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1 Introduction
Burning fossil fuels releases large amounts of CO2 into the atmosphere. In 2018 the total
emissions were 37.9 Gt and were still growing [1]. With this consumption of fossil fuels,
the goal of the Paris Agreement from 2015 to limit global temperature increase to 1.5 ◦C
cannot be reached [2, 3]. Thus, transition from energy sources with high emissions of CO2
to other low emission energy sources is needed.
The sun continuously sends energy to earth via electromagnetic radiation which can be
used as an energy source without CO2 emission during operation. With an energy of
1.5 · 1018 kWh/a [4] the total energy of the sun incident on earth is almost 104 times
higher than the total energy use of mankind in 2017 with a primary energy consumption
of 1.62 · 1014 kWh/a [5].
Photovoltaic (PV) systems can directly convert the incoming light to electric energy. In
Germany 64 TWh of electric energy were generated in 2018 via photovoltaic systems which
is a share of 8.7 % on total electric energy production [6]. Besides political decisions,
profitability is crucial in order to increase this share.
With increased production, the cost of photovoltaic modules is dropping by an average of
23.5 % with every doubling in cumulative production [7]. One part of this reduced cost
is due to optimized production and scaling effects, the other part is an increased power
conversion efficiency over the lifetime of a module. This leads to reduced levelized cost of
electricity (LCOE) for PV.
Most solar cells are based on silicon wafer technology with a market share of 95 % and a
share of 66 % for monocrystalline silicon which is currently increasing every year [6].
During normal operation, the efficiency of solar modules decreases over time due to various
degradation effects, leading in turn to reduced total power output and, thus, higher LCOE
[8]. Thus, effective and cheap prevention of degradation effects is important to reduce
cost.
This work examines two processes in crystalline silicon that are, among others, responsible
for this degradation in efficiency. Light and elevated temperature induced degradation
(LeTID) [9] and boron-oxygen related light induced degradation (BO-LID) [10] form bulk
defects in crystalline silicon under normal operation conditions.
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One method to prevent bulk degradation due to these defects is illumination at elevated
temperature within the production process which leads to degradation followed by transition to a regenerated state which is stable under normal operating conditions [11, 12].
For such a regeneration treatment the exact dependence of degradation and regeneration
on treatment conditions is important to get a fast and reliable process.
In Chapter 2 the fundamentals of charge carrier generation via absorption are described
as well as recombination due to different mechanisms. From recombination properties
the lifetime of excess minority charge carriers is defined which is an important parameter
linked to solar cell efficiency.
Chapter 3 describes defects in silicon and methods to characterize them using the dependence of lifetime on minority carrier density or dependence of transition rates on temperature. Measurement methods in order to determine lifetime for defect characterization are
also described here. Mainly two defects are described here: boron oxygen related light
induced degradation (BO-LID) and light and elevated temperature induced degradation
(LeTID). For both defects, BO-LID and LeTID, the relevant properties like degradation,
regeneration, stability and recombination properties are discussed. Since both defects are
influenced by charge carrier density, a method to reach constant minority carrier density
during degradation using illumination is presented here which is later used in an experiment in Chapter 5.
In Chapter 4 the laser setup which was built for degradation and regeneration experiments in this work is described. For accurate temperature measurements the thermal
camera was calibrated for silicon wafers. Also different cooling methods were investigated
and characterized since temperature control is crucial for degradation and regeneration
experiments.
With the laser setup, experiments on BO-LID and LeTID were performed which are
described in Chapter 5. The first section describes sample preparation. The following
section focuses on the BO-LID degradation rate’s dependence on charge carrier density
which is important for degradation and regeneration at high illumination intensity. The
third and forth sections focus on the concurrent degradation and regeneration of BO-LID
and LeTID. First, data is evaluated as if only one defect is present. This leads to different
values for defect parameters which lie in between the actual parameters of the individual
defects. In the second part defects are evaluated as separate defects using their individual
dependence of lifetime on minority carrier density. In both cases spatial inhomogeneity
of lifetime disturbs data evaluation which is why its exact influence was determined via
simulation and an experiment with an intentionally prepared inhomogeneous sample.
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The conversion of light to electrical energy in a silicon solar cell is based on the excitation
of electrons from the valence band to the conduction band of silicon due to absorption of
photons with energy Ephot higher or equal to the band gap energy Eg . This excitation of
electrons to the conduction band leaves a positively charged hole in the valence band. Due
to different recombination mechanisms, which are described later in this chapter, without
generation the concentration of these excess charge carriers ∆n decays over time. This

decay is described by the exponential function ∆n(t) = ∆n(0) exp − τt which defines the
excess charge carrier lifetime τ .
In order to use the energy of the excitation, electrons and holes need to be separated
spatially and extracted at different contacts before they recombine. This usually happens
at a pn-junction with p-doped silicon on one side of the junction and n-doped silicon on
the other side. Figure 2.1 shows a schematic of such a pn-junction. Due to the potential
difference at the pn-junction, electrons in the valence band flow from the p-doped to the
n-doped area while holes flow from the n-doped to the p-doped area.

p

n
Ephot
CB

EF
Eg

VB
Figure 2.1: Schematic of a pn-junction. Electrons from the valence band (VB) are excited
to the conduction band (CB) due to absorption of photons. At the interface
between p- and n-doped areas holes in the valence band flow from the n- to the
p- doped area and electrons in the valence band from the p- to the n-doped
area. This leads to a separation of charge carriers.
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Crystalline silicon is an indirect semiconductor which has a low absorption coefficient for
large parts of the solar spectrum (see Chapter 2.1.1). To absorb most incoming light a
sufficiently thick silicon wafer is needed (typical thickness of current industrial wafers in
the range of 160 µm to 180 µm [7]). Thus, generated electrons and holes need to diffuse
over a high length in order to reach the pn-junction, requiring a sufficiently high excess
carrier lifetime. Charges can then be extracted from silicon via contacts on both sides of
the pn-junction.
The first section of this chapter deals with charge carrier generation via absorption as well
as recombination via different mechanisms which influence the effective lifetime of charge
carriers. The following section describes the working principle of a solar cell as well as the
importance of excess charge carrier lifetime for the efficiency of a solar cell. More details
on physics of solar cells can be found in literature, e.g. [13, 4], on which many parts of
this chapter are based.

2.1 Generation, Recombination and Lifetime in Silicon
2.1.1 Absorption
Absorption is described by the Beer-Lambert law
I(x) = I0 · e−αx

(2.1)

where I0 is the incident light intensity, I(x) is the light intensity after the length x and α
is the absorption coefficient.
Photons are absorbed in semiconductors mainly by excitation of an electron in the valence
band to the conduction band which is the relevant absorption process for a solar cell.
During this process, momentum needs to be conserved. In an indirect band gap semiconductor such as silicon momentum needs to be transferred to/from the crystal lattice
in the form of phonons thus making the process less likely than in a direct band gap
semiconductor. For photon energies below the indirect band gap at around 1.1 eV the
absorption coefficient drops strongly as shown in Figure 2.2. Above the indirect band
gap absorption continuously increases until the direct band gap at around 3.4 eV where
absorption strongly increases.

4

2.1 Generation, Recombination and Lifetime in Silicon

absorption coefficient [cm− 1]

107
104
101
10−2
10−5
10−8

1

2
3
photon energy [eV]
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Figure 2.2: Absorption coefficient of silicon at 300 K (data from [14])

2.1.2 Generation and Recombination
The density of electrons ne and holes nh is a fundamental parameter for the description
of a semiconductor. The density of charge carriers can be changed by generation G of
electron-hole pairs (e.g. by absorption of a photon), by recombination R of pairs and by
currents J flowing in the material. This is described by the continuity equation
∂n
= G − R + ∇J.
∂t

(2.2)

Due to thermal excitation charge carriers n0 are generated even without external generation. In thermal equilibrium n0 does not change, thus usually only the excess carriers
∆n = n − n0 are of interest, thus, ∆n instead of n is used in the continuity equation
∂∆n
= G − R + ∇J.
∂t

(2.3)

Due to diffusion of charge carriers a uniform distribution of ∆n can be assumed for a
thin wafer with homogeneous lifetime and the edges may be neglected on a large wafer
since the distance to the edges is much larger than the distance to the surface. Due to
recombination at the surface a current J flows to the top and the bottom of the wafer.
Since this current flows due to recombination, an effective recombination Reff is used to
include bulk recombination R and recombination at the surfaces and Equation 2.3 can be
written as
∂∆n
= G − Reff .
(2.4)
∂t
5
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With the relation Reff =

∆n
τ

Equation 2.4 can be written as
τ=

∆n
G − ∂∆n
∂t

(2.5)

which can be used to determine lifetime by measuring G and ∆n over time.
At (quasi-) constant generation (G  ∂∆n
), e.g., illumination of a solar cell by sunlight,
∂t
this equation simplifies to the simple relation
∆n = G · τ
With negligible generation (G 
flash,

∂∆n
),
∂t

(2.6)

e.g. after illuminating a sample with a short

∂∆n
∆n
=−
(2.7)
∂t
τ
can be used to describe the decay of excess charge carriers. This differential equation can
be solved by an exponential decay


t
∆n(t) = ∆n(0) exp −
(2.8)
τ
that starts at the initial excess carrier density ∆n(0) assuming a constant τ . However, in
reality τ usually depends on ∆n and this solution is only valid for small time steps where
∆n does not change much.

2.1.3 Effective Lifetime
Recombination processes are independent from each other and occur in parallel, thus total
recombination rate is the sum of all recombination rates of different mechanisms:
Rtot = Rintrinsic + Rsurface + Rdefect + ....

