◦C) resulted in a permanent recovery of the degraded open-circuit volt-
age of solar cells [20, 21]. That is, during illumination at elevated temperature the
open-circuit voltage was observed to increase to its initial value before light-induced
degradation and subsequently proved stable under illumination at 25◦C for more than
100 hours. Additional experiments on lifetime samples confirmed that this permanent
recovery was due to the recovery of the bulk carrier lifetime [20]. The process was
found to be thermally activated with an activation energy of (0.64± 0.04) eV.
In 2007, Palmer, Bothe and Schmidt published a refined version of the BsO2i-model

[19], in which the defect kinetics predicted a proportionality of Rgen on the product of
the hole concentration p0 and the total boron concentration NA, i.e., Rgen ∝ p0 ×NA.
The dependence on p0 followed from the requirement of the oxygen dimer to catch a
hole to speed up its diffusivity, while the dependence on NA was a consequence of the
oxygen dimers bonding with a Bs atom. This prediction was found to be in excellent
agreement with the existing experimental data measured on non-compensated p-type
Cz-Si, since in exclusively B-doped Cz-Si p0 ×NA = N2

A.

4.2 Light-induced degradation in dopant-compensated
Cz-Si

Due to its dependence on boron, light-induced degradation is also expected in com-
pensated silicon doped with both boron and phosphorus. The investigation of LID
in compensated silicon allows for new insights into the defect composition and defect
kinetics, since the net doping concentration p0 and the boron concentration NA can
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Figure 4.2: Comparison of the lifetime degradation in two dopant-compensated Cz-Si
wafers, one p-type (blue triangles up) and one n-type (red triangles down), under illumi-
nation at 30◦C and at a light intensity of 10 mW/cm2, plotted on a double logarithmic
scale. Both samples have a net doping concentration of 1016 cm−3 and the lifetime τ is
extracted at a fixed excess carrier density of ∆n = ∆p = 1015 cm−3. While the time
frame of the degradation is comparable for both samples, the shape of the degradation
differs considerably.

now be investigated separately. In addition, compensated silicon which contains more
phosphorus than boron has n-type conductivity, which allows to investigate doping
concentration and hole concentration separately.
Figure 4.2 depicts the carrier lifetime τ in two compensated samples doped with both

boron and phosphorus. One of the samples has p-type conductivity (blue triangles
up) while the other sample has n-type conductivity (red triangles down). The net
doping concentration in both samples is p0 = n0 = 1016 cm−3 and the lifetime is
extracted at a fixed injection level of ∆n = ∆p = 1015 cm−3. Interestingly, the
degradation proceeds in a similar time frame of 50 h to 100 h in both samples, despite
the different conductivity type. On the other hand, the shapes of the degradation
differ considerably.

4.2.1 Compensated p-type Cz-Si

In order to study LID in compensated p-type Cz-Si, a set of six wafers, all cut from
the same ingot (Ingot A), is investigated. The resistivity ρ of the samples ranges from
1.45 Ω cm (close to the seed end) to 5.1 Ω cm (close to the tail end), whereas the
substitutional boron concentration NA varies between 1.5× 1016 cm−3 and 2.3× 1016
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Figure 4.3: Time dependence of (a) the lifetime τ and (b) the effective defect con-
centration N∗t during illumination at 30◦C in three dopant-compensated p-type Cz-Si
samples with different resistivities ρ. To determine the defect generation rate constant
Rgen, an exponential function is fitted to the data of N∗t (solid lines).

cm−3. The interstitial oxygen concentration is in the range of [Oi] = (10± 2) × 1017

cm−3 (at the seed end) to [Oi] = (7± 1) × 1017 cm−3 (at the tail end). For further
sample details see Tab. 3.2. Processing steps include acidic damage etching, RCA
cleaning, phosphorus diffusion, removal of the n+ layers from both sides of the wafer
and surface passivation using plasma-enhanced chemical vapor deposited (PECVD)
silicon nitride SiNx [44].
Figure 4.3(a) depicts the lifetime τ of three of these samples during illumination at

30◦C and a light intensity of 10 mW/cm2. The lifetime is extracted at a fixed injection
level of ∆n = 0.1 × p0. Similar to non-compensated p-type silicon, the lifetime both
before LID and after complete defect formation decreases with decreasing resistivity
ρ: the 5.1 Ω cm wafer (purple squares) has an initial lifetime of 1300 µs, whereas the
2.1 Ω cm wafer (yellow triangles down) has an initial lifetime of 560 µs and the 1.45 Ω
cm wafer (green triangles up) has an initial lifetime of 365 µs. After complete defect
formation, the lifetime of the 5.1 Ω cm sample is 59 µs, of the 2.1 Ω cm sample 32 µs
and of the 1.45 Ω cm sample 20 µs.
Accordingly, the effective defect concentration N∗t , depicted in Fig. 4.3(b), after

complete defect formation increases with decreasing resistivity. In addition, Fig. 4.3(b)
also shows that the defect generation rate constant Rgen, as determined from expo-
nential fits of the data (solid lines), decreases with increasing resistivity. Note that
the deviation of the exponential fits at the very early stage of LID is due to the fast
forming recombination center [12, 16,17].
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Figure 4.4: Effective defect concentration N∗t in dopant-compensated p-type Cz-Si after
complete degradation, plotted versus the net doping concentration p0 (red triangles up)
and the total boron concentration NA (blue triangles down), respectively. N∗t increases
with increasing p0 but decreases with increasing NA. Given that in exclusively B-doped
Cz-Si, N∗t was found to increase linearly with p0 = NA, a decrease of N∗t with increasing
NA in compensated Cz-Si is highly unlikely. Thus, these results strongly indicate that
N∗t actually depends on p0 and not on NA.

In exclusively boron-doped Cz-Si, the effective defect concentration N∗t was found
to increase linearly with the boron concentration NA and quadratically with the inter-
stitial oxygen concentration [Oi] [5,14,17,18]. These findings led to the development of
a defect model where the recombination center is composed of a substitutional boron
atom Bs and an interstitial oxygen dimer O2i to form a recombination-active BsO2i

complex [14,15,19].
However, in exclusively B-doped Cz-Si, the boron concentration NA equals the dop-

ing concentration p0, and accordingly no distinction between NA and p0 is possible. In
compensated p-type Cz-Si doped with both boron and phosphorus, on the other hand,
the net doping concentration p0 differs from the boron concentration NA. Accordingly,
such material allows to study the impact of p0 and NA separately.
Figure 4.4 shows the effective defect concentration N∗t measured in the compensated

p-type samples plotted versus both p0 (red triangles up) and NA (blue triangles down).
Conveniently, the net doping concentration p0 and the total boron concentration NA

in the present set of samples exhibit opposing trends: p0 decreases with increasing
distance from the seed end, while NA increases with increasing distance from the seed
end. As a result, an increase of N∗t with increasing p0 is observed while N∗t decreases
with increasing NA.
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Figure 4.5: Defect generation rate constant Rgen determined in dopant-compensated
p-type Cz-Si plotted on a double logarithmic scale versus the square of net doping
concentration p2

0 (red triangles up) and the product of the net doping and the total
boron concentration p0 × NA (blue triangles down), respectively. The dashed line is
a fit to existing data of Rgen in non-compensated Cz-Si, where p0 = NA [19]. The
agreement between compensated and non-compensated material is much better when
Rgen is plotted versus p2

0 than for the case where Rgen is plotted versus p0 ×NA.

Given that in all studies on exclusively B-doped Cz-Si an increase of N∗t with in-
creasing NA = p0 was observed, an opposing trend in compensated Cz-Si is difficult to
explain. On the other hand, a linear increase of N∗t with increasing p0 is in excellent
agreement with the existing experimental data on non-compensated Cz-Si.
At this point, it should be noted that (in non-compensated p-type Cz-Si) the defect

concentration N∗t has been found to depend quadratically on the interstitial oxygen
concentration [Oi] [5, 14, 17, 18]. In the present set of samples, [Oi] decreases with
increasing distance from the seed end of the ingot and accordingly with increasing
NA. As a result, it is possible that an increase of N∗t due to the increase of NA is
counteracted by a simultaneous decrease of N∗t due to the decrease of [Oi], leading to
a wrong conclusion regarding the dependence of N∗t on NA.
However, the interstitial oxygen concentration in Ingot A decreases from [Oi] =

(10± 2) × 1017 cm−3 to [Oi] = (7± 1) × 1017 cm−3. This decrease accounts for a de-
crease of N∗t by a factor of 2. The actual observed decrease of N∗t with increasing NA

(and decreasing [Oi]) is by a factor of 3, i.e. higher than the decrease caused by the
decreasing interstitial oxygen concentration. However, since the boron concentration
NA simultaneously increases, the decrease in N∗t should be lower. Accordingly, we con-
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clude that the presented measurements indeed demonstrate that N∗t actually depends
on p0. Note that this dependence is in contradiction to the BsO2i-model [14, 19].
With regard to the defect generation rate constant Rgen, the BsO2i-model predicts a

proportionality of Rgen to the product of net doping and total boron concentration p0×
NA [19]. In non-compensated Cz-Si, Rgen was found to be proportional to N2

A [8,9,18],
which of course equals p0 × NA in exclusively boron-doped silicon. Consequently,
theory and experiment were found to agree in non-compensated p-type Cz-Si.
In order to verify this dependence in compensated p-type silicon, we compare the

measured values of Rgen in the compensated p-type Cz-Si samples to Rgen values mea-
sured on non-compensated p-type Cz-Si (dashed line) in Fig. 4.5. When the defect
generation rate constant is plotted as a function of p0×NA (blue triangles down), there
is a notable deviation between Rgen in the compensated samples and Rgen in the non-
compensated wafers. However, when Rgen is plotted as a function of the square of the
net doping concentration p2

0 (red triangles up), the agreement with the data obtained
on non-compensated silicon is good. Again, this new result obtained on compensated
silicon cannot be explained with the state-of-the-art BsO2i-model [14, 19]
The new findings presented here thus call for a reassessment of the BsO2i defect

model. An alternative defect model, which is capable of explaining our new results on
compensated silicon, will be discussed in Chapter 7.

4.2.2 Compensated n-type Cz-Si

Compensated n-type Cz-Si provides an opportunity to further separate the parame-
ters that might play a role in the formation of the boron-oxygen-related recombination
center. In particular, the net doping concentration n0 now differs from the hole con-
centration p. Studying light-induced degradation in compensated n-type Cz-Si is thus
an important aspect in fully understanding the nature and formation kinetics of the
defect.
The samples used in this work to study LID in compensated n-type Cz-Si were

all cut from the same ingot (Ingot B). The resistivity ρ of the samples ranges from
4.9 Ω cm to 0.29 Ω cm, whereas the interstitial oxygen concentration is in the range
[Oi] = (11± 3)×1017 cm−3 (at the seed end) to [Oi] = (7± 1)×1017 cm−3 (at the tail
end). No detailed information about the boron concentration NA is available, however,
the boron concentration in the melt was [B]melt = 6 × 1016 cm−3. For further sample
details see Tab. 3.4. The samples underwent a P-diffusion step and are passivated by
PECVD-SiNx. Photoconductance decay lifetime measurements are performed using a
Sinton Instruments WCT-120 setup.
Figure 4.6(a) shows the evolution of the lifetime τ (extracted at a fixed injection level
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Figure 4.6: (a) Lifetime τ plotted versus duration of illumination t at 30◦C and at a
light intensity of 10 mW/cm2 of three dopant-compensated n-type Cz-Si samples with
different resistivities ρ. To give a better impression of the early stages of light-induced
degradation, the inset shows the data plotted on a double logarithmic scale. (b) Effective
defect concentration N∗t calculated from the lifetime data shown in Fig. 4.6(a), plotted
on a double logarithmic scale. The time dependence of N∗t is quite complex and cannot
be described by a simple exponential function.

of ∆p = 0.1 × n0) over time t in three compensated n-type samples with resistivities
of 4.9 Ω cm (red circles), 0.65 Ω cm (blue diamonds) and 0.29 Ω cm (cyan stars),
respectively. For a better impression of the early stages of degradation, the same
data is plotted as an inset on a double logarithmic scale. As can be seen, there is a
noticeable difference in the shape of lifetime reduction during the first few minutes of
LID in the 4.9 Ω cm and the 0.29 Ω cm sample.
The time dependence of the effective defect concentration N∗t , depicted in Fig.

4.6(b), is found to be quite complex and cannot be described by a simple exponential
function. Interestingly, such a complex behavior may be explained by a dependence
of the defect generation rate constant Rgen on the hole concentration. Since holes
are minority carriers in n-type silicon, their concentration depends on the minority-
carrier lifetime, which in turn depends on the concentration of recombination-active
defects. During the course of light-induced degradation, the defect generation rate
constant Rgen would thus decrease with increasing defect concentration N∗t , resulting
in a complex expression for the time dependence of N∗t .
In addition, the final lifetime τd after complete degradation decreases with decreas-

ing resistivity, and accordingly with increasing net doping concentration n0. When
calculating the effective defect concentration N∗t , however, one finds very similar N∗t
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values for all samples [see Fig. 4.6(b)]. Consequently, no clear dependence of N∗t on
n0 is observed. Looking at the interstitial oxygen concentration [Oi] in the samples,
a decrease of [Oi] with increasing n0 is found. It is thus also conceivable that the
increase of N∗t due to the increase of n0 might be counterbalanced by the decrease of
[Oi]. More detailed studies are needed to clarify this point.

4.3 Chapter summary
This Chapter presented for the first time an in-depth experimental study on light-
induced degradation in Czochralski-grown silicon doped with both boron and phos-
phorus. The defect generation was found to proceed in comparable time intervals in
both compensated p- and n-type Cz-Si. However, the shape of the degradation in
compensated n-type Cz-Si differs considerably from that in p-type Cz-Si.
The effective defect concentration N∗t was investigated in compensated p-type Cz-Si

samples of varying net doping concentrations p0 and total boron concentrations NA,
leading to the pivotal result that N∗t increases proportionally with increasing p0 (rather
than with NA). In addition, the defect generation rate constant Rgen was studied for
the first time in compensated silicon. It was found that it increases proportionally
with the square of the hole concentration p2

0.
Both experimental findings are not consistent with the state-of-the-art BsO2i defect

model, which hence needs to be reassessed.



5 Annihilation of
boron-oxygen-related recombination
centers

The boron-oxygen-related recombination center is annihilated by a short anneal in the
dark, leading to a recovery of the carrier lifetime [4,5]. However, this state is not stable
and renewed illumination results in renewed generation of the recombination-active de-
fect. This Chapter presents carrier lifetime studies on a variety of compensated p- and
n-type samples that are doped with both boron and phosphorus, which improve the
understanding of the annihilation kinetics. The defect annihilation rate constant Rann

is investigated as a function of the net doping concentration p0 and n0, respectively,
and additionally as a function of total boron concentration NA in the p-type samples.

5.1 Exclusively boron-doped p-type Cz-Si
An example of the defect annihilation in exclusively boron-doped Cz-Si is shown in
Fig. 5.1. Three B-doped p-type samples with different resistivities ρ are annealed at
140◦C in the dark on a hot plate. Figure 5.1(a) shows the measured lifetime τ versus
time t at 140◦C. Note that for each lifetime measurement the samples are removed
from the hot plate. The lifetime is then measured at 29◦C using the QSSPC technique
and extracted at a fixed injection level of ∆n = 0.1 × p0. Figure 5.1(b) shows the
effective defect concentration N∗t derived from the lifetime data shown in Fig. 5.1(a).
Both the lifetime in the degraded state τd and the lifetime after defect annihilation

τ0 increase with increasing resistivity. This is due to the dependence of the defect
concentration on the doping concentration, as explained in Section 4.2.1. In addition,
the annihilation proceeds at different rates in the three different samples. The lifetime
in the 4.3 Ω cm sample (blue diamonds) saturates after approximately 3000 s, whereas
the full recovery of the lifetime in the 0.40 Ω cm sample (black circles) takes more
than 20000 s.
In order to determine the annihilation rate constant Rann, an exponential function

of the form y = y0 + a exp (−Rannt) is fitted to the data in Fig. 5.1(b) (solid lines).