(2.9)

Lifetime is connected to recombination rate by R = ∆n
. Thus, inverse effective excess
τ
charge lifetime is the sum of inverse lifetimes of all individual recombination mechanisms
1
1
1
1
=
+
+
+ ....
τeff
τintrinsic τsurface τdefect

(2.10)

Different recombination mechanisms and their dependence of lifetime on ∆n are discussed
in the following sections. A measurement of lifetime only determines τeff . However, due
to different dependence of lifetime on ∆n for different mechanisms, they may be partially
separated to determine which part is mainly responsible for recombination.
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2.1.4 Intrinsic Recombination
Intrinsic recombination is independent of crystal defects and impurities and cannot be
circumvented. It consists of radiative and Auger recombination and is a fundamental
limit for achievable lifetime in silicon.
Radiative Recombination
Radiative recombination is the reverse process to absorption. An electron in the conduction band and a hole in the valence band recombine and generate a photon. Since
one electron and one hole are involved in the process, the rate of recombination depends
linearly on hole and electron concentration and can be described by
Rrad = Bne np

(2.11)

with the temperature dependent radiative recombination coefficient B. Due to conservation of momentum and silicon being an indirect semiconductor, momentum from a phonon
is needed for radiative recombination in silicon and the constant B in silicon is rather small
(B = 4.73 · 10−15 cm3 /s at 300 K [15]). In p-type silicon the concentration of electrons is
approximately ne = ∆n and the concentration of holes is approximately np = p0 + ∆n
with the net doping concentration p0 , thus, this can be written as
Rrad = B(p0 + ∆n)∆n
which is proportional to ∆n for p0  ∆n, leading to constant lifetime using τ =

(2.12)
∆n
.
R

Auger Recombination
For Auger recombination, the energy set free during recombination of a hole and an electron is transferred to another electron or hole. Similar to radiative recombination, the rate
is proportional to the densities of the involved charge carriers. If the energy is transferred
to an electron, the recombination is described by
RAug,e = Ce n2e np

(2.13)

RAug,e = Cp ne n2p .

(2.14)

and for a hole by
Total recombination is described by the sum of both:
RAug = RAug,e + RAug,e = ne np (Cp np + Ce ne ) .

(2.15)

7
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In the base material of a solar cell, Auger recombination is typically negligible. However,
due to its dependence on the square of carrier density, in a highly doped emitter it can be
quite strong, limiting solar cell performance. Similar to radiative recombination, lifetime
is constant for ∆n  p0 .
Figure 2.3 shows Auger and radiative recombination for a typical base doping of p0 =
1016 cm−3 with high constant lifetime at low ∆n and decreasing lifetime at high ∆n. While
for highly doped and highly injected silicon the simple model described by Equation 2.15 is
accurate, the lifetimes predicted are too high for usual doping densities of base material [16,
17]. Richter et al. determined a better parametrization to describe Auger recombination
in p- and n-type silicon [17]. A more recent study showed that measured lifetime in n-type
silicon can exceed the one defined by the parametrization of Richter et al. and determined
a new one [18]. Since the new parametrization is only valid for n-type silicon, the one of
Richter et al. is used in this work.
10−1

τ [s]

10−2

10−3

10−4

10−5 13
10

combined
Auger
radiative
1014

1015

1016

1017

−3

∆n [cm ]

Figure 2.3: Intrinsic lifetime of p-type silicon (p0 = 1016 cm−3 ) due to Auger and radiative
recombination. For Auger recombination the model of Richter et al. is used
[17].

2.1.5 SRH Recombination
A real silicon crystal contains crystal defects or impurities which introduce additional
energy levels within the band gap. Instead of recombining directly from band to band,
electrons and holes can recombine via those additional energy levels. Recombination via
such a defect level inside the band gap is described by the theory of Shockley, Read and
Hall (SRH) [19, 20].
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Carrier lifetime due to SRH recombination is described by
τ = τn

p0 + p1 + ∆n
n0 + n1 + ∆n
+ τp
n0 + p0 + ∆n
n0 + p0 + ∆n

where n1 is

(2.16)

n1 = ni exp



Et − Ei
kB T



(2.17)

p1 = ni exp



Ei − Et
kB T



(2.18)

and

with the energy level of the defect Et , the intrinsic Fermi level Ei , the temperature T , the
intrinsic charge carrier density ni and the Boltzmann constant kB . This intrinsic level can
be calculated by
 
1
1
Nv
Ei = (Ec − Ev ) + kB T · ln
.
(2.19)
2
2
Nc
where Nc and Nv are the densities of states in the conduction and valance band. The hole
and electron lifetimes τp and τn are connected to the defect density Nt and capture cross
sections σn,p by
1
1
= Nt σn vth,n and
= Nt σp vth,p .
(2.20)
τn
τp
The ratio between electron and hole lifetime
k=

τp
τn

(2.21)

is characteristic for a defect. Sometimes k is defined as the ratio between capture cross
sections σp and σn , which leads to a different result for k due to different thermal velocities
vth of electrons and holes. Here the definition that uses the ratio of τp and τn is used.
τn + τp

τ [µs]

1000

500
Ndop

τn
0 13
10

1014

1015

1016

1017

∆n [cm−3 ]

Figure 2.4: SRH lifetime for a p-doped sample with Ndop = 1015 cm−3 assuming a deep
defect with τn = 100 µs and k = 10 at 30 ◦C.
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For a deep defect (Et − Ei ≈ 0) lifetime τ (∆n) is shown in Figure 2.4. At ∆n  Ndop
lifetime is τ = τn (for p-type doping) and at ∆n  Ndop lifetime is τ = τn + τp . The curve
with an s-shape is centered around the doping density of the sample.
Variation of Et − Ei is shown in Figure 2.5. Only defect levels above Ei are shown since
it is qualitatively similar for energy levels below Ei . At 30 ◦C a wide range of energy
levels near Et − Ei = 0 leads to negligible change in τ (∆n). This is visible in Figure 2.5a
where curves between 0 eV and approximately 0.1 eV overlap. At 100 ◦C this range gets
much smaller allowing to distinguish different energy levels via measurements at different
temperatures which will be discussed later in Chapter 3.2.3.

(a) 30 ◦C

(b) 100 ◦C

Figure 2.5: SRH lifetime for a p-doped sample with Ndop = 1015 cm−3 assuming τn = 100 µs
and k = 10 with variable energy level at 30 ◦C and 100 ◦C.

2.1.6 Surface Recombination
For a charged surface or an emitter, recombination can be described by the surface recombination current density J0 which is independent from ∆n. The lifetime resulting from J0
can be described by
1
2J0 (Ndop + ∆n)
=
(2.22)
τsurface
n2i qW
which shows that inverse lifetime is proportional to ∆n [21]. The factor 2 is added here to
account for the two surfaces of a symmetric sample. Lifetime also depends on thickness
W since a thicker sample is less influenced by surface recombination. A more advanced
approach includes the diffusion of charge carriers to the surface which was used here for
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determination of J0 [22]. The lifetime resulting from J0 is then written as
τsurface =

n2i qW
W2
+
2J0 (Ndop + ∆n) Dπ 2

with the ambipolar diffusion coefficient D. Due to the added term
not proportional to ∆n any more.

(2.23)
W2
,
Dπ 2

inverse lifetime is

Since τsurface is not the only influence on measured effective lifetime, inverse lifetimes are
subtracted to determine τsurface from effective lifetime as described later in Chapter 2.1.3:
1
τsurface

=

1
1
1
−
−
− ....
τeff τintrinsic τdefect

(2.24)

Intrinsic lifetime can be calculated and subtracted, however, defect lifetime described by
the SRH equation is usually not known. For high defect lifetime compared to the lifetime
defined by J0 , the influence of defect lifetime can be neglected. Since J0 is determined
from the slope of inverse lifetime, a constant defect lifetime may also be neglected. For
a defect described by SRH theory, lifetime is constant for ∆n  Ndop , thus, J0 can be
determined for materials with low doping density at high ∆n without influence from bulk
defects.

inverse corrected lifetime [ms−1 ]

30
SiNx
SiNx -deg.
emitter
emitter-deg.

20

10

0

0

1 · 1016

2 · 1016

3 · 1016

∆n [cm−3 ]

Figure 2.6: Examples for the determination of J0 by fitting of Equation 2.22 in initial state
and with bulk degradation. For the fit a bulk lifetime that is independent of
∆n is assumed. Data is fitted in the range 8 · 1015 cm−3 ≤ ∆n ≤ 2 · 1016 cm−3 .
An example of such fits with the simple method from Equation 2.22 is shown in Figure 2.6.
The increase in inverse lifetime at small ∆n is due to SRH lifetime of the bulk which leads
to lower lifetime at low ∆n (and thus high inverse lifetime). In Figure 2.5 J0 is compared
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for a sample with emitter in two states, one with degraded bulk lifetime, one without
degradation. The difference of around 2 % in J0 is caused by a stronger influence of bulk
lifetime in the degraded state. Thus, bulk lifetime seems to be high enough compared
to surface lifetime even in the degraded case to only cause a small error. For a sample
with charged SiNx surface passivation, the difference between the degraded and the nondegraded sample is around 50 %. Since recombination at the surface is lower compared to
the sample with the emitter, defect lifetime is not much higher than lifetime defined by
J0 . Thus, defect lifetime cannot be neglected and reasonable determination of J0 is not
possible for such a sample.
Even if the assumptions are not valid, the determination of J0 may still be useful. E.g., when
there is a constant bulk defect, the resulting J0 may show a systematic error but a change
in J0 may still correctly indicate a decrease in surface passivation quality. For a changing
defect, an error in determination of J0 is visible since both, τeff and measured J0 decrease
in such a case, while a real decrease in J0 would lead to an increase in τeff .

2.1.7 Edge Recombination
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Cutting wafers after deposition of passivation layers leads to high recombination at the
edges of the wafer due to missing passivation and damage from cutting. On samples
without pn-junction edge recombination only has an effect close to the edge and is irrelevant for measurements in the middle of the sample. However, with a pn-junction or
inversion due to charged surface passivation, recombination at the edge or other parts with
damaged surface passivation, e.g. scratches, influences a larger area of the sample [23, 24].
This effect depends on excess carrier density ∆n and is stronger at low ∆n leading to a
reduction in lifetime at low ∆n in lifetime measurements in the center of a sample.

(b) ∆n ≈ 1013 cm−3

Figure 2.7: Influence of edge recombination for different ∆n. The black circle shows the
area used in lifetime measurements. Photoluminescence intensity can be converted to ∆n and τeff as described in Chapter 5.3.6.
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Figure 2.7 shows an example of edge recombination at different ∆n. At high ∆n (Fig.
2.7a) only areas near the edge are influenced while at low ∆n (Fig. 2.7b) a larger area
is affected. The shown sample here is in the degraded state leading to low lifetime, thus,
the effect is not that strong even at low ∆n and recombination via bulk defects is more
relevant. Without degradation, the effect is expected to be stronger.

2.2 Lifetime in a Solar Cell
2.2.1 Working Principle of a Solar Cell
In order to have a working solar cell, charge carriers generated by absorbed light need to
be separated and extracted from the silicon material before recombining. For separation
usually a pn-junction is used, which is generated from in-diffusion of phosphorous in
a boron doped wafer from one side or vice versa. The diffused dopants create a layer
with different doping from the base material and thus a pn-junction within the silicon
wafer is formed. This pn-junction is carrier selective and leads to separation of holes and
electrons on different sides of the wafer where they are extracted. Instead of separation at
a pn-junction within the silicon, charge carriers may also be separated at carrier selective
contacts [25]. The currently most widely used concept in production is a passivated emitter
and rear cell (PERC) [26, 27, 28, 7]. Figure 2.8 shows a schematic with a p-doped base
material. The cell has a highly n-doped emitter on the top side which is contacted by
a grid of small metal fingers and is otherwise passivated by a dielectric layer. The back
side is also passivated with only small contact openings due to high recombination at the
metal contacts. Aluminium from the metal contacts on the rear sides diffuses into the
base material leading to region with increased p-doping.
front contacts

n+

diﬀused emitter

passivation

p

base material
p+

p+

back contact

Figure 2.8: Schematic of a PERC cell (scale not correct)
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2.2.2 Importance of Lifetime for a Solar Cell
In general mostly the open circuit voltage is influenced by charge carrier lifetime while
short circuit current significantly decreases only at really high recombination. The exact
influence of lifetime on a solar cell can be simulated using PC1D [29] which is shown here
for one example. However, the general trend should be similar for different parameters
used in the simulation. For the simulation, only bulk lifetime described by the SRH
equation is varied and all the other solar cell parameters are kept constant. For the bulk
defect k = 10 is used and τn is varied from 1 µs to 1 ms. An emitter on the front with a
recombination current density of J0,front = 75 fA/cm2 was used. For the rear recombination
current density J0,rear = 65 fA/cm2 was used which includes passivated parts with low
recombination and metal contacts with higher recombination. Those values represent a
current p-type solar cell [7]. For the series resistance a value of 0.55 Ωcm2 was used [30].
As base material p-type silicon with a doping of 1016 cm−3 was chosen and a temperature
of 25 ◦C was used.
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(a) Open circuit voltage and short circuit current density
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(b) Solar cell efficiency

Figure 2.9: Change in open circuit voltage, short circuit current density and power conversion efficiency depending on bulk lifetime simulated via PC1D.
As shown in Figure 2.9a, VOC suffers significantly from decreasing bulk lifetime, while JSC
has a smaller drop and is rather constant if lifetime does not decrease extremely. The
resulting loss in efficiency is shown in Figure 2.9b, showing that for an efficient solar cell,
high bulk lifetime is needed.
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2.2.3 Lifetime Samples
This work focuses on the degradation and regeneration of bulk defects. For characterization of those defects no complete solar cells are necessary, instead a simple symmetric
structure can be used to measure lifetime. Figure 2.10 shows two structures that are used
within this work. Both structures have a passivation layer on both sides in order to reduce
surface recombination. The structure in Figure 2.10a additionally has a diffused emitter
on both sides. The structure with an emitter is more similar to an actual solar cell and
the highly doped layer is also known to reduce degradation of surface passivation quality
[31, 32].
passivation

passivation

n+

base material

p

emitter

base material

p

n+

passivation

(a) Lifetime sample with emitter

passivation

(b) Lifetime sample without emitter

Figure 2.10: Schematic of lifetime samples with (a) and without (b) emitter.
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3 Defects in Crystalline Silicon
In crystalline silicon there are different disorders in the crystal structure, e.g., impurities
and vacancies or other defects. These defects lead to increased recombination of charge
carriers. Under certain conditions, e.g., illumination at elevated temperature, some of
these defects change over time from a recombination inactive state to a recombination
active state, which is called degradation. After degradation a transition to another recombination inactive state is possible, which is called regeneration.
First, production methods for the materials used here are discussed since they influence
the occurrence of defects. The next part of this chapter focuses on the characterization
of defects including measurement methods. One important method used in this work is
fitting of injection dependent lifetime which is discussed here as well as the use of temperature dependence of degradation and regeneration rates. The two main defects discussed
in this chapter are boron oxygen related light induced degradation (BO-LID) and light and
elevated temperature induced degradation (LeTID). For both defects the relevant properties like degradation, regeneration, stability and recombination properties are discussed as
well as a simple model, which is used for analytical description of transition between different states. Since both defects are influenced by charge carrier density, different methods
to generate charges are presented including a method to reach constant minority carrier
density during degradation using illumination. This method is later used in an experiment
in Chapter 5.

3.1 Crystalline Silicon Production
As base material for the production of crystalline silicon, very pure polycristalline silicon is
created by the Siemens process. Within this process silicon with lower purity is converted
to trichlorosilane. To separate trichlorosilane from impurities it is distilled in multiple
steps. The pure trichlorosilane is afterwards deposited by chemical vapor deposition as
very pure polycrystalline silicon [13].
Afterwards, different methods can be used to produce crystalline silicon. Those different
production methods influence the amount of impurities and defects, and thus degrad-
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ation effects. In this work materials from two different production methods are used:
Czochralski-grown silicon and float-zone silicon.
Czochralski-grown silicon (Cz-Si) is named after the inventor of the method: Jan Czochralski who used it to measure the crystallization speed of different metals [33]. Purified
silicon is melted in a quartz (SiO2 ) crucible with added doping material (usually boron or
phosphorous) which will be incorporated into the silicon crystal. A seed crystal is inserted
into the melt and slowly pulled out while the melt crystallizes at this seed. This leads to
an ingot of crystalline silicon with the same crystal orientation as the seed. Oxygen of the
quartz crucible is dissolved in the melt leading to incorporation of oxygen into the crystal.
In boron doped silicon, this leads to boron oxygen related degradation which is discussed
later.

(a) Czochralski

(b) Float-zone

Figure 3.1: Schematic of Czochralski and float-zone method.
Float-zone silicon (FZ-Si) is produced using zone melting [34]. A silicon rod is pulled
through an inductive heating zone where the material melts and recrystallizes after leaving
the zone. Since many impurities stay in the liquid part, they move through the rod and
accumulate at the end of the crystal that is melted last. Since the molten part is only
in contact with the surrounding inert gas, very pure crystals may be created using this
method, especially if the process is repeated several times. Dopants may be added to the
surrounding atmosphere to incorporate them into the material. Since oxygen content is
much lower compared to Cz-Si, boron oxygen related degradation does not play a role in
FZ-Si. LeTID also seems to be weaker in FZ-Si as shown in Chapter 5.

3.2 Defect Characterization
3.2.1 Defect Density
For characterization of degradation and regeneration the time evolution of defect density
Nt is of interest. However, capture cross section of a defect is often unknown, thus Nt
cannot be calculated.
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From Equations 2.16 and 2.20 for a single bulk defect it can be seen that τ ∝
thus the definition of the equivalent defect density
N ∗ (t) :=

1
1
−
τeff (t) τeff (0)

1
Nt

is valid,

(3.1)

makes sense to describe the time evolution of a single defect with a constant background
lifetime due other recombination mechanisms. If the defect density at t = 0 is zero, then
N ∗ is proportional to the real defect density Nt , otherwise it is proportional to the change
in defect density since t = 0.