45
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Figure 5.1: (a) Measured lifetime τ plotted versus time t at 140◦C in darkness of three
B-doped p-type Cz-Si samples of different resistivities. (b) Effective defect concentration
N∗t derived from the lifetime data shown in Fig. 5.1(a), plotted versus time t at 140◦C
in the dark on a double logarithmic scale. In order to determine the defect annihilation
rate constant Rann, an exponential function of the form y = y0 +a exp (−Rannt) is fitted
to the data.

Figure 5.2: Annihilation rate constants Rann in exclusively B-doped p-type Cz-Si de-
termined at 140◦C in darkness plotted versus the boron concentration NA on a double
logarithmic scale. The decrease of Rann with increasing NA can be described by a power
law of the form Rann ∝ N−(1.04±0.07)

A .

As a result, we determine annihilation rate constants Rann = 4.59 × 10−4 s−1 for the
0.40 Ω cm sample, Rann = 1.51 × 10−3 s−1 for the 1.2 Ω cm sample and Rann = 4.55
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× 10−3 s−1 for the 4.3 Ω cm sample. The annihilation rate constant of the 4.3 Ω cm
sample is thus one order of magnitude higher than that of the 0.40 Ω cm sample.
In Fig. 5.2, the annihilation rate constants Rann determined in Fig. 5.1 are plotted

versus the boron concentration NA on a double logarithmic scale. The linear depen-
dence on the double logarithmic scale, indicated by the solid line, corresponds to a
power law with an exponent of −(1.04 ± 0.07), i.e. Rann ∝ N

−(1.04±0.07)
A . Note that

even though the studied set of samples is very limited, this result is in accordance with
previously published data [10].

5.2 Boron- and phosphorus-doped Cz-Si

Figure 5.3: Lifetime τ plotted versus time t at 200◦C in darkness of two dopant-
compensated Cz-Si samples (doped with boron and phosphorus). Both samples have a
net doping concentration of p0 = n0 = 1016 cm−3 and the lifetime was extracted at a
fixed excess carrier density of ∆n = ∆p = 1015 cm−3. Defect annihilation in the n-type
sample (red triangles down) takes 1000 times longer than in the p-type sample (blue
triangles up).

Figure 5.3 shows a comparison of the defect annihilation at 200◦C in darkness for
two compensated Cz-Si samples, one p- and one n-type. Both samples are doped with
boron and phosphorus and have a similar net doping concentration of p0 = n0 = 1016

cm−3. The lifetime τ is extracted at a fixed injection level of ∆n = ∆p = 1015 cm−3.
The defect annihilation in the p-type sample (blue triangles up) is completed after
30 to 60 s. Surprisingly, in the n-type sample (red triangles down) complete defect
annihilation takes more than 10 hours.
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5.2.1 Boron- and phosphorus-doped p-type Cz-Si

Figure 5.4: (a) Measured lifetime τ plotted versus time t at 140◦C in darkness of three
compensated p-type Cz-Si samples of different resistivities. The lifetime after completed
defect annihilation increases with increasing resistivity. (b) Effective defect concentration
N∗t derived from the lifetime data shown in Fig. 5.4(a), plotted versus time t at 140◦C
in the dark on a double logarithmic scale. In order to determine the defect annihilation
rate constant Rann, an exponential function is fitted to the data (solid lines).

Two different sets of boron- and phosphorus-doped p-type Cz-Si samples are investi-
gated. The first set consists of two wafers that were cut from two different ingots (Ingot
44 and Ingot 45). The sample from Ingot 44 has a resistivity ρ of 0.52 Ω cm, while the
sample from Ingot 45 has a resistivity of 1.20 Ω cm. The net doping concentration p0

is determined using the electrochemical capacitance voltage (ECV) technique, which
yields p0 = 1.5 × 1016 cm−3 for the 1.20 Ω cm sample (#45) and p0 = 4.1 × 1016

cm−3 for the 0.52 Ω cm sample (#44). The boron concentration NA is measured via
the iron-acceptor association time constant τassoc [42] to be NA = 3.0 × 1016 cm−3

for sample #45 and NA = 9.2 × 1016 cm−3 for sample #44. The interstitial oxygen
concentration [Oi] in both wafers is between 9.4 × 1017 cm−3 and 1.1 × 1018 cm−3.
The second set of samples consists of six wafers that were all cut from the same ingot
(Ingot A, for sample details see Tab. 3.2).
An example of the defect annihilation in three of the compensated p-type Cz-Si

samples from Ingot A is shown in Fig. 5.4. Figure 5.4(a) shows the lifetime τ , measured
at a fixed injection level of ∆n = 0.1 × p0, plotted versus the time t at 140◦C in
darkness, while Fig. 5.4(b) shows the effective defect concentration N∗t derived from
the lifetime data shown in Fig. 5.4(a). The resistivities of the samples are 5.1 Ω cm
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Figure 5.5: Annihilation rate constants Rann in dopant-compensated p-type Cz-Si de-
termined at 140◦C in darkness plotted versus the net doping concentration p0 (filled red
triangles up and filled green diamonds) and the total boron concentration NA (open pink
squares and open blue triangles down), respectively, on a double logarithmic scale. When
compared to data obtained on non-compensated p-type Cz-Si (black circles, dashed line),
the agreement is much better when Rann is plotted versus p0.

(purple squares), 2.1 Ω cm (yellow triangles down) and 1.45 Ω cm (green triangles up),
respectively.
Similar to non-compensated p-type Cz-Si, the final lifetime after defect annihilation

τ0 noticeably increases with increasing resistivity. However, this increase in lifetime
does not correspond to a similar decrease of the effective defect concentration N∗t .
Additionally, the data of N∗t scatters strongly at the end of the annihilation process
due to the fact that the values of N∗t are comparatively small during that phase. In
Fig. 5.4(b), an exponential function of the form y = y0 + a exp (−Rannt) is fitted to
the data in order to determine the defect annihilation rate constant Rann. As can be
seen, Rann increases with increasing resistivity.
Figure 5.5 shows the annihilation rate constants Rann measured at 140◦C in the

dark of all investigated samples as a function of net doping concentration p0 (filled
red triangles up and filled green diamonds) and substitutional boron concentration
NA (open blue triangles down and open pink squares), respectively. As a reference,
the Rann values measured on non-compensated p-type Cz-Si shown in Fig. 5.2 are
also included (black circles). When Rann is plotted versus NA (open symbols), there is
considerable deviation from the data obtained on non-compensated Cz-Si. However,
when the annihilation rate constant is plotted versus p0 (filled symbols), the agreement
between compensated and non-compensated samples is much better.
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This is especially obvious for the six samples from Ingot A (triangles in Fig. 5.5):
when Rann is plotted versus the net doping concentration p0, Rann decreases with
increasing p0, as was the case for the non-compensated wafers. However, when Rann is
plotted versus the boron concentration NA, there is an increase of Rann with increasing
NA, which is contrary to the results obtained on non-compensated Cz-Si.
The experimental result that the defect annihilation rate constant Rann is inversely

proportional to the hole concentration p0 is an important new finding with regard to
identifying the kinetics of defect annihilation. In particular, the inverse dependence
of Rann on p0 cannot be explained with the state-of-the-art defect model, as will be
discussed in Chapter 7.

5.2.2 Boron- and phosphorus-doped n-type Cz-Si

To study the defect annihilation in compensated n-type Cz-Si, a set of six samples, all
cut from the same ingot (Ingot B), is used. The resistivities ρ are between 0.29 Ω cm
and 4.9 Ω cm. For more sample details see Tab. 3.4. The samples are passivated using
PECVD-SiNx and underwent a phosphorus diffusion (the resulting n+ layers on both
sides of the wafer were removed before surface passivation). The lifetime is measured
via PCD measurements using a Sinton Instruments WCT-120 setup and are extracted
at a fixed injection level of ∆p = 0.1× n0.
The time dependence of the lifetime τ in compensated n-type samples during defect

annihilation at 200◦C in the dark is shown in Fig. 5.6(a). The resistivities are 4.9
Ω cm (red circles), 1.05 Ω cm (yellow triangles down) and 0.29 Ω cm (cyan stars),
respectively. Note that the annihilation takes up to 43000 s (i.e., 12 h), whereas
in p-type silicon defect annihilation at 200◦C is complete after 30 to 60 s (see Fig.
5.3). In addition, we find that the lifetime in compensated n-type Cz-Si after defect
annihilation is considerably lower than in exclusively P-doped n-type Cz-Si of similar
net doping concentration. For example, the 4.9 Ω cm sample recovers to τ = 4.5 ms,
whereas 12 ms are measured on a non-compensated 4.5 Ω cm control sample (with
similar passivation).
Figure 5.6(b) shows the effective defect concentration N∗t derived from the lifetime

data shown in Fig. 5.6(a), plotted versus time t at 200◦C in the dark on a double
logarithmic scale. To determine the annihilation rate constant Rann, a stretched ex-
ponential function of the form y = exp (−Rannt)β is fitted to the experimental data
(solid lines).
The obtained values of Rann are plotted versus the net doping concentration n0 in

Fig. 5.7 on a double logarithmic scale. The observed decrease of Rann with increasing
n0 can be fitted by a power law Rann ∝ n

−(1.85±0.18)
0 . Figure 5.8 shows the stretching fac-
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Figure 5.6: (a) Lifetime τ plotted versus time t at 200◦C in darkness of three dopant-
compensated n-type Cz-Si samples with different resistivities. The lifetime after com-
plete defect annihilation increases with increasing resistivity. (b) Effective defect concen-
tration N∗t derived from the lifetime data shown in Fig. 5.6(a), plotted versus time t at
200◦C in the dark on a double logarithmic scale. In order to determine the defect annihi-
lation rate constant Rann, a stretched exponential function of the form y = exp (−Rannt)β

was fitted to the data (solid lines).

Figure 5.7: Annihilation rate constants Rann measured in dopant-compensated n-type
Cz-Si samples at 200◦C in darkness plotted versus the net doping concentration n0 on a
double logarithmic scale. The decrease of Rann with increasing n0 can be described by
a power law of the form Rann ∝ n−(1.85±0.18)

0 .
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Figure 5.8: Stretching factor β obtained from the exponential fits in Fig. 5.6(b) plotted
versus the net doping concentration n0. β increases with increasing n0, approaching 1.
A stretching factor β of 1 corresponds to a single exponential decay function, which
describes the defect annihilation behavior in B-doped p-type Cz-Si.

tor β [originating from the fits in Fig. 5.6(b)] plotted versus the net doping concentra-
tion n0. The stretching factor decreases with decreasing net doping concentration from
β = 0.92 at n0 = 2.9×1016 cm−3 to β = 0.58 at n0 = 5.6×1015 cm−3. Looking at other
characteristics of compensated silicon, β also decreases with decreasing total boron
concentration NA and decreasing total phosphorus concentration ND. On the other
hand, β decreases with increasing compensation ratio RC = |(NA +ND) / (NA −ND)|.

5.3 Chapter summary
In this Chapter, we have presented experimental results of the annihilation kinetics
of the boron-oxygen-related recombination center in compensated Cz-Si doped with
both boron and phosphorus. A surprising new finding was that the reaction speed
of the defect annihilation is reduced by up to three orders of magnitude in compen-
sated n-type Cz-Si when compared to compensated p-type Cz-Si of similar net doping
concentration p0 (and comparable total boron concentration NA). Investigation of
compensated p-type Cz-Si with varying net doping concentration p0 and varying total
boron concentration NA revealed the pivotal finding that the annihilation rate con-
stant Rann in compensated p-type Cz-Si is inversely proportional to the net doping
concentration p0 (rather than the total boron concentration NA). This has important
consequences concerning the defect model (see Chapter 7).
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In addition, the defect annihilation in compensated n-type Cz-Si was observed to
exhibit stretched exponential characteristics, where the stretching factor β increased
with increasing net doping concentration n0. Additionally, an inverse dependence of
the defect annihilation rate constant Rann on n0 was found, which was described by a
power law Rann ∝ n

−(1.85±0.18)
0 .

Combined with the results presented in Chapter 4, these new experimental find-
ings build the foundation for developing a novel defect model explaining both the
degradation and annihilation in boron- and oxygen-containing silicon.





6 Permanent deactivation of
boron-oxygen-related recombination
centers

As has been shown in Chapter 4, the carrier lifetime in boron-doped Czochralski-
grown silicon (Cz-Si) degrades under illumination at room temperature due to the
formation of a recombination-active boron-oxygen-related defect. In Chapter 5, it was
shown that this defect can be annihilated by annealing in the dark. However, this
annihilated state is unstable under renewed illumination.
By contrast, Herguth et al. [20,21] demonstrated that illumination at elevated tem-

perature resulted in a recovery of the carrier lifetime and that this recovered lifetime
was stable under subsequent illumination at room temperature. An example of this
lifetime recovery is shown in Fig. 6.1, where the difference of the lifetime evolution in
a 1.0 Ω cm B-doped p-type Cz-Si wafer during illumination at 25◦C and 10 mW/cm2

light intensity as well as during illumination at 185◦C and 100 mW/cm2 light inten-
sity is depicted. Illumination is done using a halogen lamp, the intensity of which is
adjusted with a calibrated solar cell. During illumination at elevated temperature, the
sample is annealed on a hot plate that is set at 185◦C. Lifetimes are measured using
the QSSPC technique and extracted at a fixed injection level of ∆n = 1015 cm−3. For
each lifetime measurement the sample is removed from the hot plate. The temperature
during the lifetime measurement is 29◦C.
At t = 0, all boron-oxygen-related defects are annihilated by a 10 min anneal at

200◦C in the dark, as described in Chapter 5, and the lifetime is accordingly high
(τ0 = 165 µs). Under illumination at room temperature, light-induced degradation
due to the generation of boron-oxygen-related recombination centers is observed (see
Chapter 4). After only 1 minute of illumination, the lifetime drops to 78 µs, which is
the so-called ’fast stage’ of degradation [12,17]. Subsequently, τ decreases at a slower
rate, until reaching its saturation value τd. Note that Fig. 6.1 does not actually depict
τd, as complete degradation takes approximately 10 hours in 1.0 Ω cm Cz-Si.
As indicated by the arrow in Fig. 6.1, the same sample is again annealed at 200◦C in

darkness for 10 minutes before it is then placed under illumination at 185◦C and at a

55
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Figure 6.1: Typical evolution of the carrier lifetime τ in a 1.0 Ω cm B-doped p-type
Cz-Si sample under illumination (after defect annihilation at 200◦C in darkness). At
room temperature (25◦C), the carrier lifetime decreases (left of dashed blue line). At
185◦C, τ initially decreases very rapidly but subsequently increases until it saturates
(right of dashed blue line). After illumination at 185◦C, τ is stable under subsequent
illumination at room temperature.

light intensity of 100 mW/cm2. During the first minutes, very fast light-induced degra-
dation, which is accelerated by the elevated temperature, is observed. Subsequently,
however, the carrier lifetime recovers as the boron-oxygen complexes are deactivated.
After 5 hours of illumination at 185◦C, the wafer is removed from the hot plate. After
this treatment, illumination at room temperature has no further effect on the carrier
lifetime, suggesting a permanent deactivation of the boron-oxygen-related recombina-
tion center.
At the beginning of this work, very little was known about the permanent deactiva-

tion of the boron-oxygen-related defect. Herguth et al. reported that the process was
thermally activated with an activation energy of Ea = 0.7 eV and that the deactivation
could be observed both in lifetime samples and in fully processed solar cells [20, 21].
However, no detailed studies apart from the temperature dependence had been made.
This work presents the first comprehensive analysis of the permanent deactivation

and it is shown that a large number of parameters affect the deactivation process.
Particular processing steps such as a phosphorus diffusion or deposition of a PECVD
silicon nitride layer can accelerate the deactivation. In addition, material properties
such as the doping concentration, the interstitial oxygen concentration or the presence
of thermal donors are found to have an impact on the permanent deactivation process.
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The results of these studies are presented in the first part of this Chapter.
The second part of this Chapter investigates the stability of the deactivated state.