3.2.2 Lifetime Fitting
Measured injection dependent lifetime data can be fitted in order to obtain defect parameters.
One method to fit lifetime data is constructing effective lifetime τeff (∆n) from different
parts: surface recombination described by J0 , bulk recombination described by intrinsic
recombination (Auger and radiative) and SRH recombinations for defects.
Another way to fit lifetime is to assume that only one defect changes, thus the defect lifetime can be calculated from the lifetime after degradation and the initial lifetime using
1
τdef

=

1
1
−
τeff (t) τeff (0)

(3.2)

which is similar to the calculation of equivalent defect density (see Equation 3.1). If
multiple defects change during the treatment this is still useful to separate constant parts
of the lifetime, e.g. intrinsic lifetime or a constant background defect, from the changing
parts.
For both methods it is possible to fit the lifetime itself or inverse lifetime which leads to
different weighting of values: for inverse lifetime, small differences at low lifetime influence
the fit more and differences at higher lifetimes influence the fit less. Since there may be an
unknown number of constant background defects, the second method is used for most of
the data to separate the changing defects without modeling the unknown defects. Thus,
examples are discussed for this method in the following sections
With this method only the SRH equation (2.16) is fitted to the defect lifetime. From the
fit keff = ττnp is determined. The value is an effective value since it is influenced by different
effects as described below and often deviates from the real k of the defect, especially if
two defects with different k are fitted where the resulting keff is in between the real values
as shown below.
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Influence of Degradation of Surface Passivation
A likely error in determination of keff is that surface passivation degrades slightly during
degradation and regeneration treatment. When using Equation 3.2 for determination of
defect lifetime, such a surface degradation is wrongly attributed to τdef and modifies its
dependence on ∆n. To determine such an influence, lifetime curves are simulated using
surface recombination described by J0 and intrinsic recombination for the initial state.
The degraded state adds defect recombination described by the SRH equation (k = 33
with energy level in the middle of the band gap) and a J0 which is increased by 1 % of the
initial value. The resulting lifetime curves are shown in Figure 3.2a.
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Figure 3.2: Simulation of SRH fits assuming intrinsic recombination and surface recombination described by J0 = 160 fA/cm2 . For the degraded state SRH recombination of a deep defect with τn = 70 µs, k = 33 is added. A sample with
a thickness of W = 155 µm and a p-doping of p0 = 1016 cm−3 is assumed.
Additionally an increase of J0 of 1 % is assumed. This results in keff = 31.5 for
inverse fitting and keff = 24.2 for normal fitting.
From those lifetime curves, τdef is determined using Equation 3.2. A change in J0 is
neglected for the determination of τdef , thus, not only the change in defect lifetime is
included in τdef but also the change in J0 which leads to an error in the determination of
keff . Figure 3.2b shows the resulting defect lifetime and fits to determine keff for inverse
and non-inverse fitting.
The resulting fit for inverse fitting is also shown in the non-inverse plot and vice versa.
The corresponding fit for each plot type looks reasonable while for the non-inverse plot,
the inverse fit has a high mismatch at high ∆n. On the inverse plot, the non-inverse
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fit has a high mismatch at low ∆n. Since a change in J0 leads to a higher deviation in
lifetime at higher ∆n, a mismatch is expected there and a lower mismatch at low ∆n is
preferred since this part is less influenced. Thus, the value obtained from inverse fitting
(keff = 31.5) is closer to the real value of k = 33 than the one obtained from non-inverse
fitting (keff = 24.2). For better passivation quality with J0 = 16 fA/cm2 an increase in J0
of 10 % is needed to get the same values of keff . This shows that good passivation quality
reduces the sensitivity to changes in J0 . However, passivation quality has been shown
to decrease more without a highly doped layer at the surface [31, 32]. Thus, stronger
degradation may counter the reduced sensitivity due to changes in J0 for the low value of
J0 which is usually only reached without a highly doped layer. In an experiment a change
in J0 may not be noticed, leading to a systematic error in the determination of keff .
Influence of Noise
In a real measurement noise influences the measurement especially at low ∆n due to low
signal compared to high ∆n. An example for such noise is shown in the simulated curves
in Figure 3.3a.
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Figure 3.3: Simulation of SRH fits assuming intrinsic recombination, surface recombination described by J0 = 160 fA/cm2 . For the degraded state SRH recombination
of a deep defect with τn = 70 µs, k = 33 is added. A sample with a thickness
of W = 155 µm and a p-doping of p0 = 1016 cm−3 is assumed. Similar noise to
the one observed in measurements is added.
The defect lifetimes in Figure 3.3b show, that for non-inverse plots the noise is barely
visible and does not influence the fit much. However, for inverse fitting, the noise influences
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the fit more. Performing such fits 1000 times with random noise, non-inverse fitting results
in k = 33.0 ± 0.4 while inverse fitting results in k = 33 ± 2. This shows that inverse fitting
is influenced stronger by noise in a measurement which is why non-inverse fitting may be
better even with higher systematic error due to surface degradation, e.g. when comparing
two different values that have the same systematic error.
Mixture of Two Defects
If multiple defects are present in a sample, they both influence the dependence of τ on
∆n. Figure 3.4 shows a simulation of a sample with two defects in the degraded state.
One with keff = 10 and τn = 90 µs and the other one with keff = 33 and τn = 30 µs. This
combination of defects is fitted via a single deep defect resulting in keff = 19.1 for noninverse fitting and keff = 21.8 for inverse fitting. Simulations with different combinations
show a similar trend that keff is higher when using inverse fitting. In the simulated case
it can be seen that the fitted curves do not match, however, in an experiment, noise or
slight changes in lifetime due to other effects may hide the fact that there are two defects
instead of one with keff in between the real values of both defects. For example the slight
surface degradation as shown before in Figure 3.2b leads to a higher deviation between fit
and data.
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Figure 3.4: Simulation of SRH fits assuming intrinsic recombination, surface recombination described by J0 = 160 fA/cm2 . For the degraded state SRH recombination of a deep defect with τn = 30 µs, k = 33 and one defect with τn = 90 µs,
k = 10 is added. A sample with a thickness of W = 155 µm and a p-doping of
p0 = 1016 cm−3 is assumed.
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3.2.3 TIDLS
Using temperature and injection dependent lifetime spectroscopy (TIDLS) [35], additional
defect parameters can be determined. When only injection dependent lifetime data is used,
k and Et of a SRH defect cannot be determined separately and usually a defect in the
middle of the band gap has to be assumed if no other information is known about the
defect from other measurement methods. As shown in Figure 2.5, different temperatures
lead to different injection dependence of lifetime for different Et . Using temperature and
injection dependence simultaneously allows for determination of Et and k.
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Figure 3.5: Determination of trap energy level by TIDLS. In the simulation the two solutions can be distinguished.
One method for determination of k with TIDLS is that for each temperature the injection
dependent curve is fitted using a fixed Et and a variable k. This is repeated for different
values of Et each resulting in a value for k. Figure 3.5 shows a simulated plot of Et and
k. As input k = 10 and Et,rel = Et − Ei = 0.11 eV was used. In the simulation all curves
intersect at the input parameters. At another point in the other half of the band gap,
the curves also have an intersection, however they do not intersect all at exactly the same
point. Thus, the real solution, which matches the input and where all curves intersect,
can be distinguished from the second solution. However, due to errors in an experiment,
usually no exact intersection of all curves can be observed and there are two possible
combinations for Et and k. Another uncertainty in an experiment is that the actual defect
parameters may have some temperature dependence which leads to a wider range of Et
and k for values determined like this since the curves intersect in some range instead of
one point. More details about this and other lifetime spectroscopy methods can be found
in [35].
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3.2.4 Activation Energy
Temperature dependence of transition rates r between defect states is often described by
the Arrhenius equation
−Ea
r = A · e kB T
(3.3)
with the prefactor A and the activation energy Ea . Activation energy is a characteristic
property of a degradation or regeneration reaction of a specific defect.

(a) Arrhenius plot

(b) Correlation of activation energy and prefactor

(c) Distribution of activation energy

(d) Distribution of prefactor

Figure 3.6: Example of determination of activation energy using a Monte Carlo method.
Activation energy is determined from the fit in (a). Variation of the input data
within their uncertainty leads to a distribution of possible activation energies
in (c) and prefactors in (d). Those values are not independent but correlate
as shown in (b).
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Plotting r with a logarithmic scale over 1/T results in a linear relation as shown in Figure
3.6a. In order to determine the uncertainty of the linear fit, a Monte Carlo method was
used. Each data point is placed randomly within the interval defined by the errors and
a fit is performed. In the example shown here this is done 107 times and the results are
counted in order to calculate the probability of a certain activation energy and prefactor.
Probabilities are shown in Figure 3.6c for the activation energy and in Figure 3.6d for
the prefactor. The median value is then used as result with an error determined by the
interval that contains 95 % of all results. Each fit results in a pair of values for activation
energy and prefactor. Those pairs are plotted in 3.6b which shows that for one activation
energy, the distribution of possible prefactors is rather narrow. A lower activation energy
leads to a lower prefactor and vice versa while the range of possible prefactors for one
activation energy is small.

3.2.5 Measurement Techniques
Photoconductance Decay
For lifetime measurements, lifetime testers from Sinton Intruments (WCT-120 at 30 ◦C
and WCT-120TS at increased temperatures) are used [36]. Figure 3.7 shows a schematic
of the device. Both devices work similarly, the WCT-120TS just has a temperature stage
that supports temperatures other than 30 ◦C.

ﬂash lamp

sample

reference cell

RF coil
measurement
electronics

PC

Figure 3.7: Schematic of lifetime tester
The sample is illuminated via a flash-lamp with a long-pass filter that only transmits light
with a wavelength longer than approximately 680 nm. This leads to a more homogeneous
distribution of generated charge carriers due to higher absorption length. The light intensity is measured via the integrated reference cell. Conductance of the sample is measured
by the RF coil below the sample via eddy currents.
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From the change in conductance ∆σ due to illumination, ∆n can be calculated using
∆σ = qW (µn + µp ) ∆n

(3.4)

where µn,p are electron and hole mobilities, q the elementary charge and W the thickness
of the wafer. It has to be taken into account that mobilities depend on ∆n (see e.g. [37,
38]). From light intensity and the optical properties of the sample the generation G is
calculated. Using Equation 2.5 the minority carrier lifetime τeff can be obtained.
If the flash duration is short compared to the lifetime of the sample, the simplification
shown in Equation 2.7 is possible because the generation during most parts of the measurement is small. Since τeff does not depend on G in this simplified equation, the optical
properties of the sample do not matter for measurement of τeff in this case.
If the flash decays slowly compared to the lifetime of the sample the derivative
be neglected and Equation 2.5 simplifies to τeff = ∆n
as shown in Equation 2.6.
G

∂∆n
∂t

can

The flash lamp has two settings, a short flash that decays to 1/e of the maximum intensity
in around 100 µs and a long flash that decays to 1/e in around 2 ms. For the shorter flash
the first approximation is (depending on lifetime) accurate and the optical properties play
a only small roll for determination of lifetime. For the longer flash, generation during the
measurement has a strong influence, thus, the optical properties are important for determination of lifetime. If not stated otherwise, the short flash was used for all measurements in
this work. The short flash was used since the longer illumination at high intensity for the
long flash may already lead to degradation when using multiple flashes for averaging.
Photoluminescence Imaging
Photoluminescence (PL) imaging uses radiative recombination (see Chapter 2.1.4) to determine recombination properties of a wafer. At constant illumination a higher lifetime
leads to a higher ∆n which leads to increased radiative recombination according to Equation 2.12. Thus, photoluminescence allows for measurement of homogeneity of lifetime in
a wafer using an infrared camera to collect the near band gap energy photons emitted
from a Si sample.
Wafers are illuminated from the back via an LED array with a light spectrum centered
around 630 nm. Due to the band structure, silicon emits light mainly above 1000 nm with
only a small intensity at smaller wavelengths. Using a GaAs-filter, light below approximately 875 nm is blocked allowing for filtering of the incoming light in order to only measure
the light emitted from the wafer with the infrared camera.
PL images obtained like this can be calibrated by using lifetime measured via photoconductance decay as described in Chapter 5.3.6. Another method of measuring lifetime via
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PL is time resolved photoluminescence which is not used here due to long illumination
times needed, possibly leading to degradation during the measurement. More details about
the time resolved method and the PL imaging setup can be found in [39, 40].

3.3 3-State Defect Model
A simple model for the description of degradation and regeneration is the 3-state model
with the initial non recombination active state A, the degraded recombination active state
B and the regenerated state C with transitions between the states as shown in Figure
3.8.
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Figure 3.8: Schematic of the 3-state model with annealed state A, degraded state B and
regenerated state C.
In the model the occupation of the individual states ni is described by
∂ni
= − (kij + kil ) ni + kji nj + kli nl
∂t

(3.5)

with the first term describing the transition from state i to the other states and the other
terms describing the transition from the other states to i [41].
The solution for the occupation of state i can be written as
+ −(Ω−ω)t
−(Ω+ω)t
ni (t) = n∞
− n−
i + ni e
i e

(3.6)

where n∞
i is the occupation of state i for t → ∞,
1 X
Ω=
kij
2 i,j=A,B,C
i6=j



1
and ω = Ω −
kij kjl + kij klj .
2
i,j,l=A,B,C
2

2

X

(3.7)

i6=j6=l

The coefficients n±
i depend on starting conditions and reaction rates. Details of the model
and the coefficients are found in [41].
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Assuming all reactions except degradation and regeneration can be neglected, Ω − ω simplifies to kAB and Ω + ω to kBC . In reality those rates cannot be neglected, thus, fitting
of experimental data with two exponential functions in the form of
nB (t) = n+
Be


−kdeg,eff t

− n−
Be


−kreg,eff t

(3.8)

leads to effective degradation and regeneration rates since they are influenced by other
rates depending on treatment conditions. Other rates could also be included as fit parameters, however, this leads to too many free parameters for the model. If other rates
are known, the effective rates could be converted to the real rates of degradation and
regeneration.
An example for experimental data of a FZ-Si sample fitted with Equation 3.8 is shown
in Figure 3.9. For the experimental data, defect density is determined as described in
Chapter 3.2.1. Since defect density in this case is proportional to the occupation of B,
Equation 3.8 is multiplied with a constant for the fit and the data is later divided by this
constant in order to determine the relative occupation of B. Since at the used treatment
conditions at least the anneal rate from B to A cannot be neglected, rates determined here
are not the real degradation and regeneration rates.
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Figure 3.9: Experimental data of B-doped FZ-Si (2 Ωcm) fitted with the 3-state model.

3.4 BO-Degradation and Regeneration
Boron oxygen related light induced degradation (BO-LID) was first described in 1973 and
features degradation under illumination and reversal to the initial state in the dark at
200 ◦C [10]. The defect is called like this due to a correlation of defect density with boron
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and oxygen concentration [42, 43]. Both components are needed in order to observe the
effect. In FZ-Si with low oxygen concentration it is not visible [42] and in gallium doped
Cz-Si it cannot be observed either [44]. Thus, it seems likely that boron and oxygen are
involved in some way. Permanent deactivation (regeneration) of the defect was later found
to be possible [11]. In the following parts, defect properties and transitions between initial,
degraded and regenerated state are described in more detail.

3.4.1 Degradation
Degradation consists of a fast and a slow component. The slow component is the transition
from A1 to A2 which is followed by the fast transition to B [45]. At the beginning of an
experiment usually both recombination inactive states, A1 and A2 , are occupied. During
degradation, lifetime decreases quickly due to fast transition from A2 to B which is followed
by a slower decrease in lifetime due to transition from A1 to A2 and afterwards to B.
Figure 3.10 shows the a schematic of the transitions between the different states which is
an extended version of the one described in Chapter 3.3.

A2
de

an
gr

ad

ne
al

at
io

C

n
tio

a
ad
r
g

in

de

g

re

n

ne

ge
re

io

t
ra

n

lifetime

A1

B
Figure 3.10: Schematic of the model for degradation and regeneration of BO-LID.
Earlier studies showed that recombination properties of the fast component differ from the
ones of the slow one, thus suggesting two different recombination centers for fast and slow
degradation [46, 47] instead of only one as described above. A recent study shows, that
the same two stage degradation with states A1 and A2 also happens on samples used in
earlier studies. However, they feature another recombination center in parallel to the fast
degradation which leads to the observed difference in recombination properties [48].
Degradation rate can be described by an Arrhenius-like behavior (see Chapter 3.2.4) with
an activation energy of Ea,fast = (0.23 ± 0.02) eV for the fast component (A2 → B) and
Ea,slow = (0.475 ± 0.035) eV for the slow component (A1 → A2 → B) [43]. The degradation
rate components show no dependence on oxygen concentration.
Another thing that influences the degradation rate is hole and electron concentration. The
dependence on electron concentration is only relevant at low concentrations and the rate
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saturates at higher electron concentration (approximately at ∆n > 1011 cm−3 ) [49, 50].
Dependence on hole concentration due to illumination has been determined within this
work and is discussed in the following section in more detail.
Dependence of BO-Degradation on Hole Concentration
Degradation rate was first shown to be proportional to the square of the boron concentration in p-type material at low illumination intensities [51, 43]. In highly p-doped material
the hole concentration does not change much except at very high illumination intensity,
thus, the influence of hole concentration is not seen there but only an influence of electron
concentration. Later studies on highly boron doped material, which is partially compensated via phosphorous, showed a quadratic dependence on net doping concentration
p0 = [B] − [P ] instead of boron concentration [B] [52, 53, 54]. On n-doped wafers with
partial boron compensation, a dependence on p2 instead of p20 has been shown [55, 56,
57]. On this n-type material the dependence is much easier to observe since no high illumination intensities are needed to reach significant ∆n = ∆p compared to p0 . Hamer et
al. showed an increase in degradation rate in p-type Si due to high illumination intensity
suggesting a dependence of p0 p or p2 [58] and later showed the p2 dependence directly
[59]. Since those studies used temperatures > 100 ◦C, annealing of the sample may not
be completely negligible and the determined degradation rate is influenced by annealing.
Thus, for the experiment in Chapter 5.2, where degradation rate is determined depending
on p, a sample temperature of 30 ◦C is used to determine degradation rates.

3.4.2 Regeneration
Regeneration describes the transition from the recombination active degraded state B to
an inactive regenerated state C. This state is stable under normal operation conditions of
a solar cell [11].
As for degradation, the regeneration rate is influenced by temperature and the dependence is described by an Arrhenius law. Reported activation energy values vary widely in
literature. Values between 0.6 eV and 1.2 eV have been observed [11, 60, 41, 61, 62, 63].
This wide range of activation energies and the fact that at different temperature ranges
different activation energies have been determined [41], indicates that a simple Arrhenius
law does not fully describe the kinetics of regeneration and that it may be influenced by
processing conditions before the regeneration treatment.
Regeneration rate has been shown to depend on illumination intensity or external voltage
and thus excess carrier density ∆n [64, 41, 65]. Since many studies use constant illumination intensity instead of constant ∆n, the observed dependencies vary between the
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studies, possibly due to differences in τeff (∆n). Later studies showed a linear dependence
of regeneration rate on ∆n [66, 67].
Different conditions prior to regeneration lead to a vastly different regeneration rate or
no regeneration at all. Firing conditions, including peak temperature and cooling rate,
influence regeneration rate strongly [68, 69, 65]. Different surface passivation layers also
lead to different regeneration rates [70, 71, 72]. Those influences are usually attributed
to varying hydrogen content within the passivation layers [70, 71]. Firing steps combined
with hydrogen containing layers seem to be needed for regeneration while having layers
with low hydrogen or no passivation layer during firing does not lead to regeneration [72,
68, 73]. However, there are also studies where regeneration is observed without hydrogen
containing surface passivation layers or where no dependence between hydrogen-rich or
hydrogen-lean layers is observed [74, 65]. Hydrogen can also be introduced into the bulk
by a hydrogen plasma showing increased regeneration with more hydrogenation cycles
[71].
Pre annealing steps of hydrogen containing samples also influence regeneration rate [62].
Those observations agree with similar experiments where hydrogen states are directly
measured instead of regeneration rate [75].
Compared to degradation, where completely differently processed samples lead to the same
degradation rates, regeneration rate is influenced by a variety of processing conditions
which usually prevents quantitative comparison of rates obtained in different experiments
or exact predictions of regeneration rate.