It is found that prolonged illumination at elevated temperature or extended annealing
in darkness result in a destabilization of the deactivated state, leading to renewed
degradation of the lifetime under illumination at room temperature. Finally, the
deactivation procedure is applied to compensated n-type Cz-Si, which contains both
boron and phosphorus. While a recovery of the lifetime under illumination at elevated
temperature is observed, this lifetime is found to be unstable under illumination at
room temperature, suggesting that a permanent deactivation of the BO defect is not
possible in compensated n-type Cz-Si.

6.1 Deactivation of the BO complex in p-type Cz-Si

6.1.1 Impact of phosphorus diffusion

Since the majority of presently fabricated solar cells are made on boron-doped p-type
silicon, a phosphorus diffusion is the most common process for emitter formation.
Conveniently, a P-diffusion also removes fast-diffusing metal impurities from the bulk,
which often results in improved carrier lifetimes. As a result, P-diffusions may also be
applied to lifetime samples. However, for most lifetime studies, the diffused regions
are removed by a short etching step in order to avoid increased recombination in the
emitter and at the emitter surface.
With regard to the defect generation discussed in Chapter 4, Bothe et al. reported

that phosphorus diffusions using optimized temperature ramps were capable of reduc-
ing the effective defect concentration in the degraded state by a factor of up to 3.5 [11].
The defect generation rate constant Rgen, however, was not affected by this treatment.
The same is true for the defect annihilation discussed in Chapter 5. While the effec-
tive defect concentration after complete annihilation decreases after a P-diffusion with
optimized temperature ramps, the annihilation rate constant Rann does not change.
In order to investigate the impact of a P-diffusion on the permanent deactivation of

the boron-oxygen complex, 1.4 Ω cm exclusively B-doped p-type Cz-Si is used. The
interstitial oxygen concentration is [Oi] = (7.5± 0.5) × 1017 cm−3, as determined by
means of Fourier transform infrared spectroscopy. The samples were damage-etched
and RCA-cleaned before a 100 Ω/� P-diffusion was performed at 847◦C for half the
samples. The resulting n+ layers on both wafer sides were removed by acidic etching.
After another RCA cleaning the sample surfaces were then passivated using PECVD
silicon nitride on both sides of each sample.
Figure 6.2 shows the time dependence of the lifetime τ at a well-defined injection
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Figure 6.2: (a) Time dependence of the lifetime τ of a 1.4 Ω cm B-doped p-type Cz-Si
sample before (black circles) and after P-diffusion (red triangles) under illumination at
135◦C and at a light intensity of 70 mW/cm2 (up to the dashed line). After 140 h, the
samples are removed from the hot plate and illuminated at 25◦C and 10 mW/cm2 light
intensity. No light-induced degradation is observed over the course of more than 150 h.
(b) Effective defect concentration N∗t derived from the lifetime data shown in Fig. 6.2(a),
plotted on a double logarithmic scale. The solid lines represent fits of an exponential
decay function, which yield the rate constant Rde of the deactivation process.

density of ∆n = 1015 cm−3 before (black circles) and after a P-diffusion step (red tri-
angles). The samples are held at 135◦C under illumination at 70 mW/cm2. During the
first 30 minutes, the lifetime decreases due to the formation of the boron-oxygen-related
recombination center (which is accelerated by the increased temperature). However,
after 30 minutes the lifetime begins to recover. After 140 h, τ saturates, at which point
the samples are removed from the hot plate (as indicated by the dashed line). The
samples are then placed under illumination at 10 mW/cm2 and 25◦C for more than
150 h. During that time the lifetime is constant within the uncertainty range of the
QSSPC measurement, which is approximately ±5%, as can be seen from Fig. 6.2(a).

In order to determine the rate constant of the deactivation process, the lifetimes
from Fig. 6.2(a) are converted to effective defect concentrations N∗t , as is shown
in Fig. 6.2(b). The data can then be fitted by an exponential function of the form
y = y0+a exp (−Rdet), where Rde is the deactivation rate constant. By this, Rde = 0.11
h−1 is obtained for the P-diffused sample, whereas Rde = 0.02 h−1 is determined for
the as-grown sample. The phosphorus diffusion process thus increases the deactivation
rate constant considerably. In addition, the final effective defect concentration after
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Figure 6.3: Arrhenius plot of the deactivation rate constant Rde in 1.4 Ω cm B-doped
Cz-Si before (black circles) and after a P-diffusion step (red triangles). The illumination
intensity during the deactivation was set at 70 mW/cm2. The Arrhenius fits give acti-
vation energies of Ede = (0.69± 0.06) eV and Ede.P = (0.72± 0.07) eV before and after
P-diffusion, respectively.

deactivation in the P-diffused sample is lower than in the as-grown sample.
Performing deactivation experiments of the type shown in Fig. 6.2 at different

temperatures in the range between 135◦C and 215◦C reveals that the deactivation
process is thermally activated. Figure 6.3 shows the deactivation rate constant Rde

obtained from the exponential fits in Fig. 6.2 as a function of inverse temperature
1000/T . Up to the maximum temperature of 215◦C the data can be fitted by an
Arrhenius law

Rde = ν exp (−Ede/kBT ) , (6.1)

where ν is the attempt frequency and Ede is the activation energy of the permanent
deactivation process.
After a P-diffusion (red triangles), the fit in Fig. 6.3 yields Ede.P = (0.72± 0.07)

eV and νP = (2.0± 0.5) × 104 s−1. For the as-grown Cz-Si samples (black circles)
a similar Ede of (0.69± 0.06) eV is obtained, however, the attempt frequency is one
order of magnitude lower: ν = (4± 2)× 103 s−1.
The final effective defect concentration N∗t after permanent deactivation as a func-

tion of annealing temperature is plotted in Fig. 6.4. No clear correlation between the
temperature and N∗t is observable. Instead, the data scatters quite strongly, especially
for the as-grown samples. However, the effective defect concentration in the samples
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Figure 6.4: Effective defect concentration N∗t in 1.4 Ω cm B-doped Cz-Si after deac-
tivation of the BO complex as a function of annealing temperature. After phosphorus
diffusion (red triangles), the defect concentration after deactivation is noticeably lower
and shows less scattering than without phosphorus diffusion (black circles).

that underwent a P-diffusion is lower than in the as-grown samples. In addition, the
scatter of the N∗t data is much weaker after P-diffusion.

6.1.2 Impact of silicon nitride deposition
Silicon nitride (SiNx) is commonly used in crystalline silicon solar cell production
as an anti-reflective coating on the front side of the cell. The standard deposition
technique is plasma-enhanced chemical vapor deposition (PECVD) at temperatures
between 400◦C and 500◦C. Apart from its optical qualities, the SiNx coating is also
known to have beneficial effects on the bulk lifetime of multicrystalline silicon due to
the so-called hydrogen-passivation: PECVD-SiNx contains high amounts of hydrogen
(H at.% ∼16-18% [44,45]). During firing of the metal contacts at around 850◦C for a
couple of seconds, the hydrogen in the SiNx becomes very mobile and partly diffuses
into the silicon bulk, where it may then passivate defects.
With regard to boron-oxygen-related defect generation and annihilation, no impact

of SiNx deposition has been observed so far. In contrast, Münzer [46] recently reported
that in his experiments defect deactivation could only be observed on solar cells which
were coated with hydrogen-rich SiNx films.
In this work, the impact of depositing a hydrogen-rich silicon nitride layer on the

permanent deactivation process is investigated via lifetime measurements for the first
time. The material used is 0.9 Ω cm B-doped Cz-Si which is passivated with either
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PECVD-SiNx or plasma-assisted atomic layer deposited (PA-ALD) aluminum oxide
(Al2O3). PA-ALD-Al2O3 contains very little hydrogen (H at.% ∼3% [47]) and has
recently been found to be extremely effective in passivating the surface of p-type
silicon samples [48–50].
Sample preparation included acidic damage etching, RCA cleaning and a phospho-

rus diffusion. The n+ layers on both sides of the wafer were removed by acidic etching
before the samples were RCA-cleaned again. Subsequently, the samples were split into
three groups: (1) surface passivation with PECVD-SiNx using an Oxford Instruments
Plasmalab 80 Plus reactor. This static setup uses a remote plasma excited in a cavity
outside the deposition chamber. The used process gases are silane (SiH4), ammonia
(NH3) and nitrogen (N2). (2) Surface passivation with PECVD-SiNx using a Roth
& Rau SiNA system. The SiNA is an inline deposition system which works with a
remote plasma that is excited by a linear microwave antenna which is located directly
above the silicon wafers. In contrast to the static reactor, the samples are thus ex-
posed to the plasma during deposition in the SiNA system, which may result in some
plasma damage at the surface of the wafers. The process gases are SiH4, NH3, N2

and hydrogen (H2). (3) Surface passivation with plasma-assisted ALD-Al2O3 using an
Oxford Instruments FlexALTM reactor. Atomic layer deposition is done with a remote
plasma excited by inductive coupling in a cavity and trimethylaluminum (Al2(CH3)6)
and oxygen (O2) as process gases.
The sample temperature during SiNx deposition is 400◦C. The thickness of the SiNx

layer is 70 nm with a refractive index of 2.4 (at a wavelength of λ = 632 nm). During
atomic layer deposition, the substrate temperature is set at 200◦C. The Al2O3 layer
has a thickness of 30 nm and subsequent to the deposition the samples are annealed
for 15 minutes at 425◦C to activate the surface passivation [48].
Figure 6.5 depicts the permanent deactivation of the BO complex in three 0.9 Ω cm

B-doped p-type Cz-Si samples with one of the three passivations each. Figure 6.5(a)
shows the lifetime τ , extracted at a fixed injection level of ∆n = 1.8 × 1015 cm−3, as
a function of time t under illumination at 185◦C and 100 mW/cm2 (halogen lamp).
Before t = 0, the BO center had been fully annihilated by a 10-minutes anneal at 200◦C
in darkness, resulting in comparable lifetimes of 130 to 150 µs for all three samples.
Subsequently, the lifetime drastically decreases, due to the accelerated generation of
BO centers at this elevated temperature. After 5 minutes, however, the lifetime begins
to increase again until it saturates after a few hours.
In Fig. 6.5(a), the difference between the three passivation techniques is clearly

discernible: the lifetime of the sample that was passivated using the SiNA inline system
with plasma exposure (red triangles) saturates after 2 hours, whereas the lifetime of
the sample that was passivated using the static Plasmalab 80 Plus reactor without
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Figure 6.5: (a) Lifetime τ as a function of duration of illumination t at 185◦C and
100 mW/cm2 light intensity (halogen lamp) of three 0.9 Ω cm B-doped p-type Cz-Si
samples. Two of the samples are passivated with PECVD-SiNx, deposited in two different
types of reactors, while the third sample is passivated with ALD-Al2O3. (b) Effective
defect concentration N∗t , derived from the lifetime data in Fig. 6.5(a), as a function of
duration of illumination t, plotted on a double logarithmic scale. The data are fitted
by an exponential function (indicated by the lines), which yields the deactivation rate
constant Rde.

plasma exposure (blue circles) saturates after 10 hours.
This difference becomes even more obvious in the deactivation rate constants Rde,

which are shown in Fig. 6.5(b). Here, Rde = 0.65 h−1 is obtained for the sample
that was not exposed to the plasma during PECVD-SiNx deposition (blue circles),
while Rde = 3.90 h−1 is obtained for the sample that was exposed to plasma during
PECVD-SiNx deposition (red triangles). As a key result of this Section, exposure to
a plasma during deposition thus seems to increase the deactivation rate constant by
almost one order of magnitude. In contrast, the absolute hydrogen content of the
passivating dielectric layer does not have an impact on the deactivation process by
itself, as is demonstrated by the fact that the deactivation rate constant Rde of the
Al2O3 passivated sample is 1.33 h−1 (grey diamonds), which is only slightly higher
than that of the SiNx-coated sample not exposed to plasma.
In addition to the experiments shown in Fig. 6.5, the deactivation rate constants

Rde are also determined at 140◦C, 165◦C and 200◦C. In Fig. 6.6, these deactivation
rate constants are plotted versus the inverse temperature 1000/T in an Arrhenius plot.
For all investigated temperatures, the deactivation rate constant of samples that were
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Figure 6.6: Arrhenius plot of the deactivation rate constants Rde determined in the
three groups of samples. The activation energy Ea = (1.20± 0.02) eV is the same for
all samples. The deactivation rate constants measured for the SiNx-coated samples with
plasma exposure (red triangles), however, are one order of magnitude larger than those
measured in the samples without plasma exposure (blue circles).

exposed to plasma during SiNx deposition is one order of magnitude higher than that
of the samples not exposed to plasma, confirming the result presented in Fig. 6.5. The
activation energy Ea = (1.20± 0.02) eV is the same for all samples.
This new finding can also consistently explain the results presented in Ref. [46],

where solar cells coated with almost hydrogen-free silicon nitride deposited via low-
pressure chemical vapor deposition (LPCVD) were compared to solar cells coated with
hydrogen-rich silicon nitride deposited via PECVD. Since deactivation could only be
observed in the solar cells that were coated with hydrogen-rich PECVD-SiNx, it was
concluded that hydrogen was vital for the deactivation process. However, in light of the
new findings presented in this work, it seems more likely that the different deposition
techniques are the reason for the different deactivation behavior, since LPCVD, in
contrast to the deposition techniques used in this work (i.e., PECVD and PA-ALD),
is not a plasma process.
This conclusion in turn suggests that a precursor for the deactivation process is

created in the presence of a plasma. Exposure to the plasma during deposition could
then either increase the amount of this precursor or facilitate the in-diffusion of the
precursor into the silicon bulk. A possible candidate for this precursor is some form
of hydrogen. Hydrogen is present both during PA-ALD of Al2O3 and PECVD of SiNx



64 6 Permanent deactivation of boron-oxygen-related recombination centers

and it is known that surface damage caused by a PECVD passivation process can
increase in-diffusion of hydrogen into silicon [51]. In addition, it was recently reported
that the amount of hydrogen that diffuses from a SiNx:H layer into the silicon bulk is
sensitive to the deposition conditions [52].
Note that the activation energy of 1.2 eV is notably higher than the 0.7 eV presented

in the previous Section. This deviation can be attributed to the different resistivities
of the investigated samples (1.4 Ω cm in Sec. 6.1.1 and 0.9 Ω cm in this Section,
respectively), as will explained in the following Section.

6.1.3 Impact of boron concentration

Figure 6.7: (a) Lifetime τ of three exclusively B-doped p-type Cz-Si samples with
different resistivities plotted versus time t at 185◦C under illumination at 100 mW/cm2

on a double logarithmic scale. (b) Effective defect concentration N∗t derived from the
lifetime data shown in Fig. 6.7(a), plotted versus time t at 185◦C under illumination on
a double logarithmic scale. The solid lines represent fits of an exponential decay function
that yield the deactivation rate constant Rde.