3.4.3 Annealing and Redegradation
Annealing describes the temporary deactivation of the defect by reversing degradation to
the initial states. Typical annealing conditions of 200 ◦C lead to a fast recovery within
minutes. Temperature dependence can be described by an Arrhenius law with an activation energy of 1.32 eV [76, 43]. This relation describes the recovery of lifetime by transition
from state B to state A1 or A2 . Under typical conditions for annealing (around 200 ◦C) the
transition from A2 to A1 is slower than the transition from the degraded state to A2 which
leads to a significant part of fast degradation depending on annealing conditions. For the
transition from A2 to A1 an activation energy of 0.91 eV has been determined [77].
At elevated temperature, the regenerated state can be redegraded again by a transition
from regenerated state C to degraded state B [78]. Annealing happens under similar
conditions as redegradation, thus, the transition from B to A2 and A1 occurs after redegradation. Activation energies of redegradation were found to be 1 eV on solar cells [11]
and 1.25 eV on lifetime samples [62]. This difference could mean that processing conditions
may change redegradation rates.
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Due to high temperatures needed for fast annealing and redegradation, they are not relevant under normal operation conditions, however, they limit the potential of fast regeneration at high temperatures.

3.4.4 Recombination Properties
Via injection and/or temperature dependent lifetime spectroscopy, the recombination
properties were found to be described well by the SRH equation using a defect with
an energy level of Ec − Et = 0.41 eV and k = 10 [79, 80, 43].
In boron compensated n-type silicon later studies found, that a defect with two energy
levels is needed to describe recombination properties with an additional energy level
between Ev − Et = −0.28 eV and Ev − Et = −0.26 eV [81, 82]. Due to this description with two levels, determining equivalent defect density as described in Chapter 3.2.1
is not valid any more. However, for highly doped p-type material as used in this work,
the influence of this can be neglected [56].

3.5 Light and Elevated Temperature Induced
Degradation and Regeneration
Light and Elevated Temperature Induced Degradation (LeTID) was first discovered in
mc-Si [9] and later also in FZ-Si [83, 84] and Cz-Si [85]. Similar to BO-LID, degradation
and regeneration happens due to charge carriers generated by illumination or external
bias [86, 87]. It can also be observed at room temperature under illumination [9, 88] or
in the dark at elevated temperature without external carrier injection [89] making the
name misleading since only charge carriers/light or elevated temperature is needed to
observe it. However, light and elevated temperature are both important parameters for
transition rates between different states of LeTID. Since only p-type FZ-Si and Cz-Si are
experimentally studied here, the discussion of properties of LeTID focuses on the ones also
observed in those materials. However, different types of materials seem to feature similar
properties of LeTID with the exception of slower degradation and regeneration kinetics
usually observed in mc-Si [90, 91, 9, 92, 32, 93, 94].

3.5.1 Degradation and Regeneration
For all mentioned material types a dependence on peak firing temperature has been observed, showing stronger degradation at higher peak temperature [95, 96, 97, 98, 91, 93].
At least for p-type FZ-Si and mc-Si, the exact profile of firing has been shown to influence
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the amount of degradation with a faster cooling rate leading to stronger degradation [95,
99, 90]. There is also a strong dependence on the dielectric layers present on top of the
wafer during firing, layers with more hydrogen and without a barrier layer lead to stronger
degradation [100, 101, 102, 103, 91, 93, 104]. Those conditions that lead to an increasing
amount of LeTID are the same that lead to fast regeneration of BO-LID, suggesting a
common mechanism between LeTID and BO-regeneration, e.g., hydrogen in the bulk of
the wafer.
For FZ-Si and mc-Si a dependence on wafer thickness has been observed, suggesting that
the out-diffusion of a defect precursor leads to the regeneration of LeTID [105, 90]. Different base materials processed at the same conditions also lead to a different amount of
degradation, suggesting that some defect precursor is needed in addition to hydrogen from
dielectric layers [9, 96, 106, 90, 91, 93]. As shown in Chapter 5.3.1, FZ-Si, which contains
less impurities than Cz-Si, shows a much smaller amount of degradation, also suggesting
that hydrogen is not the only component relevant for degradation. One possible cause
of faster kinetics in FZ-Si and Cz-Si is a usually higher lifetime within these materials
compared to mc-Si, leading to higher ∆n and thus faster degradation and regeneration.
While excess carriers may not be needed [89], degradation rate is influenced by excess
carrier density ∆n, showing a linear increase of degradation rate with ∆n in p-type mc-Si
[107, 108].

3.5.2 Dark Annealing and Reversibility
Studies of LeTID on mc-Si and FZ-Si show that dark annealing can at least partially reverse LeTID from the degraded state showing degradation after annealing once again [109,
110, 83]. However, degradation amplitude and kinetics are modified after such annealing
steps. For mc-Si dark annealing steps can influence kinetics strongly, leading to much
faster degradation and regeneration [109, 110]. In FZ-Si kinetics are also influenced by
dark annealing leading to less degradation after dark annealing of a previously regenerated sample [83]. Those observations suggest that there is a reservoir of defect precursors
which is influenced by dark annealing [111, 93]. Reduced or no degradation at all after
dark annealing before firing suggest that such a step may remove a component relevant for
LeTID. However, on Cz-Si such pre annealing steps that reduce LeTID, also reduce the
regeneration of BO-LID, showing that a component that is needed for both is removed,
e.g., via out-diffusion of hydrogen [112].
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3.5.3 Recombination Properties
Recombination properties of LeTID are not that well described compared to the ones of
BO-LID. It is usually described by a defect with a defect level in the middle of the band
gap, however with widely varying values of k in the range of 13–36 (average 30) for mc-Si
[96, 113, 114, 89, 84] and 18–45 for FZ-Si (average 27) [84, 91, 83, 93]. For Cz-Si only a
value of 39.4 ± 4.9 has been found [89].
Using temperature and injection dependent lifetime spectroscopy, possible defect levels are
determined for LeTID in mc-Si instead of assuming a level in the middle of the band gap.
The resulting values are k in the range of 29–79 with an energy level 0.26–0.37 eV below
the middle of the band gap or k in the range of 28–70 with an energy level 0.15–0.27 eV
above the middle of the band gap [115, 116]. The values obtained from samples treated
via dark annealing or via illuminated treatment are similar, suggesting that the observed
defect is the same [116]. Simulations assuming linear dependence of degradation on ∆n
suggest that the level in the upper half of the band gap is the more likely one [107].
As shown in Chapter 2.1.5 (Figure 2.5), a defect with a given k shows a flatter dependence
of τ on ∆n for energy levels further away from the middle of the band gap, thus a higher
k is needed for such a defect to feature a similar dependence of τ on ∆n as a defect lying
closer to the middle of the band gap. Figure 3.11 shows an example for very similar defect
lifetimes, one time described using k = 50 and Et − Ei = 0.26 and the other time using
k = 29.4 and Et − Ei = 0. This explains why k obtained from temperature dependent
measurements is much higher than the one obtained under the assumtion of a defect level
in the middle of the band gap.
1500
k = 50
k = 29.4
τSRH [µs]

1000

500

0
1013

1014

1015

1016

1017

∆n [cm−3 ]

Figure 3.11: Matching defect lifetime described by two different set of parameters. One
defect is described by k = 50, τn = 30 µs and Et − Ei = 0.26 and the other
by k = 29.4, τn = 50 µs and Et − Ei = 0. A doping of p0 = 7 · 1015 cm−3 and
a temperature of 30 ◦C is assumed for both.
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3.6 Simulation of Fast Regeneration for BO-LID
For application of BO-regeneration during industrial cell production, process times should
be fast in order to obtain high throughput. Using dependencies of temperature and carrier
density which are described in Chapter 3.4, conditions in order to reach fast regeneration
can be obtained from simulations. Parameters which can be varied during regeneration are
mainly sample temperature and illumination intensity. Activation energies and prefactors
to calculate transitions rates are shown in Table 3.1 assuming 1 sun illumination intensity.
For other illumination intensities a linear dependence on ∆n is assumed for the prefactor of
regeneration and a quadratic dependence on p is assumed for the prefactor of degradation.
A doping density of p0 = 1016 cm−3 is assumed for the simulation.
degradation
annealing
regeneration
redegradation

activation energy [eV]
0.475
1.32
0.7
1.25

prefactor [s−1 ]
4 · 103
7.43 · 1012
1 · 106
5 · 109

Table 3.1: Activation energies and prefactors to calculate transition rates. The prefactors
are given assuming 1 sun illumination intensity.
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Figure 3.12: Time evolution of the regenerated state C at different temperatures at 1 sun
and 20 suns illumination intensity.

35

3 Defects in Crystalline Silicon
Figure 3.12 shows simulations of the time evolution of the occupation of state C for different
treatment temperatures and two illumination intensities. For a measurement it is relevant
if A or B is occupied since A and C cannot be distinguished. However, for a regeneration
treatment only the occupation of C is relevant since the transition of A to B is rather fast
under normal operation conditions of a solar cell. Thus, only the occupation of C is shown
here. At an illumination intensity of 1 sun (Figure 3.12a) increased temperature leads to
faster transition to state C, however, at 250 ◦C and 300 ◦C redegradation and annealing
become too strong leading to incomplete transition to C. One sun is defined here as a
photon flux of φ ≈ 2.9 · 1017 cm−2 s−1 which is absorbed by the wafer. This is equivalent to
the amount of photons that are absorbed at 100 mW/cm2 of the sun’s reference spectrum
AM 1.5g [117]. Due to higher degradation and regeneration rates at higher charge carrier
densities, transition to C is faster at an illumination intensity of 20 suns (Figure 3.12b)
for all temperatures and the equilibrium is shifted towards higher occupation of C even at
high temperatures.
In Figure 3.13a maximum regeneration completeness for t → ∞ is shown. Independent
of illumination intensity, low temperature (T < 200 ◦C) leads to high regeneration completeness while increasing temperature decreases completeness. Increasing illumination
intensity shifts the curves towards higher temperatures. It can be seen, that the increase
in maximum temperature to reach 90 % completeness (dashed line) is not linear with the
increase in illumination intensity. This nonlinearity is caused by a decrease in lifetime at
higher ∆n due to surface and intrinsic recombination which feature lower lifetime at high
∆n (see Chapters 2.1.4 and 2.1.6), thus, illumination intensity is not proportional to ∆n
leading to a reduced benefit of increasing illumination intensity.
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Figure 3.13: Maximum regeneration completeness and treatment time to reach 90 % completeness depending on temperature for different illumination intensities.

36

3.7 Iron in Boron Doped Silicon
Figure 3.13b shows the needed time to reach 90 % regeneration completeness depending on
temperature for different illumination intensities. As discussed before, high temperatures
lead to decreased recombination completeness. Thus, no treatment time to reach 90 % is
found for temperatures above a certain threshold which depends on illumination intensity.
It can be seen that independent of illumination intensity, treatment time reduces with
increasing temperature up to the point where the wanted completeness is impossible to
reach. Higher illumination intensity leads to a faster regeneration independent of temperature and also allows for higher temperatures and thus contributes to fast regeneration in
two ways resulting in treatment times below 10 s for high illumination intensities. Since
high illumination intensity leads to heating of a sample, maximum intensity is limited
by the amount of cooling of the sample as further discussed in Chapter 4.2. Thus, for
industrial application a compromise between needed time, cooling capacity of the system
and illumination intensity is needed.

3.7 Iron in Boron Doped Silicon
Interstitial iron (Fei ) is a strongly recombination active defect in crystalline silicon. Due to
high electron and hole capture cross sections [118], Fei strongly influences carrier lifetime in
a wafer with otherwise good material quality even at Fei concentrations below 1011 cm−3 .
Iron concentration in silicon may be strongly reduced by gettering, e.g. using a highly
phosphorous doped surface layer where iron accumulates at high temperature [119, 120,
121].
In boron doped material, Fei and substitutional boron form pairs [122]. Those iron-boron
pairs (FeB) form at room temperature in the dark and dissolve at elevated temperature
which can be used to determine iron content in boron doped silicon due to different
recombination properties of Fei and FeB [122]. Another method for dissociation of FeB
pairs which is often used is illuminating the sample. This leads to fast dissociation even
at room temperature [123].
Figure 3.14 shows an example for a wafer with an iron concentration of 5 · 1010 cm−3
and defect parameters from [118] for Fei and FeB. Since Fei features higher lifetime at
high ∆n compared to FeB, dissociation of FeB increases τ for high ∆n. At low ∆n
lifetime of FeB is higher, leading to a decrease in lifetime after dissociation. At one point
(∆n ≈ 7.5 · 1013 cm−3 in this example) lifetime is the same for both states of iron.
Since the dissociation of FeB happens under similar conditions like BO-LID or LeTID, it
needs to be taken into account when determining properties of BO-LID or LeTID.
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Figure 3.14: Simulation of a sample with an iron concentration of 5 · 1010 cm−3 either in
the interstitial state Fei or paired with boron as FeB with a boron doping of
1016 cm−3 . Background lifetime contains intrinsic lifetime and surface recombination described by J0 = 70 fA/cm2 .

3.8 Methods for Degradation and Regeneration
For degradation and regeneration of BO-LID and LeTID charge carriers are needed. Common methods to generate charge carriers are illumination or applying an external voltage.
Properties of these different methods are discussed in the following sections.

3.8.1 External Voltage
Using an external voltage has the advantage, that ∆n can be kept constant easily by keeping the voltage constant. In the real case, however, constant ∆n is not reached throughout
the whole solar cell since currents flow in the cell due to recombination. This leads to a
voltage drop due to series resistance and different local voltages. Due to degradation
the current and thus local voltage also changes throughout the treatment. Especially
to reach high ∆n high currents are needed, which cause significant variations in carrier
concentration within the solar cell.

3.8.2 Illumination
For illumination, different types of light sources can be used, each having some advantages
and disadvantages.
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Incandescent Lamp
Light is generated by a glowing filament which emits a continuous spectrum like a black
body. Since a broad spectrum is emitted, degradation effects that depend on wavelength
instead of just generated charge carriers may also occur when using incandescent lamps.
Due to the broad spectrum they are a cheap alternative to a solar simulator to get at least
qualitatively similar degradation compared to a real solar cell in the field. Compared to
LEDs and Lasers they generate a lot of heat and thus the possible illumination intensity is
limited. When dimming incandescent lamps, the temperature and thus spectrum changes
which may be undesired. If only the amount of generated charge carriers is important,
this can be handled by adjusting the light intensity according to the spectral response of
the sample and the spectrum of the lamp.
LED
Light emitting diodes (LED) use electroluminescence of a direct band gap semiconductor
to generate light. This leads to a rather narrow spectrum of light. At reduced current
and thus intensity, the spectrum shifts only slightly allowing for easier adjustment of
intensity without significant change in the spectrum. Due to higher efficiency, less heat
is generated and higher intensities are possible. If a broader spectrum is needed, LEDs
with luminescent material to convert high energy photons to lower energies can be used
or alternatively different LEDs can be combined to get the wanted spectrum.
Laser
Laser radiation is generated by stimulated emission, which leads to light with a defined
wavelength. With a laser, the highest intensities are possible, only limited by the temperature of the sample that is reached due to heat generated by illumination, which is why
cooling may be needed as discussed in Chapter 4.2. Due to high intensities reached and
variable intensity with only minor spectral changes, a laser is used for degradation and
regeneration experiments in this thesis. Since only generated charge carriers are important
for the studied defects, a defined wavelength instead of a broad spectrum does not matter
as long as it leads to sufficient and rather homogeneous absorption in a silicon wafer.

3.8.3 Treatment at Constant Carrier Density
Since transition rates between different states of LeTID and BO related defects depend
on the amount of charge carriers in the material, doing experiments at constant carrier
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density instead of constant illumination intensity simplifies evaluation of degradation and
regeneration rates.
Using external biasing to inject charge carriers into the material, keeping carrier density
constant is more simple since only a constant external voltage is needed in order to keep the
carrier density constant. The disadvantage of using external biasing is that contacts are
needed, thus, lifetime samples cannot be treated like this. For lifetime samples illumination
is used to generate charge carriers. Due to variation of lifetime during the treatment,
∆n = G · τeff changes at constant generation/illumination. Thus, illumination needs to be
adjusted in order to reach constant ∆n. As shown in Figure 3.15a, at 1 sun ∆n varies from
∼ 5 · 1014 cm−3 to ∼ 3 · 1015 cm−3 which strongly changes transition rates between defect
states. As shown in Figure 3.15b (blue data and curve) this variation prevents accurate
fitting with two exponential functions.
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Figure 3.15: Comparison of constant illumination and constant ∆n, changes in τeff lead
to changing ∆n for constant illumination while for constant ∆n illumination
needs to be changed. Data presented in [63].
Using G = ∆n/τeff and the absorption properties of the sample, the needed light intensity
in order to reach the wanted ∆n (2.5 · 1015 cm−3 in this example) is calculated. Lifetime
depends on temperature, thus, it needs to be measured at treatment temperature. Since
lifetime is measured ex-situ, linear extrapolation can be used in between measurement
points as shown in Figure 3.15b (black curve). Using this method leads to a superior fit
result (red data and line in Figure 3.15b) compared to constant generation. This method is
used in Chapter 5 for degradation and regeneration treatments at elevated temperature.
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For degradation and regeneration experiments, a laser setup was built. The setup consists
of a water-cooled diode laser with a beam homogenizer to get a beam in the shape of a
square. Temperature of samples is monitored via a thermal camera mounted above the
sample. For temperature control different methods are available. A thermostat and a
hotplate for cooling or heating a sample in contact with a sample holder can be used for
stable temperatures for a longer time. Alternatively, a wind tunnel for air cooling of a
sample can be used to get processes similar to ones that may be industrially used. All
components are controlled by a computer with a self-written software to allow for flexible
adjustment of temperature and illumination intensity. The individual components are
described in more detail in the following sections. A schematic of the setup is shown in
Figure 4.1.

4.1 Laser
The laser used in the setup is a DILAS Compact Evolution 150 diode laser with an output
power of 166 W at a wavelength of 805.1 nm and a FWHM of 2.52 nm according to the
supplied test protocol. Own measurements in Figure 4.2 show similar values, wavelength
increases from 800.5 nm at low intensity to 804.5 nm at maximum intensity and FWHM
varies from 2 nm to 2.3 nm. A wavelength in the infrared range is used to get a higher
absorption depth compared to the visible spectrum.
The laser is widened to a square with a size of 6 cm × 6 cm using a beam homogenizer
(custom-made by Bayerisches Laserzentrum GmbH ). The size is chosen to treat samples
with a size of 5 cm × 5 cm, leaving some room for inaccurate placement of the sample and
not using the edge of the square to avoid inhomogeneity at the edge. An image of the
illuminated square is shown in Figure 4.3.
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(b) Thermal camera (left) and beam homogenizer (right)

(a) Complete setup

(c) Sample holder on hotplate

Figure 4.1: Schematic of laser setup with beam homogenizer and thermal camera mounted
at the top of the chamber and a hotplate with a sample holder at the bottom.
Below the chamber the laser with its cooler is mounted as well as the computer
for controlling the setup. At the left side there is space for other devices like
the thermostat shown here.
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Figure 4.2: Measurement of wavelength and FWHM of the laser for different settings.