In Chapter 4 and 5, is was shown that both the defect generation and the defect
annihilation depend on the hole concentration p0. The defect concentration N∗t after
complete degradation is proportional to p0, while the defect generation rate constant
Rgen is proportional to the square of the doping concentration p2

0. The defect annihi-
lation rate constant Rann, on the other hand, is inversely proportional to p0.
In order to investigate the dependence of the permanent deactivation process on the

boron concentration NA, three samples with varying NA but similar interstitial oxygen
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Figure 6.8: Deactivation rate constants Rde determined under illumination at 185◦C
and 100 mW/cm2 light intensity in exclusively B-doped p-type Cz-Si plotted versus the
boron concentration NA on a double logarithmic scale. The fit with a power law (solid
line) yields an exponent of −(1.67± 0.52), i.e. Rde ∝ N

−(1.67±0.52)
A .

concentrations are studied. The resistivities ρ of the samples are 3.3 Ω cm, 1.08 Ω cm
and 0.43 Ω cm, respectively. In order to remove fast-diffusing metal impurities, the
samples underwent a phosphorus diffusion. The resulting n+ layers on both sides of
the wafer were subsequently removed and the sample surfaces were passivated using
ALD-Al2O3. The permanent deactivation is done at 185◦C and at a light intensity of
100 mW/cm2. The lifetime is extracted at a fixed injection level of ∆n = 0.1× p0.
The time dependence of the lifetime τ in the three samples is shown in Fig. 6.7(a)

on a double logarithmic scale. At time t = 0, the defect is fully annihilated (not
shown in Fig. 6.7). During the first minutes, the lifetime decreases due to the very
fast defect generation at 185◦C. Subsequently, however, the lifetime increases again.
Depending on the resistivity, the lifetime saturates after 1 hour (3.3 Ω cm sample, blue
diamonds), 3 hours (1.08 Ω cm sample, red triangles) or 20 hours (0.43 Ω cm sample,
black circles). In addition, the boron concentration has a clear impact on the level of
the recovered lifetime. In the 3.3 Ω cm sample, τ saturates at 1380 µs, while in the
0.43 Ω cm wafer, τ saturates at 58 µs.
In order to determine the deactivation rate constant Rde, the lifetime data from

Fig. 6.7(a) is converted to the effective defect concentration N∗t , as shown in Fig.
6.7(b). As can be seen, the deactivation rate constant Rde decreases significantly with
decreasing resistivity ρ, i.e. with increasing boron concentration NA. The 3.3 Ω cm
sample (blue diamonds) has a deactivation rate constant of 7.55 h−1, while the 1.08 Ω
cm sample (red triangles) has a deactivation rate constant of 2.80 h−1 and the 0.43 Ω
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Figure 6.9: (a) Arrhenius plot of the deactivation rate constants Rde determined for
three different resistivities ρ in exclusively B-doped p-type Cz-Si under illumination at
100 mW/cm2. (b) Activation energies Ea determined in Fig. 6.9(a), plotted versus the
boron concentration NA.

cm sample (black circles) has a deactivation rate constant of 0.18 h−1.
The deactivation rate constants determined from Fig. 6.7(b) are plotted versus the

boron concentration NA in Fig. 6.8 on a double logarithmic scale. The data can be
described by a power law with an exponent of −(1.67± 0.52), i.e. Rde ∝ N

−(1.67±0.52)
A .

It should be noted, however, that this data set is quite small and hence the fit has a
high uncertainty.
Similar samples are also illuminated at 140◦C, 165◦C and 200◦C, respectively. The

measured deactivation rate constants Rde are plotted in Fig. 6.9(a) in an Arrhenius
plot versus the inverse temperature 1000/T. At all investigated temperatures, Rde

increases with decreasing NA. Interestingly, however, the difference in the Rde values
determined for different boron concentrations increases with decreasing temperature.
As a consequence, the permanent deactivation treatment at 140◦C could not be finished
for the 1.08 Ω cm sample (red triangles) and the 0.43 Ω cm sample (black circles).
The changing ratio of the deactivation rate constants at different temperatures is a

result of the different activation energies Ea of the deactivation process in the different
samples: an activation energy of 1.25 eV is found for the 0.43 Ω cm sample, whereas
Ea = 0.86 eV is measured for the 1.08 Ω cm sample and Ea = 0.76 eV is obtained for
the 3.3 Ω cm sample. The activation energy Ea thus increases with increasing boron
concentration.
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Plotting Ea versus NA, as shown in Fig. 6.9(b), a linear dependence of the activation
energy on the boron concentration is revealed. Again it should be noted that this data
set is quite small and that a broader range of samples would be needed to verify this
finding. However, looking at the activation energies obtained in the previous Sections,
i.e. 1.2 eV on 0.9 Ω cm Cz-Si in Sec. 6.1.2 and 0.7 eV on 1.4 Ω cm Cz-Si in Sec. 6.1.1,
a dependence of Ea on NA seems evident.

6.1.4 Impact of interstitial oxygen concentration

Figure 6.10: (a) Lifetime τ of three 0.72 Ω cm B-doped p-type Cz-Si samples plotted
versus the duration of illumination t at 185◦C and 100 mW/cm2 light intensity. The
interstitial oxygen concentrations [Oi] of the samples are 2.67×1017 cm−3 (yellow trian-
gles), 3.61×1017 cm−3 (cyan diamonds), and 4.98×1017 cm−3 (blue circles), respectively.
The saturation value of τ decreases with increasing [Oi]. (b) Normalized defect concen-
tration N∗t /N∗t.max calculated from the lifetime data shown in Fig. 6.10(a) plotted on a
double logarithmic scale versus the duration of illumination t at 185◦C. The deactivation
rate constant Rde is determined by an exponential fit to the data (solid lines).

In order to study the impact of the interstitial oxygen concentration [Oi] on the
deactivation process, 0.72 Ω cm boron-doped Cz-Si wafers with varying [Oi] are ex-
amined. The interstitial oxygen concentrations in the samples are in the range of
[Oi] = (2.5−5.1)×1017 cm−3, as determined according to DIN 50438-1 using a Bruker
Equinox 55 Fourier transform infrared (FTIR) spectrometer.
The samples underwent a thermal donor annihilation step (i.e. annealing at 750◦C

for 30 minutes in N2) and were RCA-cleaned before being passivated by either PECVD-
SiNx (without exposure to the plasma during deposition) or by plasma-assisted atomic
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Figure 6.11: Measured deactivation rate constants Rde of 0.72 Ω cm B-doped p-type Cz-
Si samples at 185◦C and a light intensity of 100 mW/cm2 plotted versus the interstitial
oxygen concentration [Oi]. The black circles correspond to samples passivated with
PECVD-SiNx (without plasma exposure) while the red triangles correspond to samples
passivated with PA-ALD-Al2O3. In accordance with Sec. 6.1.2, there is no discernible
difference between the two sets of samples. The overall dependence can be described by
a power law Rde ∝ [Oi]−(1.54±0.20) as indicated by the solid line.

layer deposited aluminum oxide (PA-ALD-Al2O3).
In Fig. 6.10(a), the lifetime τ (extracted at a fixed injection level of ∆n = 1015

cm−3) is plotted versus the duration of illumination t for three samples with different
interstitial oxygen concentrations [Oi]. The samples are illuminated at 185◦C with a
halogen lamp of 100 mW/cm2 light intensity. The saturation value of the recovered
lifetime decreases significantly with increasing interstitial oxygen concentration: the
sample with [Oi] = 2.67× 1017 cm−3 recovers to a remarkably high lifetime of (690±
10) µs while the lifetime of the sample with [Oi] = 4.98 × 1017 cm−3 saturates at
(410± 10) µs.
Figure 6.10(b) shows the measured effective defect concentration N∗t (with N∗t.max

normalized to 1), calculated from the lifetime data shown in Fig. 6.10(a), as a function
of illumination time t. On the double logarithmic scale, the difference in the deacti-
vation rate constants is easily distinguishable and it can be seen that the deactivation
slows down with increasing interstitial oxygen concentration.
The deactivation rate constants Rde for all investigated samples are plotted versus

the interstitial oxygen concentrations [Oi] in Fig. 6.11. As can be seen from Fig. 6.11,
the deactivation procedure takes longer the higher the interstitial oxygen content is.
The linear dependence displayed on the double logarithmic scale reveals a power law
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with an exponent of −(1.54± 0.20), i.e. Rde ∝ [Oi]−(1.54±0.20).
Figure 6.11 includes both the samples passivated with PECVD-SiNx (black circles)

and the samples passivated with PA-ALD-Al2O3 (red triangles). The deactivation of
the boron-oxygen-related centers proceeds in the same way in all samples, confirming
the results presented in Sec. 6.1.2.

6.1.5 Impact of thermal donors

Thermal donors (TD) are oxygen clusters generated during long-term annealing at
450◦C [53,54]. Apart from affecting the free carrier concentration through compensa-
tion, high concentrations of thermal donors were also found to reduce the concentration
of the boron-oxygen-related recombination-center by more than a factor of 3 [11].
In order to study the impact of thermal donors on the deactivation of the boron-

oxygen complex, 0.8 Ω cm B-doped Cz-Si with an interstitial oxygen concentration of
[Oi] = (7.5±0.5)×1017 cm−3 is studied. All samples underwent acidic damage etching
and thermal donor annihilation, followed by RCA cleaning and PECVD-SiNx coating.
The SiNx coating was used as a diffusion barrier to prevent metal contamination during
the long-term anneals at 450◦C. Note that all samples were coated with SiNx, even
those that were not annealed at 450◦C, to ensure an as similar processing sequence as
possible for all samples.
The samples were then split into four groups: the control samples and three groups

that were annealed at 450◦C in air for 8 hours, 16 hours and 32 hours, respectively.
Subsequently, the silicon nitride was removed from all samples by a short etch in HF,
the samples were RCA-cleaned and passivated by plasma-assisted ALD-Al2O3. The
atomic layer deposition was followed by a 15 min anneal at 425◦C to activate the
surface passivation. The thermal donor concentration was determined by measuring
the resistivity of the samples before and after annealing.
The treatment at 450◦C results in thermal donor concentrations of [TD]8h = 1.7×

1015 cm−3, [TD]16h = 2.2×1015 cm−3 and [TD]32h = 4.0×1015 cm−3, with a respective
uncertainty of [TD]err = ±0.3 × 1015 cm−3. No changes in resistivity exceeding this
uncertainty are observed either after annealing the Al2O3 layers (15 min at 425◦C) or
after the deactivation procedure (up to 40 hours at 185◦C).
Figure 6.12(a) depicts the time dependence of the carrier lifetime τ (at an injection

level of ∆n = 2×1015 cm−3) during illumination at 185◦C for all samples. The control
wafer (red circles), without any thermal donors, displays the fastest deactivation as
well as the highest recovered lifetime of (87 ± 5) µs. With increasing thermal donor
concentration, the deactivation slows down and the saturation value for the recovered
lifetime decreases, leading to a final value of (77±3) µs for the sample which had been
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Figure 6.12: (a) Time dependence of the carrier lifetime τ during illumination at 185◦C
and 100 mW/cm2 light intensity of four B-doped p-type Cz-Si samples. Three of the
samples were annealed at 450◦C for 8 h, 16 h, and 32 h, respectively. The saturation
value of the lifetime after defect deactivation decreases with increasing annealing time.
(b) Normalized defect concentration N∗t /N

∗
t.max derived from the lifetime data in Fig.

6.12(a) plotted versus the duration of illumination t on a double logarithmic scale. The
deactivation rate constant Rde decreases with increasing annealing time, from 0.64 h−1

(non-annealed control, red circles) to 0.19 h−1 (annealed for 32 h at 450◦C, purple
triangles down). In addition, the deactivation process is less effective after thermal
donor formation.

annealed at 450◦C for 8 h (green triangles up), (60 ± 5) µs for the sample annealed
for 16 h (blue diamonds) and (45± 5) µs for the sample which was annealed for 32 h
(purple triangles down).
Figure 6.12(b) shows the effective defect concentration N∗t (normalized to N∗t.max),

derived from the lifetimes shown in Fig. 6.12(a), as a function of the duration of
illumination t on a double logarithmic scale. Note that the initial lifetimes measured
before light-induced degradation τ0 are not shown in Fig. 6.12(a) since they are above
100 µs (i.e., 120 to 200 µs). The control wafer without any thermal donors yields a
deactivation rate constant of Rde = 0.64 h−1, which is more than 3 times the deacti-
vation rate constant of the sample which was annealed at 450◦C for 32 h (Rde = 0.19
h−1). Figure 6.12(b) also shows that the final normalized defect concentration in-
creases with increasing TD concentration. Apart from slowing down the deactivation
process, thermal donors thus also seem to reduce its efficacy.
Since thermal donors are oxygen clusters, their impact on the deactivation rate

constant and deactivation extent may be further indirect evidence that oxygen-related
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defects are involved in the deactivation process. However, as will be discussed in
Chapter 7, the reduction of the deactivation rate constant could also be related to
other processes occurring during prolonged annealing at 450◦C.

6.1.6 Impact of compensation

Figure 6.13: (a) Lifetime τ plotted versus time t at 140◦C under illumination at 100
mW/cm2 of three p-type Cz-Si samples, two of which are exclusively doped with boron
(red triangles and black circles) while one is doped with both boron and phosphorus
(open purple squares). (b) Effective defect concentration N∗t derived from the lifetime
data shown in Fig. 6.13(a), plotted versus time t on a double logarithmic scale. The
deactivation rate constants Rde are determined through exponential fits of the data (solid
lines).

In Section 6.1.3, it was shown that the rate constant of the deactivation decreases
with increasing boron concentration. In this Section, the impact of compensation on
the deactivation process is investigated. Again, an interesting aspect of compensated
p-type silicon is the difference between the (substitutional) boron concentration NA

and the net doping concentration p0 (as opposed to exclusively B-doped silicon, where
NA = p0).
For this investigation, two sets of samples (similar to the ones used in Sec. 5.2.1)

are studied: the first set consists of two wafers that were cut from two different ingots
(44 and 45), whereas the second set of samples consists of six wafers that were all cut
from the same ingot (Ingot A). For sample details see Sec. 5.2.1 and Tab. 3.2. Sample
preparation included a P-diffusion, removal of the resulting n+ layers on both sides of
the wafer and surface passivation using PECVD-SiNx.
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Figure 6.14: Measured deactivation rate constants Rde of dopant-compensated p-type
Cz-Si samples at 140◦C and a light intensity of 100 mW/cm2 plotted on a double log-
arithmic scale versus the net doping concentration p0 (filled symbols) and the boron
concentration NA (open symbols), respectively. Also plotted are Rde values obtained on
non-compensated control samples (black circles). No unambiguous dependence on either
p0 or NA is discernible.

Figure 6.13 depicts the deactivation of the BO complex in two non-compensated
B-doped Cz-Si samples and a B- and P-doped compensated p-type sample (#45).
Figure 6.13(a) shows the lifetime τ as a function of time t at which the samples are
illuminated at 140◦C and a light intensity of 100 mW/cm2. Looking at the lifetime
data, which is extracted at a fixed injection level of ∆n = 0.1×p0, it is already obvious
that the deactivation proceeds much faster in the non-compensated 1.20 Ω cm sample
(τ saturates after 20 hours) than in the compensated 1.26 Ω cm sample (τ saturates
after about 80 hours).
This difference becomes even more evident when looking at the deactivation rate

constants Rde determined in Fig. 6.13(b): the effective defect concentration N∗t is
plotted as a function of time t and an exponential decay function is fitted to the data.
By this, Rde = 0.48 h−1 is obtained for the non-compensated 1.20 Ω cm sample, while
Rde = 0.087 h−1 is determined for the compensated 1.26 Ω cm sample. Interestingly,
Rde equals 0.075 h−1 for the non-compensated 0.45 Ω cm sample, which is comparable
to the deactivation rate constant of the compensated sample.
Looking at the net doping concentrations p0 and the boron concentrations NA of the

three samples, it thus seems that the deactivation rate constant correlates with NA

(which is similar in the non-compensated 0.45 Ω cm sample and in the compensated
1.26 Ω cm sample).
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However, looking at the deactivation rate constants determined for all compensated
samples, the result is ambiguous, as is shown in Fig. 6.14. As a reference, data from
non-compensated B-doped Cz-Si samples (black circles) is included and fitted by a
power law (solid line). The deactivation rate constants Rde of samples 44 and 45 are
plotted versus the net doping concentration p0 (filled green diamonds) as well as versus
the boron concentration NA (open pink squares). When compared to the control data
of the non-compensated samples (black circles), the Rde values of the compensated
samples agree better when plotted versus the boron concentration NA. On the other
hand, when looking at the six samples that were cut from Ingot A, the data agrees
better when Rde is plotted versus p0 (filled red triangles up) than when it is plotted
versus NA (open blue triangles down).

6.1.7 Potential of the carrier lifetime after permanent
deactivation of the BO defect

In the previous Sections, it was shown that the kinetics of the permanent deactivation
process depend on a variety of parameters. In addition, the lifetime after permanent
deactivation was found to vary strongly, even in samples that were cut from the same
wafer and underwent the same processing steps. A summary of carrier lifetimes τde

measured after permanent deactivation of the boron-oxygen defect, plotted as a func-
tion of the boron concentration NA on a double logarithmic scale, is shown in Fig.
6.15. Since a phosphorus diffusion clearly improved the lifetime after permanent de-
activation and since most solar cell process sequences include a P-diffusion, Fig. 6.15
only depicts samples that underwent a P-diffusion step. In addition, the interstitial
oxygen concentration in all samples is [Oi] = (7.5± 0.5)× 1017 cm−3.
Not surprisingly, an overall trend of decreasing lifetime τde with increasing NA is

observed. However, when comparing lifetimes measured in samples with the same
doping concentration, variations by up to a factor of 2.5 are observed. The cause for
these variations has not been identified so far.
A parameterization of the experimental data shown in Fig. 6.15 is not feasible,

however, it can be used to assess the potential of the carrier lifetime after permanent
deactivation of the boron-oxygen defect. The blue triangles in Fig. 6.15 correspond
to a single set of samples, in which the highest lifetimes after permanent deactivation
were measured. A fit to these data points (indicated by the solid line) yields a power
law of the form τde = 1026 N−1.46

A (τde in µs and NA in cm−3), which will be used in
Section 8.2 to estimate the efficiency potential of screen-printed solar cells fabricated
on B-doped Cz-Si after permanent deactivation of the BO defect.
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Figure 6.15: Carrier lifetimes τde after permanent deactivation of the BO defect as
a function of the boron concentration NA, plotted on a double logarithmic scale. The
depicted samples are exclusively doped with boron and underwent a phosphorus diffusion
step. The blue triangles correspond to a single set of samples in which the average lifetime
after permanent deactivation was highest. The solid blue line indicates a fit to that data,
which yields a power law τde = 1026 N−1.46

A (τde in µs and NA in cm−3) to describe the
potential of the carrier lifetime after permanent deactivation of the BO defect.

6.2 Stability of the deactivated state
The bulk lifetime (see Sec. 6.1.1), the open-circuit voltage, and the efficiency of solar
cells (Sec. 8.1 and [20]) have been demonstrated to be stable under illumination at
25◦C for more than 100 hours after applying the permanent deactivation treatment.
However, under certain conditions a degradation of the bulk lifetime after application
of the deactivation procedure is observed.
In this Section, the destabilization of the deactivated state of the boron-oxygen

defect is investigated under three different conditions: (1) illumination at room tem-
perature, (2) long-term illumination at elevated temperature, and (3) extended an-
nealing in darkness. With regard to a permanent improvement of solar cells made on
low-resistivity boron-doped Cz-Si, any instability of the deactivated state is obviously
unfavorable. With regard to understanding the underlying defect reaction, however,
this renewed degradation could provide useful insights into the reaction kinetics.
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6.2.1 Partial degradation under illumination at room temperature

Figure 6.16: (a) Partial degradation of the carrier lifetime τ in B-only doped p-type
Cz-Si under illumination at room temperature after applying the deactivation treatment
at 205◦C and a light-intensity of 100 mW/cm2. (b) Partial degradation of the carrier
lifetime τ in dopant-compensated p-type Cz-Si under illumination at room temperature
after applying the deactivation treatment at 185◦C and a light-intensity of 100 mW/cm2.

Even though many samples exhibit perfectly stable lifetimes after application of the
deactivation treatment (as shown in Fig. 6.2), partial degradation as depicted in Fig.
6.16 is also frequently observed. Figure 6.16(a) depicts the lifetime τ in a 0.72 Ω cm
B-doped p-type Cz-Si sample doped exclusively with boron during the permanent de-
activation treatment and subsequently during illumination at room temperature. The
lifetime is measured using the QSSPC technique and is extracted at a fixed injection
level of ∆n = 1015 cm−3.
At the beginning of the experiment, the sample is illuminated at 205◦C and at a light

intensity of 100 mW/cm2 for 10 hours (up to the dashed red line). Subsequently, the
sample is illuminated at 25◦C and 10 mW/cm2 light intensity. During illumination at
205◦C, the lifetime increases from 30 µs (in the fully degraded state) to 235 µs due to
the permanent deactivation of the boron-oxygen-related recombination center. During
subsequent illumination at room temperature, the lifetime again decreases, however,
the saturation value of 210 µs that is reached after 3 hours is still significantly higher
than the initial 30 µs in the degraded state.
Figure 6.16(b) shows the partial degradation under illumination at room tempera-

ture after application of the permanent deactivation procedure in three B- and P-doped
p-type Cz-Si samples with different resistivities ρ. The lifetime is measured using the
QSSPC technique and is extracted at a fixed injection level of ∆n = 0.1 × p0. Per-
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manent deactivation is done at 185◦C and a light intensity of 100 mW/cm2. After 8
hours, the samples are removed from the hot plate (as indicated by the dashed red
line) and are subsequently illuminated at 25◦C and at a light intensity of 10 mW/cm2.
In the 5.1 Ω cm sample (purple squares), the initial lifetime (in the degraded state)

was 65 µs. During permanent deactivation of the BO complex, the lifetime increases
to 310 µs. However, during subsequent illumination at room temperature, the lifetime
again decreases and saturates at an intermediate level of 230 µs. Similarly, in the 1.45
Ω cm sample (green triangles up), the degraded lifetime is 31 µs, the lifetime after
permanent deactivation is 198 µs and the lifetime after partial degradation during
illumination at room temperature is 87 µs.
Note that the degrading lifetime saturates after 2 hours in the 5.1 Ω cm sample

(purple squares) but after 10 hours in the 1.45 Ω cm sample (green triangles up). In-
terestingly, it thus seems as if the partial degradation after the deactivation treatment
proceeds faster with decreasing doping concentration p0. This is especially interesting
since the light-induced degradation discussed in Chapter 4 was found to proceed slower
with decreasing doping concentration.

6.2.2 Complete degradation during long-term illumination at
elevated temperature

As the aim of defect deactivation is the recovery of lifetime, deactivation experiments
are usually terminated, i.e. the samples are removed from illumination on the hot
plate, once the increasing lifetime begins to saturate. As was pointed out before, the
lifetime in the majority of samples was then found to be stable under illumination at
room temperature, while in a couple of samples partial degradation under illumination
at room temperature was observed.
In addition, prolonged illumination at elevated temperature was reported to result

in complete degradation of the carrier lifetime after initially successful application of
the permanent deactivation treatment [55]. In contrast to the aforementioned partial
degradation, which was only observed in part of the samples examined in this work,
prolonged illumination at elevated temperature always resulted in renewed degradation
of the lifetime in the course of this work. An example of this degradation phenomenon
is shown in Fig. 6.17. The lifetime in two 1.4 Ω cm B-doped Cz-Si samples, one of
which underwent a P-diffusion step (red triangles) and one of which did not (black
circles), is depicted as a function of time t at which the samples are illuminated at
185◦C and 100 mW/cm2.
Similar to earlier results, the lifetime in the sample that underwent a P-diffusion

(red triangles) begins to saturate after 4 hours, whereas the lifetime in the as-grown
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Figure 6.17: Complete degradation of the carrier lifetime τ in 1.4 Ω cm B-doped p-type
Cz-Si under long-term illumination at elevated temperature after successful permanent
deactivation of the BO defect. Shown are the lifetimes in an as-grown sample (black
circles) and a sample that underwent a phosphorus diffusion step (red triangles). The
samples are illuminated at 185◦C and at a light-intensity of 100 mW/cm2. Initially,
this treatment results in a recovery of the lifetime due to the permanent deactivation of
the BO defect, however, after 8 hours (after P-diffusion) and 20 hours (in the as-grown
state), respectively, the lifetime starts to decrease again.

sample (black circles) begins to saturate after 8 hours. The lifetime is then stable for an
additional 4 hours (after P-diffusion) and 12 hours (without P-diffusion), respectively.
If illumination is further continued, the lifetime begins to decrease again. In the case
shown, this renewed degradation continues for more than 150 hours (after which the
experiment was terminated) and is likely to continue even further.

6.2.3 Complete degradation through extended annealing in
darkness

Complete degradation of the lifetime after applying the deactivation treatment was
also reported after annealing in darkness [20]. An example of this effect is shown for
two 0.9 Ω cm B-doped p-type Cz-Si samples, one that underwent a P-diffusion step (red
triangles) and one in the as-grown state (black circles), in Fig. 6.18. Deactivation of
the boron-oxygen-related recombination center is done at 200◦C at a light intensity of
100 mW/cm2. The lifetime begins to saturate after 30 minutes (after P-diffusion) and
2 hours (without P-diffusion), respectively, at which point the samples are removed
from the hot plate.
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Figure 6.18: Complete degradation of the carrier lifetime τ in 0.9 Ω cm B-doped p-
type Cz-Si after permanent deactivation of the BO defect. The degradation is caused
by extended annealing at 200◦C in darkness. The phenomenon is shown for an as-
grown sample (black circles) and a sample that underwent a P-diffusion (red triangles).
The open symbols correspond to lifetimes measured directly after annealing in darkness,
whereas the filled symbols correspond to lifetimes measured after 40 hours of illumination
at 25◦C.

In Fig. 6.18, the lifetime at t = 0 corresponds to the lifetime measured after the
samples are removed from the hot plate (90 µs before P-diffusion and 160 µs after
P-diffusion). Subsequently, the samples are illuminated at 25◦C for 40 hours, which
already results in a slight decrease of τ to 64 µs and 135 µs, respectively (see Sec.
6.2.1). Afterwards, the lifetime is measured alternately after annealing in darkness at
200◦C for time t (open symbols, corresponding to the annihilated state discussed in
Chapter 5) and after illumination at 25◦C for 40 hours (closed symbols, corresponding
to the degraded state discussed in Chapter 4).
Figure 6.18 depicts a continuous destabilization of the deactivated state due to

prolonged annealing in darkness: the longer the samples are annealed at 200◦C in
darkness, the lower the lifetime in the degraded state, suggesting that more and more
’permanently deactivated’ BO centers are reactivated. Interestingly, we also observe
a slight decrease of the lifetime measured directly after annealing (i.e. after full defect
annihilation according to Chapter 5). This effect could be related to a slight decrease
of the passivation quality of the silicon nitride layer, however, it could also indicate an
increase in background defects.
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6.3 Boron- and phosphorus-doped n-type Cz-Si

Figure 6.19: (a) Lifetime τ plotted versus time t of three B- and P-doped n-type Cz-Si
samples with different resistivities. At first, the samples are illuminated for 10 hours at
200◦C and at a light intensity of 100 mW/cm2. Subsequently, indicated by the dashed
red line, the samples are illuminated at 25◦C and 10 mW/cm2. (b) Effective defect
concentration N∗t during lifetime recovery, derived from the data shown in Fig. 6.19(a),
plotted versus time t on a double logarithmic scale. The recovery rate constant of the
lifetime Rrec is determined through fitting an exponential function to the data (solid
lines).

In Section 4.2.2, it was shown that light-induced degradation of the lifetime (at room
temperature) is also observed in n-type Cz-Si doped with both boron and phosphorus.
In Section 5.2.2, it was shown that this degradation is fully reversible by annealing
in darkness. It can thus be concluded from our studies that boron-oxygen-related
recombination centers also form in compensated n-type Cz-Si. However, it was also
already shown in Sections 4.2.2 and 5.2.2 that the kinetics of both the defect generation
and the defect annihilation in compensated n-type Cz-Si differ considerably from that
in p-type Cz-Si (exclusively B-doped and compensated alike).
In this Section, the deactivation procedure is applied to compensated n-type Cz-

Si for the first time. A set of six B- and P-doped n-type Cz-Si samples, all cut
from the same ingot (Ingot B), is used. For sample details see Sec. 4.2.2 and Tab.
3.4. Processing steps include P-diffusion, removal of the resulting n+ layers from
both sides of the wafer, and surface passivation by PECVD-SiNx. Figure 6.19(a)
depicts the lifetime τ of three compensated n-type samples as a function of time.
Photoconductance decay lifetime measurements are done using a Sinton Instruments
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Figure 6.20: Recovery rate constants Rrec and annihilation rate constants Rann in
dopant-compensated n-type Cz-Si. Recovery was done at 200◦C and a light intensity
of 100 mW/cm2 (red triangles) while defect annihilation was performed at 200◦C in
darkness (black circles).

WCT-120 setup and the lifetime is extracted at a fixed injection level of ∆p = 0.1×n0.
During the first 10 hours, the samples are illuminated at 200◦C at a light intensity
of 100 mW/cm2. Subsequently (as indicated by the dashed line), the samples are
removed from the hot plate and illuminated at 25◦C and 10 mW/cm2.
Before the samples are placed under illumination on the hot plate, they are annealed

at 200◦C in darkness for 15 hours, to fully annihilate the boron-oxygen defect (see
Sec. 5.2.2). During illumination at 200◦C, the lifetime first decreases, due to the
accelerated generation of BO complexes, and subsequently increases again, similar
to the evolution observed in p-type Cz-Si. After 10 h, the lifetimes saturate and
the samples are removed from the hot plate (as indicated by the dashed red line).
Surprisingly, the lifetimes are then unstable under illumination at room temperature,
decreasing significantly during the following illumination at 25◦C and 10 mW/cm2.
Figure 6.19(b) depicts the effective defect concentration N∗t derived from the lifetime

data in Fig. 6.19(a) (up to the dashed red line). Fitting an exponential decay function
of the form y = y0 + a exp (−Rrect) to the data, the recovery rate constant Rrec is
obtained. In Fig. 6.20, the recovery rate constants Rrec of all samples are depicted as
a function of the net doping concentration n0 (red triangles). As can be seen from this
plot, Rrec is comparable for all samples, even as n0 varies over one order of magnitude.
Given that the recovered lifetime is not stable under illumination at room temper-

ature, it might be possible that the observed recovery at 200◦C under illumination
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is actually the same process as the defect annihilation during annealing in darkness.
Figure 6.20 thus also includes the annihilation rate constants Rann determined in the
same samples during defect annihilation at 200◦C in darkness (black circles, data taken
from Fig. 5.7). At high net doping concentrations n0 ≥ 2×1016 cm−3 the annihilation
rate constant Rann and the recovery rate constant Rrec are indeed very similar. At
lower n0, however, Rann increases with decreasing n0, while Rrec remains constant.
In addition, it should be noted that the evolution of the effective defect concentration

N∗t during annealing in darkness could not be described by a simple exponential decay,
but had to be fitted using a stretched exponential function, where the stretching factor
β varied between 0.58 and 0.92 (see Sec. 5.2.2). In conclusion, this comparison shows
that the lifetime recovery at elevated temperature in darkness and the lifetime recovery
at elevated temperature under illumination are not identical in compensated n-type
Cz-Si.

6.4 Chapter summary
In this Chapter, the impact of processing steps and material parameters on the de-
activation of the boron-oxygen-related recombination center was studied for the first
time. A phosphorus diffusion was found to speed up the deactivation rate constant
Rde by up to a factor of 4 and simultaneously decrease the defect concentration N∗t
after deactivation, thus resulting in higher lifetimes.
In addition, the impact of different plasma processes was investigated. The com-

parison between deposition of a PECVD silicon nitride (SiNx) layer with and without
exposure to the plasma during deposition revealed that the deactivation rate constant
Rde in the samples with plasma exposure was one order of magnitude larger than in
the samples without plasma exposure. On the other hand, no significant difference
in Rde was observed between samples covered with PECVD-SiNx without plasma ex-
posure and samples covered with plasma-assisted ALD-Al2O3. This suggests that the
hydrogen content in the dielectric layer does not play a crucial role in the deactivation
process by itself. Instead, a precursor for the deactivation process may be created in
the presence of a plasma. Exposure to the plasma during deposition could then either
increase the amount of this precursor or facilitate the in-diffusion of the precursor into
the silicon bulk. A possible candidate for this precursor is some form of hydrogen,
since hydrogen is present both during PA-ALD of Al2O3 and PECVD of SiNx.
Concerning material parameters, it was found in this work that the deactivation

rate constant Rde in exclusively boron-doped Cz-Si decreases with increasing boron
concentration NA as well as with increasing interstitial oxygen concentration [Oi]. The
creation of thermal donors noticeably reduced the speed of the deactivation process and
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increased the defect concentration N∗t after permanent deactivation. These results are
important for identifying the defect reactions leading to the permanent deactivation
of the boron-oxygen defect, as will be discussed in more detail in Chapter 7.
Regarding the carrier lifetime after permanent deactivation τde, a decrease of τde

with increasing doping concentration NA was observed. However, τde was also found
to vary strongly, e.g. by up to a factor of 2.5 in samples that were cut from the same
wafer and underwent the same processing steps. A fit to the highest lifetimes measured
after permanent deactivation in this work yielded a power law τde = 1026 N−1.46

A (τde

in µs and NA in cm−3) for B-only doped Cz-Si samples that underwent a P-diffusion
(and have an interstitial oxygen concentration of [Oi] = (7.5± 0.5)×1017 cm−3). This
dependence describes the potential of the carrier lifetime after permanent deactivation
(τde) as a function of boron concentration NA and will be used in Chapter 8 to estimate
the efficiency potential of screen-printed solar cells fabricated on B-doped Cz-Si.
Finally, it was found that the permanent deactivation of the BO defect is not possible

in compensated n-type Cz-Si doped with both boron and phosphorus.
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7.1 The BsO2i-model

Figure 7.1: Schematic of the defect generation mechanism in the BsO2i defect model
proposed in [19].

In non-compensated boron-doped Cz-Si, the defect concentration N∗t shows a pro-
portional increase with the total boron concentration NA and a quadratic increase with
the interstitial oxygen concentration [Oi] [5, 14, 17, 18]. In addition, the defect gener-
ation rate constant Rgen was found to be proportional to N2

A [8, 9, 18]. These results
led to the development of a defect model where the recombination center is composed
of one substitutional boron atom Bs and an interstitial oxygen dimer O2i [14, 15, 19].
A simplified schematic of the process of defect formation is depicted in Fig. 7.1.
The defect concentration N∗t is naturally proportional to NA in this model. Addi-

tionally, the defect kinetics of the BsO2i-model predict a proportionality of Rgen on
the product of the hole concentration and the total boron concentration p0×NA. The
dependence on p0 follows from the requirement of the oxygen dimer to catch a hole
to speed up its diffusivity. The configuration-coordinate diagram of the oxygen dimer
diffusion is shown in Fig. 7.2.
The oxygen dimer exists in two configurations: squared (Osq

2i ) and staggered (Ost
2i)

[15]. The diffusion is proposed to proceed via a Bourgoin mechanism [56] by alternately
catching electrons and holes, which results in considerably reduced energy barriers for
the conversion from one configuration to the other. In p-type silicon, the oxygen dimer

83
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Figure 7.2: Configuration-coordinate diagram of the oxygen dimer diffusion [15].

is double-positively charged (blue line) and the energy barrier for the transition from
the squared to the staggered configuration is relatively high (0.86 eV), which would
inhibit diffusion at room temperature.
However, under illumination, excess carriers are generated and the double-positive

dimer catches an electron. In the single-positive charge state, the barrier from the
squared to the staggered configuration significantly reduces to 0.2 eV (green line). After
the reconfiguration, the dimer is then proposed to emit an electron, thus recharging to
its double-positive state. From there, the energy barrier to the squared state is 0.3 eV.
Through the alternate capture and emission of an electron, the dimer-diffusion energy
is thus reduced to 0.3 eV, making dimer diffusion at room temperature possible.
The dependence of the generation rate constant on NA is a consequence of the

oxygen dimers bonding with a Bs atom [19]. This model was found to be in excellent
agreement with the experimental data measured on non-compensated p-type Cz-Si,
since in exclusively B-doped Cz-Si p0 ×NA = N2

A.
However, in Chapter 4 new experimental data obtained on compensated silicon was

presented, which revealed that N∗t actually depends on p0 (and not on NA) and that
Rgen actually depends on p2

0 and not on p0 ×NA.
With regard to the defect annihilation in darkness, the BsO2i-model suggests a

dissociation of the substitutional boron atom Bs and the interstitial oxygen dimer
O2i. However, in Chapter 5, we presented new experimental data on the annihilation
process, which was obtained on compensated p-type Cz-Si, and which revealed that the
defect annihilation rate constant is inversely proportional to the hole concentration p0.
This dependence cannot be explained with a dissociation process, in particular since
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it was proposed that the dissociation always takes place in the positive charge state of
BsO2i [15].
The new experimental findings presented in Chapter 4 and 5 thus call for a reassess-

ment of the BsO2i-model.

7.2 The BiO2i-model
Defect generation under illumination

Based on the new experimental findings presented in this thesis, an alternative de-
fect model was recently proposed by Voronkov and Falster [57]. In this model, the
recombination center is comprised of one interstitial boron atom Bi and an intersti-
tial oxygen dimer O2i. The interstitial boron concentration [Bi], and consequently the
defect concentration [BiO2i], in this model is proposed to be proportional to the net
doping concentration p0, which is in agreement with the existing data on exclusively
boron-doped Cz-Si as well as with our new data obtained on compensated p-type
Cz-Si.
The dependence of [Bi] on p0 follows from the generation mechanism of interstitial

boron atoms: during ingot cooling, Bi are created via the kick-out mechanism during
the growth of oxygen precipitates. Subsequently, the interstitial boron atoms congre-
gate to large clusters. However, at moderate temperatures, B+

i atoms (Bi is positively
charged in p-type silicon) can also be released from the neutral clusters after capturing
a hole h+. As a result, there is a constant exchange between the two states [57]:

B+
i (dissolved) 
 Bi (cluster) + h+ (7.1)

Consequently, the concentration of (dissolved) interstitial boron atoms [B+
i ] is pro-

portional to the hole concentration [h+], which in turn equals the net doping concentra-
tion p0 after the ingot temperature passes the intrinsic point. At lower temperature,
the exchange between dissolved B+

i and Bi clusters eventually ceases and [B+
i ] be-

comes fixed. The highly mobile interstitial boron atoms B+
i may then bind with other

species such as Oi, O2i and Bs. However, at room temperature, these complexes are
all frozen in and the existing BiO2i complexes are the so-called latent form (LC) of the
boron-oxygen defect.
Apart from explaining the dependence of the final defect concentration N∗t on p0,

the model also proposes an explanation for the quadratic dependence of the defect
generation rate constant Rgen on the net doping concentration p0 [57]. The latent
form of the complex (LC) exists in two charge states: single positive (LC+) and neutral
(LC0). The energy minimum in darkness is at LC+, which is thus the stable ground
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Figure 7.3: Free energy diagrams of the latent (LC) and the recombination-active
(SRC) BiO2i defect [57].

state. Under illumination, or rather in the presence of excess carriers, however, LC+

is recharged to its neutral state LC0 through the capture of an electron. In the neutral
state, the free energy F of the latent center and the slow-forming recombination center
(SRC) increase and the minimum is now at SRC0.
However, in order to make the transition from LC to SRC, an energy barrier needs

to be overcome, as indicated by the arrow in the schematic of the free energy profiles of
LC and SRC shown in Fig. 7.3(a). The experimental finding that the defect generation
rate constant Rgen is proportional to the square of the doping concentration p2

0, suggests
that the transformation from LC to SRC involves the capture of two holes. It can thus
be assumed that the transition from LC to SRC proceeds over a transient center (TC),
as depicted in Fig. 7.3(b).
The neutral LC0 captures two holes h+ and recharges to a double positive state

LC+2. In this state, the energy barrier to the transient center TC+2 is considerably
reduced. TC+2 then captures two electrons and becomes TC0. Through overcoming
the barrier Fts, TC0 eventually transforms to SRC0, i.e. the recombination-active
form of the BiO2i defect. A simplified schematic of the process of defect formation is
depicted in Fig. 7.4.
Note that the proposed BiO2i-model addresses the slow-forming recombination cen-

ter (SRC). The fast-forming recombination center (FRC), on the other hand, could
be yet another configuration of BiO2i or a different grown-in defect, such as BsO2i.
To clarify this point, the concentration of FRC should be investigated as a function
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Figure 7.4: Schematic of the defect generation mechanism in the BiO2i defect model
proposed in Ref. [57].

of the boron concentration NA and the doping concentration p0. If FRC is another
configuration of BiO2i, then its concentration would also depend on p0. However, if
FRC originates from BsO2i, then its concentration would depend on NA. In addition,
the dependence of the fast-forming defect generation rate constant on the boron and
doping concentration should be examined.

Defect annihilation at elevated temperature in darkness

During defect annihilation at elevated temperature in darkness, the recombination-
active form of BiO2i (SRC) reconstructs back into its latent form (LC), since in dark-
ness, the defect is single-positive (SRC+) and the energy minimum in that charge state
lies at LC+ [see Fig. 7.3(a)] [57]. Through thermal activation, SRC+ moves along the
free energy profile F+ to the intersection point with the profile F 0. At this point,
SRC+ emits a hole and becomes SRC0, which considerably reduces the energy bar-
rier to LC. This small barrier is then overcome by thermal activation. At the second
intersection of F 0 and F+, the defect recharges back to the single-positive state and
subsequently proceeds to its energy minimum at LC+.
Due to the emission of a hole, the equilibrium concentration of neutral BiO2i is

proportional to 1/p0 and the rate constant of the annihilation is expected to follow this
dependence. This is in excellent agreement with the new experimental data presented
in Chapter 5, where the investigation of compensated p-type Cz-Si revealed an inverse
dependence of the defect annihilation rate constant on the net doping concentration
p0.
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Permanent deactivation of the defect under illumination at elevated
temperature

Permanent deactivation of the boron-oxygen-related recombination center under illu-
mination at elevated temperature is attributed to the dissociation of the BiO2i defect
and subsequent trapping of the interstitial boron atoms into Bi-clusters [57]. As was
shown in Chapter 6, illumination at elevated temperature initially leads to a decrease
of the lifetime (if the sample is not completely degraded already) due to the generation
of boron-oxygen defects. Only after this initial decrease the lifetime increases again
and is subsequently stable under illumination at room temperature.
This finding is in accord with the energy diagram depicted in Fig. 7.3(a). Under

illumination, BiO2i is neutral and the energy minimum in that charge state lies at the
recombination-active form (SRC). Accordingly, existing LC are expected to transform
into SRC. Since illumination continues throughout the treatment, the BiO2i defects
remain in the neutral charge state, where the energetically favorable configuration
is SRC. As a result, the thermal activation (due to the elevated temperature) does
not lead to a reconstruction to LC. Instead, the BiO2i slowly begin to dissociate.
The dissolved Bi are highly mobile and may then either migrate to the Bi-clusters
or be trapped into BiO or BiBs. Through this, the overall concentration of BiO2i is
permanently reduced.
Note that the observed recovery rate constants suggest that permanent recovery

is controlled by sinking to the Bi-clusters [57]. This is in accordance with the new
experimental findings presented in this thesis, since the deactivation rate constant
was found to decrease with increasing boron concentration (see Sec. 6.1.3) and with
increasing interstitial oxygen concentration (see Sec. 6.1.4). If the interstitial boron
atoms were trapped by oxygen atoms O, the deactivation rate constant would be
expected to increase with increasing [Oi], and similarly with increasing [Bs] in the case
of trapping by Bs.
In addition, the acceleration of the deactivation process after a phosphorus diffusion

(see Sec. 6.1.1) indicates an increase in a component which is involved in the deac-
tivation process and the concentration of Bi-clusters could indeed by increased by a
high temperature treatment such as a P-diffusion. On the other hand, it is conceivable
that prolonged annealing at an intermediate temperature (e.g. 400-500◦C) reduces the
concentration of Bi-clusters through Ostwald ripening, i.e., through the dissolution of
small Bi-clusters and subsequent sinking of the dissolved Bi to larger Bi-clusters. This
mechanism would account for the observed reduction of the deactivation rate constant
after thermal donor creation, as described in Section 6.1.5. Note that in this case, the
reduction would actually be due to the reduction of Bi-clusters instead of the presence
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of thermal donors.
Likewise, the decrease of the deactivation rate constant with increasing doping con-

centration may be related to a lower concentration of Bi-clusters of greater size. Note,
however, that the properties of the Bi-clusters are most likely governed either by the
interstitial boron concentration [Bi] or the hole concentration p0 (or both) and not by
the substitutional boron concentration [Bs]. While the results obtained on compen-
sated p-type Cz-Si (Sec. 6.1.6) were ambiguous in that regard, an actual dependence
of the deactivation rate constant on the hole concentration is certainly conceivable
from the experimental data.
In summary, the new experimental findings presented in this thesis are consistent

with the model of a slow dissociation of the BiO2i defects and subsequent migration
of the dissolved Bi to Bi-clusters.

7.3 Chapter summary
In this Chapter, two defect models for the boron-oxygen-related recombination center
were discussed. The first model, in which the recombination center is comprised of a
substitutional boron atom Bs and an interstitial oxygen dimer O2i, was found to be
unable to explain the new experimental results obtained on compensated p-type Cz-Si
in this work. The defect concentration N∗t in this model is proportional to the substi-
tutional boron concentration [Bs], whereas the studies on compensated p-type silicon
presented in Chapter 4 revealed that N∗t is in fact proportional to the hole concentra-
tion p0. In addition, the model proposes that defect generation proceeds via enhanced
diffusion of the oxygen dimer under illumination and subsequent capture by a substi-
tutional boron atom. As a result, the BsO2i-model predicts that the defect generation
rate constant Rgen is proportional to the product of the boron concentration and the
hole concentration, i.e. Rgen ∝ NA × p0. However, our studies on compensated p-type
Cz-Si showed that Rgen is actually proportional to the square of the hole concentra-
tion p2

0. Finally, the defect annihilation rate constant Rann was found to be inversely
proportional to the hole concentration, which is not consistent with the dissociation
of the boron-oxygen defect proposed in the BsO2i-model .
Instead, a defect model in which the complex is comprised of an interstitial boron

atom Bi and an interstitial oxygen dimer O2i was found to be capable of explaining
both the existing experimental results on non-compensated B-doped Cz-Si and the
new results obtained on compensated p-type Cz-Si. In this model, the defect con-
centration N∗t is proportional to the interstitial boron concentration [Bi], which in
turn is proportional to the hole concentration p0. Defect generation in this model
proceeds via a reconstruction of the BiO2i defect from the so-called latent form to the
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recombination-active form. This reconstruction involves the capture of two holes, thus
resulting in a quadratic dependence of the defect generation rate constant Rgen on the
hole concentration p0. In turn, defect annihilation in darkness is a reconstruction back
into the latent form of the defect. The inverse dependence of the defect annihilation
rate constant on the hole concentration is attributed to the emission of a hole during
the reconstruction. Accordingly, the BiO2i-model agrees with the new experimental
data presented in this thesis.



8 Application of the deactivation
procedure to solar cells

In order to study the permanent deactivation of the boron-oxygen complex in solar
cells, the deactivation process is applied to screen-printed solar cells, which constitute
the majority of crystalline silicon solar cells fabricated today. Using lifetime data
obtained in Chapter 6, the potential of the permanent deactivation for such solar
cells is evaluated by one-dimensional solar cell simulations using PC1D. In addition,
the deactivation procedure is also applied to high-efficiency RISE-EWT solar cells,
which subsequently achieve stable efficiencies above 20% on low-resistivity B-doped
Czochralski-grown silicon.

8.1 Screen-printed solar cells

Figure 8.1: Schematic of a simple screen-printed solar cell with a full-area back surface
field.

Figure 8.1 depicts a schematic of a simple screen-printed solar cell. The base material
is boron-doped p-type Cz-Si. The phosphorus-doped emitter on the front-side of the
cell is contacted via silver fingers, while the rear of the cell is fully covered with
aluminum in order to contact the base. Fabrication steps include RCA cleaning,
front-surface texturing, phosphorus diffusion and anti-reflective coating with silicon
nitride (SiNx), as well as screen-printing and co-firing of the contacts. Additionally,

91
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during the firing step, an Al-doped p+ region is formed at the rear of the cell; the
so-called back surface field (BSF).
In order to reduce the harmful impact of the boron-oxygen-related recombination

center, today’s production uses p-type Cz-Si with a resistivity of about 3 Ω cm. Using
the simple cell design shown in Fig. 8.1, efficiencies of up to 18.7% are achievable [58].

8.1.1 Exclusively boron-doped Cz-Si

Figure 8.2: Time dependence of (a) the open-circuit voltage VOC, and (b) the efficiency
η of a screen-printed solar cell with a full-area BSF made on 1.5 Ω cm B-doped p-type
Cz-Si under illumination at 140◦C and a light intensity of 100 mW/cm2. After removal
from the hot plate (indicated by the dashed line), no efficiency degradation is discernible
after several hours of illumination at room temperature and 10 mW/cm2 light intensity.

To study the BO-deactivation in solar cells made on exclusively boron-doped Cz-Si, a
screen-printed solar cell fabricated on 1.5 Ω cm boron-doped p-type Cz-Si is examined.
The solar cell has an area of 125 × 125 mm2 and is characterized by current-voltage
measurements using a pv-tools LOANA system. IV-characteristics are measured under
illumination of an LED array (wavelength 950 nm) at 25◦C. Note that even though
the illumination is done at a single wavelength, the measurement setup is very close
to standard testing conditions (AM1.5 spectrum at 100 mW/cm2 light intensity) as
the intensity of the LED array is set using a calibrated solar cell with similar spectral
response.
The calibrated solar cell is illuminated by a flash with a spectrum comparable to

the AM1.5 spectrum. During the flash, the short-circuit current of the calibrated
solar cell is measured as a function of light intensity. Using the known short-circuit
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current under 100 mW/cm2 of the AM1.5 spectrum, the light intensity of the flash
that corresponds to 100 mW/cm2 AM1.5 is determined. Subsequently, the solar cell
of interest is flashed and the short-circuit current is measured as a function of light
intensity. Using the previously determined light intensity of the flash that corresponds
to 100 mW/cm2 AM1.5, the short-circuit current of the investigated solar cell under
100 mW/cm2 AM1.5 is obtained. This value is then used to adjust the light intensity
of the LED array.
Before light-induced degradation (i.e. after a 5 minute anneal at 200◦C in darkness),

the solar cell has an open-circuit voltage VOC of (637.1± 0.2) mV and an efficiency η of
(18.19± 0.02) %. After complete degradation, the open-circuit voltage is (630.3± 0.2)
mV and the efficiency is (17.67± 0.02) %.
Deactivation is done at 140◦C and an illumination intensity of 100 mW/cm2. The

evolution of both the open-circuit voltage VOC and the efficiency η are shown in Fig.
8.2(a) and (b), respectively. Similar to the lifetime τ in lifetime samples, the open-
circuit voltage initially decreases under illumination at 140◦C due to the accelerated
formation of the BO defect. After 10 minutes, however, VOC and η begin to increase.
After 8 hours, the open-circuit voltage VOC saturates at (638.0± 0.2) mV, while the

efficiency η saturates at (18.27± 0.02) %. Note that the open-circuit voltage and the
efficiency after deactivation are thus higher than after defect annihilation at 200◦C in
darkness. This deviation is most likely a result of the fast stage of degradation [12,17],
which cannot be avoided during solar cell measurements due to the need for residual
light during contacting of the solar cell. Consequently, the values of VOC and η which
are attributed to the annihilated state may be reduced by the effects of the fast-forming
defect.
In order to test the stability of the deactivated state, the solar cell is subsequently

illuminated at 25◦C and a light intensity of 10 mW/cm2. As can be seen in Fig. 8.2,
no degradation is observed over the course of 8 hours.

8.1.2 Boron- and phosphorus-doped Cz-Si

The material used to study permanent deactivation in solar cells made on compensated
p-type Cz-Si is 1.45 Ω cm B- and P-doped Cz-Si from Ingot A. The wafers were cut
from 10% to 16% relative distance from the seed end and were subsequently subjected
to an industrial solar cell process. The resulting screen-printed solar cells have an area
of 156 × 156 mm2 and are characterized by current-voltage measurements using the
pv-tools LOANA system.
Before light-induced degradation, the energy conversion efficiency η of all solar cells

is (17.1± 0.1) %, while the open-circuit voltage VOC is (614.7± 0.6) mV. After com-
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Figure 8.3: Time dependence of (a) the open-circuit voltage VOC, and (b) the effi-
ciency η of a screen-printed solar cell with a full-area BSF made on 1.45 Ω cm dopant-
compensated p-type Cz-Si under illumination at 100 mW/cm2 at 140◦C. After removal
from the hot plate (indicated by the dashed line), no efficiency degradation is discernible
after several hours of illumination at room temperature.

plete degradation η = (15.8± 0.2) % and VOC = (601.5± 1.2) mV. Before deactiva-
tion, all cells are annealed for 5 minutes at 200◦C in darkness, thus annihilating all
boron-oxygen defects.
Figure 8.3 depicts (a) the open-circuit voltage VOC and (b) the efficiency η as a

function of time t during illumination. During the first four hours (as indicated by
the dashed line), the solar cell is illuminated at 140◦C and a light intensity of 100
mW/cm2. Subsequently, the solar cell is illuminated at 25◦C and a light intensity of
10 mW/cm2 in order to test the stability of the deactivated state.
During the first few minutes, both the open-circuit voltage VOC and the efficiency

η decrease, due to the formation of BO complexes. After 20 minutes, however, VOC

and η start to increase until they begin to saturate after four hours. Subsequent
illumination at 25◦C results in no significant decrease of either VOC or η, indicating
that no formation of BO complexes occurs.
Defect deactivation is also done at 165◦C, 185◦C and 200◦C, respectively. The

resulting deactivation rate constants Rde are plotted versus the inverse temperature
1000/T in Fig. 8.4. The data shown in Fig. 8.4 is fitted by an Arrhenius law

Rde = ν exp (−Ede/kBT ) , (8.1)

where ν is the attempt frequency and Ede is the activation energy of the deactivation
process. From the fit shown in Fig. 8.4 an activation energy of Ede = (0.60± 0.11) eV
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Figure 8.4: Arrhenius plot of the deactivation rate constants Rde determined on screen-
printed solar cells fabricated on 1.45 Ω cm dopant-compensated p-type Cz-Si. An acti-
vation energy of Ede = (0.60± 0.11) eV is obtained.

Figure 8.5: Comparison of deactivation rate constants Rde determined on lifetime sam-
ples before (black circles) and after P-diffusion (red triangles up) as well as on screen-
printed solar cells (blue triangles down) fabricated on 1.45 Ω cm dopant-compensated
p-type Cz-Si. While the P-diffusion increases Rde by a factor of 4, additional processing
steps during solar cell production do not seem to have an impact on the deactivation
rate constant.
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is obtained. This is comparable to the activation energy determined in Section 6.1.1
on non-compensated lifetime samples of similar resistivity.
In order to evaluate the impact of the solar cell process on the deactivation process,

Fig. 8.5 depicts a comparison of Rde data obtained on lifetime samples made on the
same material as the investigated solar cells and of the data from Fig. 8.4. As was
already shown in Section 6.1.1, a phosphorus diffusion increases the speed at which
the deactivation proceeds by up to a factor of 4. This increase can also be observed
in the present case, when comparing Rde data obtained on as-grown samples (black
circles) and on samples that underwent a P-diffusion (red triangles).
Looking at the deactivation rate constants Rde measured on solar cells (blue triangles

down), no additional increase of Rde due to the additional processing steps (such as
firing of the contacts) are observed. However, at lower temperatures (140◦C and
165◦C), the deactivation rate constants are similar to those measured on P-diffused
lifetime samples (red triangles), whereas at higher temperatures (185◦C and 200◦C),
the deactivation rate constants Rde of the solar cells are similar to those of the as-grown
samples (black circles).

8.2 Efficiency potential of screen-printed solar cells
according to one dimensional solar cell simulations

In the previous Section, it was shown that screen-printed solar cells with a full-area
BSF which are fabricated on low-resistivity B-doped p-type Cz-Si suffer from a loss in
energy conversion efficiency η of 0.5 to more than 1% absolute. In contrast, industrial
screen-printed solar cells fabricated on high-resistivity (around 3 Ω cm) B-doped p-
type Cz-Si typically degrade by only 0.1 to 0.2% absolute. As a result, the efficiency
after light-induced degradation is higher in the high-resistivity solar cells than in the
low-resistivity solar cells.
However, after permanent deactivation of the boron-oxygen defect low-resistivity

material is expected to yield higher energy conversion efficiencies than high-resistivity
material, especially when using advanced solar cell concepts such as the passivated
emitter and rear cell (PERC) structure [59]. A schematic of the PERC concept is
shown in Fig. 8.6. One of the main loss mechanisms in a simple screen-printed
solar cell with a full-area BSF (as shown in Fig. 8.1) is recombination at the rear,
because the back surface field provides only weak passivation. In the PERC concept,
on the other hand, the full area back surface field is replaced by a full area passivating
dielectric (e.g. a SiO2/SiNx stack), by which the recombination losses are considerably
reduced. However, as the majority-carriers still need to be extracted from the base,
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Figure 8.6: Schematic of the passivated emitter and rear cell (PERC) concept.

the dielectric layer is locally removed (e.g. by laser ablation) in order to make room
for the contacts.
In order to minimize the recombination losses at the rear, the contact area should

obviously be as small as possible. On the other hand, small contact areas result in
longer paths for the majority-carriers to the contacts. Too high resistivities of the
base material thus result in series resistance losses. As a result, locally contacted
solar cells require low-resistivity material for optimal performance. However, since
the concentration of boron-oxygen-related recombination centers is proportional to
the doping concentration, PERC fabricated on B-doped p-type Cz-Si suffer from pro-
nounced light-induced degradation, making them the ideal candidate for application
of the permanent deactivation treatment discussed in Chapter 6.
The potential of screen-printed PERC after application of the permanent deactiva-

tion is estimated by one-dimensional device simulations using PC1D. The input pa-
rameters for the simulations are derived from the characterization of a real passivated
emitter and rear solar cell, which has an energy conversion efficiency of 19.4% [60].
The thickness of the solar cell is 180 µm. The front of the solar cell is textured with
random pyramids and the n+ emitter at the front has a sheet resistance of 80 Ω/�
with a peak concentration at the surface of 1× 1020 cm−3. The emitter is passivated
by a SiO2/SiNx stack. Accordingly, the surface recombination velocity at the front
Sfront is estimated to be 104 cm/s.
At the rear, a similar passivation stack of SiO2/SiNx is used. To allow contacting,

the passivation is locally removed by laser ablation, resulting in 130 µm wide openings
with a pitch (i.e. distance between the lines) of 2 mm. Subsequently, silver contacts
are screen-printed to the front while aluminum is screen-printed to the back. During
the firing step, local back surface fields form in the local contact openings. The
resulting effective surface recombination velocity at the rear Srear is determined to
be 70 cm/s [60].
Note that the optical model implemented in the PC1D program is inadequate. Con-
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Figure 8.7: Specific series resistance Rbase resulting from the base doping concentration
p0 in a locally contacted solar cell with a thickness W of 180 µm, contact width of 130
µm and a pitch p (i.e., distance between the contact lines) of 2 mm, calculated according
to Plagwitz [61].

sequently, the measured total reflectance of the solar cell is used to take the optical
parameters of the cell into account. In addition, the 19.4% solar cell suffers from a
low fill factor FF of 75.8%. The loss in fill factor is due to an increased specific series
resistance of 1.6 Ω cm2 [58], the bigger part of which can be attributed to an increased
specific contact resistance to the base.
By varying the metallization fraction, a specific contact resistance to the base of 40

to 50 mΩ cm2 was recently found for local screen-printed contacts [58]. In contrast,
specific contact resistances of 10 mΩ cm2 are measured for full-area screen-printed
aluminum contacts. Assuming that the specific contact resistance for local contacts
can be optimized to 20 mΩ cm2, we set the specific contact resistance to the base at
0.3 Ω cm2 for the PC1D simulation (taking into account the metallization fraction
of 0.065). The specific series resistance arising from resistance losses in the emitter,
contact resistance to the emitter, and series resistance of the finger grid and busbars
is set at 0.4 Ω cm2. A list of the used simulation parameters is summarized in Tab.
8.1.
The impact of the base resistivity on the specific series resistance is calculated

according to Plagwitz [61]. Taking into account the wafer thickness W = 180µm,
the contact line width and the pitch, the specific series resistance originating from
the base doping Rbase is obtained as a function of the doping concentration p0, as
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depicted in Fig. 8.7. At low doping concentrations p0, the specific series resistance
Rbase drastically increases, up to a value of 2.25 Ω cm2 at a doping concentration of
p0 = 1 × 1015 cm−3. In current production, screen-printed solar cells are fabricated
on 3 Ω cm B-doped p-type Cz-Si, in order to avoid the detrimental impact of lifetime
degradation. This corresponds to a doping concentration of p0 = 4.7×1015 cm−3 and a
resulting specific series resistance of 0.70 Ω cm2, which would lead to significant losses
in the fill factor of the solar cell.
To illustrate the benefit of the deactivation treatment for screen-printed passivated

emitter and rear solar cells, simulations are done for carrier lifetimes in the degraded
state as well as for carrier lifetimes after permanent deactivation of the boron-oxygen
defect. The carrier lifetime after permanent deactivation of the BO defect at a given
resistivity is taken from the assessment of the lifetime potential presented in Section
6.1.7, while the lifetime in the degraded state is calculated according to Bothe et
al. [17].
Note that in the degraded state, the bulk carrier lifetime shows a strong depen-

dence on the excess carrier density, due to the asymmetrical capture cross sections
for electrons and holes (σn/σp = 10) [6, 13]. In the PC1D program, this depen-
dence is taken into account through the capture time constants for electrons τn0 and
holes τp0, as well as through the energy level of the defect Et. According to Bothe,
the capture time constant for electrons after a phosphorus diffusion step is given by
τn0 = 1.48 ·7.675×1045 N−0.824

A [Oi]−1.748 (τn0 in µs and NA and [Oi] in cm−3), whereas
the capture time constant for holes is τp0 = 10 τn0 [23]. In addition, the energy level
of the BO defect lies at Et = EC − 0.41 eV [13].
After permanent deactivation of the boron-oxygen defect, the dependence of the

bulk carrier lifetime on the excess carrier density is much weaker, suggesting that the
carrier lifetime in that state is limited by a defect with similar capture cross sections
for electrons and holes. As a consequence, τn0 = τp0 = 1026 N−1.46

A (τ in µs and NA in
cm−3) is assumed for the PC1D simulation of the deactivated state.
The results of the solar cell simulations using PC1D are depicted in Fig. 8.8. The

short-circuit current density JSC notably decreases with increasing doping concentra-
tion, both in the degraded state (black solid line) and after permanent deactivation
of the BO defect (red dashed line), as shown in Fig. 8.8(a). However, JSC values
above 38.5 mA/cm2 are possible up to a doping concentration of p0 = 2 × 1016 cm−3

after permanent deactivation of the BO defect due to the increased lifetimes. In the
degraded state, on the other hand, JSC values above 38.5 mA/cm2 are only possible
with doping concentrations below 2.3× 1015 cm−3.
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Figure 8.8: Simulated solar cell parameters of a screen-printed passivated emitter and
rear cell (PERC) as a function of doping concentration p0 after complete degradation
(solid black lines) and after permanent deactivation of the boron-oxygen defect (dashed
red lines), respectively. (a) Short-circuit current density JSC, (b) open-circuit voltage
VOC, and (c) energy conversion efficiency η.
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Table 8.1: Input parameters for one dimensional solar cell simulations of a passivated
emitter and rear cell using PC1D.

General: Base thickness: 180 µm
Specific emitter contact resistance: 0.40 Ω cm2

Optics: taken into account by measured total reflectance

Bulk: recombination in degraded state [23]:
τn0 = 1.48 · 7.675× 1045N−0.824

A (7.5× 1017)−1.748

τp0 = 10 τn0

Et − Ei = 0.15 eV
recombination after permanent deactivation:
τn0 = τp0 = 1026 N−1.46

A
Et − Ei = 0

Emitter: 80 Ω/�; error function profile
peak concentration 1× 1020 cm−3; depth factor: 0.16 µm

Surfaces: Sfront = 104 cm/s; Srear = 70 cm/s

In Fig. 8.8(b), the open-circuit voltage VOC is depicted, which has a more complex
dependence on the doping concentration p0. In general, VOC increases with increasing
base doping concentration p0. However, this effect is counteracted by a decrease of
VOC due to the decreasing bulk carrier lifetime. As a result, the open-circuit voltage
in the degraded state has a minimum of VOC = 629 mV around a doping concentration
of p0 = 1016 cm−3. After application of the permanent deactivation the impact of
the bulk lifetime is considerably reduced, resulting in a steady increase of VOC with
increasing p0 up to a doping concentration of p0 = 2 × 1016 cm−3, where VOC = 668
mV is achieved. At even higher doping concentrations, however, the reduction in bulk
carrier lifetime again becomes noticeable, resulting in a decrease of VOC.
Looking only at the short-circuit current density JSC and the open-circuit voltage

VOC, one would expect the maximum efficiency in the degraded state at low doping
concentrations. However, due to the drastically increased series resistance at high base
resistivity, the losses in fill factor completely diminish the high JSC and VOC values.
As a result, the highest simulated efficiency of 18.4% in the degraded state is obtained
for a doping concentration of p0 = 1.5× 1016 cm−3, as shown in Fig. 8.8(c).
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After permanent deactivation, the improved short-circuit current densities at mod-
erate doping concentrations shift the maximum in energy conversion efficiency to an
even higher doping concentration of p0 = 2× 1016 cm−3, where an efficiency of 20.6%
is simulated.
Through application of the permanent deactivation process, it is thus possible to

achieve energy conversion efficiencies of up to 20.6% on a screen-printed PERC struc-
ture using 0.8 Ω cm B-doped p-type Cz-Si.

8.3 High-efficiency RISE-EWT solar cells

Figure 8.9: Schematic of a RISE-EWT solar cell [62]

In the last Section, an efficiency potential of 20.6% was simulated for screen-printed
solar cells using the passivated emitter and rear cell (PERC) concept. In order to ob-
tain efficiencies above 21%, however, more sophisticated solar cell designs are needed.
One of these high-efficiency concepts is the Rear Interdigitated Single Evaporation
Emitter Wrap-Through (RISE-EWT) cell [63]. A schematic of the RISE-EWT cell
structure is shown in Fig. 8.9. Base and emitter fingers are interdigitated and on
different height levels on the rear side of the cell. The n+ emitter on the front is
connected to the emitter on the back via laser-drilled holes (Emitter Wrap-Through
structure [64]). The base region is contacted by laser-fired contacts (LFC) [65], which
are formed through laser-firing of aluminum through a silicon oxide passivation layer.
Fabrication steps include RCA cleaning, oxidation, front-surface texturing, laser

structuring of the rear, laser drilling of holes, phosphorus diffusion, front-surface pas-
sivation, a single metallization step of the entire rear with self-aligning contact sepa-
ration [63], and formation of the LFCs. Details of the solar cell process can be found
in Ref. [62].
The base material of the cells investigated in this study is 1.4 Ω cm boron-doped

p-type Cz-Si. Current-voltage characteristics are measured under standard testing
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Figure 8.10: Time dependence of (a) the open-circuit voltage VOC, and (b) the effi-
ciency η of a high-efficiency RISE-EWT solar cell made on 1.4 Ω cm B-doped Cz-Si
under illumination at 100 mW/cm2 and 200◦C. After removal from the hot plate (indi-
cated by the dashed line), no efficiency degradation is discernible after several hours of
illumination at room temperature.

conditions (25◦C, AM1.5 spectrum, 100 mW/cm2), which are set using a calibrated
RISE-EWT solar cell with a similar spectral response. The total cell area is 100 cm2,
however, due to a non-optimized busbar design the measurements presented here refer
to a designated area of 92 cm2. Measurements performed on the total cell area yield
the same open-circuit voltage and short-circuit current density while the fill factor
suffers a loss of 2% absolute.
RISE-EWT solar cells made on FZ-Si have demonstrated energy conversion effi-

ciencies of up to 21.4% on a designated area of 92 cm2 [62]. On low-resistivity (1-2
Ω cm) boron-doped Cz-Si, efficiencies of (20.0± 0.5) % are typically achieved before
light-induced degradation and (19.0± 0.5) % are measured after complete degradation
on the same illuminated cell area.
Figure 8.10 shows the evolution of (a) the open-circuit voltage VOC and (b) the ef-

ficiency η of an exemplary RISE-EWT cell. The initial efficiency before light-induced
degradation was (20.2± 0.3)%. After 8 h of illumination at room temperature using a
halogen lamp at 20 mW/cm2, this value decreased to (19.2± 0.3)%. The open-circuit
voltage after degradation is (645.3±0.3) mV and the short-circuit current density 40.4
mA/cm2. Note that the short-circuit current density shows only a negligible degrada-
tion because for EWT-type cells the short-circuit current density is less sensitive to
reduced base diffusion lengths, and thus to reduced bulk lifetimes, than for standard
cells.
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In order to deactivate the boron-oxygen-related recombination center, the solar cell
is illuminated at 200◦C with a halogen lamp at a light intensity of 100 mW/cm2.
As can be seen in Fig. 8.10, VOC increases to (669.1 ± 0.3) mV after 60 min. JSC

remains the same within the uncertainty range (40.9 mA/cm2), resulting in an energy
conversion efficiency of (20.4 ± 0.3)%. After twenty hours of illumination at room
temperature the IV-characteristic is taken again, showing no noticeable loss in either
VOC or η. No further efficiency loss due to the formation of boron-oxygen complexes
is thus expected. Through application of the deactivation treatment to RISE-EWT
solar cells, a stable efficiency above 20% was therefore achieved for the first time on
low-resistivity B-doped p-type Cz-Si.

8.4 Chapter summary
In this Chapter, the deactivation procedure was applied to solar cells. The deacti-
vation rate constants measured on screen-printed solar cells fabricated on exclusively
B-doped p-type Cz-Si as well as on dopant-compensated p-type Cz-Si were similar to
those obtained on lifetime samples that underwent a P-diffusion. Taking into account
the lifetime potential found in Chapter 6 and using realistic solar cell parameters ob-
tained through characterization of a real screen-printed passivated emitter and rear
cell (PERC), one-dimensional device simulations were performed to estimate the effi-
ciency potential of screen-printed PERC fabricated on B-doped p-type Cz-Si. Through
this, a maximum efficiency of 20.6% was simulated for 0.8 Ω cm B-doped p-type base
material. In addition, the application of the deactivation procedure to high-efficiency
RISE-EWT solar cells resulted in the first stable efficiencies above 20% on 1.4 Ω cm
B-doped p-type Cz-Si.
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In this work, crystalline silicon doped with boron and phosphorus was investigated.
The carrier mobility in such compensated silicon was found to be significantly reduced
when compared to non-compensated crystalline silicon with similar resistivity. Besides
an overall reduction of 25% (in monocrystalline Czochralski-grown silicon) and 45%
(in block-cast multicrystalline silicon), an additional significant decrease of the carrier
mobilities was observed at very high compensation ratios (i.e. at very similar boron
and phosphorus concentrations). The overall reduction was attributed to the increased
amounts of ionized scattering centers, while the additional decrease was attributed to
reduced screening of these scattering centers at low free carrier concentrations.
Using the quasi-steady-state photoconductance technique, the carrier lifetime was

studied under illumination at room temperature, during annealing in darkness, and
under illumination at elevated temperature. Illumination at room temperature has
long been known to result in a degradation of the carrier lifetime in exclusively boron-
doped oxygen-rich silicon, such as B-doped Czochralski-grown silicon, and has been
studied in boron and phosphorus-doped Czochralski silicon for the first time in this
thesis. Since the doping concentration in compensated silicon follows from the differ-
ence of the boron and phosphorus concentrations, the impact of the boron and the
doping concentration can be investigated separately in compensated silicon.
Through this, it was revealed in this work that the effective defect concentration is

actually proportional to the doping concentration and not, as previously assumed, to
the boron concentration. In addition, the defect generation rate constant was found to
depend quadratically on the doping concentration. Since these findings could not be
explained by the standard defect model for the boron-oxygen-related recombination
center, the standard defect model needed to be reassessed.
Light-induced degradation of the carrier lifetime was also studied for the first time

in compensated n-type silicon, i.e. silicon that contains more phosphorus than boron,
in this thesis. The time scale of the defect generation was found to be 50 h to 100 h.
Interestingly, both the speed of the degradation and the effective defect concentration
after degradation were found to be independent of the net doping concentration. In
addition, the time dependence of the effective defect concentration was found to be
quite complex and could not be described by a simple exponential function. However,
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such a complex behavior can be attributed to a dependence of the generation rate
constant on the hole concentration. Since holes are minority carriers in n-type silicon,
their concentration depends on the minority carrier lifetime, which in turn depends
on the concentration of recombination-active defects.
Annealing in darkness at elevated temperature results in a recovery of the degraded

lifetime. However, this state is unstable under illumination. In studies on exclusively
boron-doped silicon, the rate constant of this annihilation process was found to de-
crease with increasing boron concentration. In this work, studies on compensated
p-type silicon revealed that the dependence is actually on the doping concentration.
Additionally, defect annihilation in compensated n-type silicon was found to take con-
siderably longer than in p-type silicon, with an increase in annihilation rate constant
by up to a factor of 1000.
Illumination at elevated temperature results in a permanent deactivation of the

boron-oxygen center. In exclusively boron-doped silicon, the deactivation rate constant
was found to depend inversely on the boron concentration and inversely on the square
of the interstitial oxygen concentration. In addition, a phosphorus diffusion was found
to increase the deactivation rate constant by up to a factor of 4. Deposition of a silicon
nitride layer by plasma-enhanced chemical vapor deposition increased the deactivation
rate constant by a factor of 5, when the samples were exposed to the plasma during
deposition.
Permanent deactivation of the boron-oxygen-related recombination center in com-

pensated n-type silicon was not observed. While the carrier lifetime in compensated
n-type silicon does increase under illumination at elevated temperature, subsequent
illumination at room temperature results in renewed degradation of the lifetime. Im-
portantly, partial and even complete degradation of the carrier lifetime after appli-
cation of the deactivation treatment was also observed in p-type silicon. Prolonged
illumination at elevated temperature as well as extended annealing in darkness were
found to destabilize the deactivated state, resulting in renewed degradation of the
lifetime under illumination at room temperature.
The new experimental results obtained in this thesis were discussed with regard to

the standard defect model for the boron-oxygen-related recombination center, in which
the defect is composed of one substitutional boron atom Bs and an interstitial oxygen
dimer O2i. Since this model predicts a linear dependence of the defect concentration
on the boron concentration, this model was incapable of explaining the new results
obtained on compensated silicon in this work. In addition, the BsO2i-model predicts
that the defect generation rate constant is proportional to the product of the boron and
the hole concentration, whereas the new studies on compensated p-type silicon revealed
a quadratic dependence of the generation rate constant on the hole concentration.
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Instead, an alternative defect model, in which the defect is composed of one interstitial
boron atom Bi and an interstitial oxygen dimer O2i, was found to be in agreement with
the new experimental data.
Finally, the permanent deactivation treatment was applied to industrial screen-

printed solar cells as well as high-efficiency Rear Interdigitated Single Evaporation
Emitter Wrap-Through (RISE-EWT) solar cells fabricated on 1.4 to 1.5 Ω cm p-type
Cz-Si. A complete recovery of the open-circuit voltage and the solar cell efficiency were
observed on both exclusively B-doped silicon and on dopant-compensated silicon. As a
result, an increase of the solar cell efficiency by 0.5% absolute was observed on screen-
printed solar cells fabricated on 1.5 Ω cm exclusively boron-doped Cz-Si, while and
increase of 1.3% absolute was achieved on industrial screen-printed solar cells made on
1.45 Ω cm compensated p-type Cz-Si. In addition, one-dimensional device simulations
showed an efficiency potential of 20.6% for screen-printed passivated emitter and rear
cells fabricated on 0.8 Ω cm B-doped p-type Cz-Si after permanent deactivation of
the BO defect. Using the high-efficiency RISE-EWT solar cell concept, a stabilized
efficiency of 20.4% was achieved on 1.4 Ω cm B-doped p-type Cz-Si after application
of the permanent deactivation treatment.
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