Figure 4.3: Photo of illuminated area, taken with webcam inside the laser chamber. The
visible structure is due to a multicrystalline wafer used as underlay.
Calibration of Power Density
For experiments, the power density of the laser that reaches the sample needs to be known.
For the initial calibration a thermal sensor (Coherent PM10 connected to a Coherent
FieldMaxII-TO power meter) was used. Power density is calibrated by placing a circular
aperture with an area of 0.707 cm2 (equals to a diameter of approximately 1 cm) at the
position of the sample. To determine the exact size of the aperture, an image is taken via
an optical microscope and the bright pixels are counted via a script. The power meter is
then placed below the aperture to measure all the light below. With the known area of the
aperture, power density can be calculated. To confirm the calibration, the whole power
output is measured directly below the power meter. Power density is then calculated
assuming the light is homogeneously distributed on a square with a size of 6 cm × 6 cm.
As shown in Figure 4.4a, power density determined like this is slightly higher than the
one obtained via the aperture. This can be explained by slight inhomogeneity at the edge
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where intensity seems slightly higher which can be seen in Figure 4.3. This inhomogeneity
at the edge does not matter for the treatment of a sample since the square has a size of
6 cm × 6 cm while the samples have a size of 5 cm × 5 cm. Figure 4.4b shows a schematic
with both positions of the power meter used for calibration.
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(a) Calibration of power density at the be- (b) Schematic of calibration positions. The
ginning and after approximately one year.
solar cell is placed at the same position as
Power after 1 year is much lower due to dethe aperture.
gradation of the laser or the optics.

Figure 4.4: Calibration of power density at the sample position using different methods.
The aperture is placed at the same height where samples are treated. The
power meter is once placed below the aperture and once below the power
meter where the whole power output is measured. Measurement below the
beam homogenizer with the power meter and measurement with the solar cell
is limited to 20 % or 10 % respectively to prevent damage.
After the experiments, power density was measured again using a solar cell with an area
of 219.9 mm2 . To prevent destruction of the cell only power densities up to 10 % of the
maximum were used. This measurement reveals, that the laser or the optics strongly
degraded leading to only around half of the initial measured power density. Thus, for
future experiments a continuous tracking of laser power should be implemented or the
power density should be calibrated regularly.
For the experiment on BO degradation at high illumination intensity in Chapter 5.2 the initial calibration was used since the experiment was carried out directly afterwards. The experiment on degradation and regeneration at elevated temperature described in Chapters
5.3 and 5.4 was carried out during a longer time span, thus, degradation of the laser cannot
be neglected.
The method for constant injection (see Chapter 3.8.3), which was used in this experiment,
still leads to reasonably constant ∆n even if the real value of ∆n is lower than the expected
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one. Figure 4.5 shows the variation of ∆n for a strongly degrading sample including the
mismatch between calibrated power and real power compared with constant generation.
The worst case of 50 % degradation of laser power is unrealistic for strongly degrading
samples since they were treated at the beginning of the experiment. For a weaker degrading
sample the variation is smaller even at constant generation, thus, the worst case shown
here never occurs in reality.
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Figure 4.5: Comparison of reached ∆n for different real laser power densities after degradation compared to the calibrated one. Without degradation at 100 % of initial
power, the wanted ∆n = 2.5 e15 is reached throughout the whole treatment.
For lower power ∆n is lower and shows a small variation. Data is shown for
a strongly degrading sample. The change in ∆n for constant generation G is
shown for comparison.
Due to different degradation and regeneration rates with varying ∆n, the mismatch in
∆n is relevant for the determination of activation energies where the rates of multiple
samples are used. For determination of the mismatch, three samples were treated again
under the same conditions as earlier treated samples and the degradation and regeneration
rates were compared which showed a correlation between rates and time since the earlier
treatment suggesting continuous degradation of the laser. Degradation rate has shown
to decrease approximately 0.8 % per day while regeneration rate decreases approximately
1.1 % per day. The lower value for degradation may be explained by the dependence of
BO-LID on p = p0 + ∆n with only ∆n decreasing due to degradation of the laser. For
every day between treatment of samples fired at the same temperature this percentage is
added to the uncertainty of degradation and regeneration rates. Since the change in rates
for different treatment temperatures is much stronger than the influence of the degrading
laser, determination of activation energy is still possible. However, differences in rates
between firing temperatures cannot be examined since they are much smaller.
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4.2 Temperature Control
Since illumination at high intensity with the laser leads to heating of the sample, accurate
temperature control is needed, either by reduction of heating or by cooling of the sample.
Due to high illumination intensity, sample temperature differs from the surrounding even
with good thermal contact. Thus sample temperature needs to be measured which is done
via a thermal camera.

4.2.1 Thermal Camera
For contactless spatially resolved temperature measurements a FLIR A655SC thermal
camera is mounted above the sample. The camera measures IR emission in a spectral
range of 7.5 µm to 14 µm. In this range silicon is transparent and free carrier absorption
is relevant for the optical properties [124]. Since the amount of free carriers depends on
temperature and illumination intensity, a simple calibration via emissivity is not possible.
Instead a calibration curve is obtained by a simultaneous measurement of temperature via
a thermocouple and the camera in order to obtain a correction factor which may depend
on sample temperature or the surrounding temperature as well. Calibration also depends
on doping and minority carrier lifetime since optical properties are affected by those. Due
to transparency of silicon in the measured range, the emission and reflection from behind
the sample is also relevant for the measurement.
Temperature Calibration for a Free Standing Sample
Temperature of a free standing sample which is held by small needles can be measured
by a thermocouple that is mechanically pressed onto the sample from below. The thermocouple is then heated indirectly via the sample above and not by laser illumination.
Tests of measurements on a surface of a hotplate with known temperature show, that, if
the thermocouple lies flat on the surface, the measured temperature matches the one of
the hotplate well, thus, such a measurement on a wafer is expected to represent the temperature of the wafer itself. However, the thermocouple has some thermal inertia which
only makes it accurate in a steady state and is not suitable for measurement of rapid
changes in temperature. Thus it is only used for calibration of the thermal camera and
not for measurements during an experiment where temperature may change quickly. Since
the surrounding is cold, the free standing sample is the only relevant source for thermal
emission. The surrounding temperature is also rather constant, thus, its influence can be
neglected. However, reflections of the emissions from the sample itself are relevant. Thus,
the arrangement of sample, thermal camera and the surrounding has not been changed to
have the same reflections during calibration and measurement.

46

4.2 Temperature Control
To get a calibration for both states, with illumination and without, the laser is switched
on and off with a frequency of 1 Hz as shown in Figure 4.6a. Temperature measured by
the thermocouple does not react to the fast switching and only shows a slight increase in
temperature during the whole time since thermal equilibrium is not reached. The thermal
camera shows steep steps when switching the laser on and off due to generated charge
carriers which decay faster than the time resolution of the camera. Due to fast reaction
time of the camera, an increase in temperature while the laser is on can be observed (and
a decrease when the laser is off), this shows that the camera is much faster compared
to the thermocouple which does not show these changes. This example shows, that the
calibration of the camera depends on the illumination of the sample and thus the generated
charges.
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Figure 4.6: Calibration of temperature at 80 % of maximum intensity by modulated illumination, different temperatures at the same illumination intensity are reached
by changing the duty cycle. Data presented in [125].
To reach different temperatures at the same laser illumination intensity, the ratio of on
and off time of the laser is varied between 20 % and 80 %. Lower or higher percentages
are not used due to limited temporal resolution of the camera and reaction time of the
laser. Figure 4.6b shows the resulting calibration at 80 % of maximum intensity. The
same calibration was done for intensities between 20 % and 80 % of maximum intensity
in steps of 20 %. When applying this calibration on the modulated data in Figure 4.6a,
the steps between laser on and off vanish and only a modulation of 10 ◦C due to heating
and cooling of the sample is visible in Figure 4.7 instead of the huge steps above 50 ◦C

47

4 Self-built Laser Setup
without the calibration. Simulation of heating within 0.5 s results in a similar temperature
rise confirming that this temperature modulation is a real effect instead of a measurement
error. This calibration is later used in Chapter 4.2.4.
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Figure 4.7: Modulated temperature signal after calibration showing a modulation of approximately 10 ◦C due to heating and cooling.
This difference in infrared emission, leading to different calibration constants for temperature measurements, could also be used to measure lifetime in silicon. At the same
generation and temperature, the free carrier density depends on lifetime, thus, with appropriate calibration, the difference in infrared emission could be used to measure lifetime
which has been demonstrated before [126, 127]. With this method it could be possible
to track lifetime in-situ on the laser setup, however, additional work would be needed in
order to implement it.
Temperature Calibration on a Sample Holder
For samples on a sample holder, no thermocouple can be attached from behind without
thermal contact to the hotplate and only temperature of the hotplate is measured. Without
illumination, measurements via a thermocouple on the sample surface show that there is
only negligible difference in temperature between sample and hotplate. Thus, calibration
without illumination can be done by measuring hotplate temperature via a thermocouple
and sample temperature via thermal camera. Like this, calibration of arbitrary sample
temperatures is possible but only without illumination. Figure 4.8 shows an example for
such a calibration. A small difference between ramp-up and down can be observed which
may be explained by a change in chamber temperature. To compensate this, a linear dependence of measured temperature on chamber temperature is assumed. Different effects
could explain this dependence on chamber temperature, e.g., the internal temperature
sensors of the thermal camera do not fully compensate a change in the temperature of the
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camera itself or thermal emissions from the chamber may influence the measurement. More
investigations would be needed to find the exact cause, however, the difference between
ramp-up and down is small and at least partly compensated by the inclusion of chamber
temperature in the calibration. Temperature of the sample holder is also relevant due to
transparency of the sample. Due to good thermal contact between sample and holder, it
can be assumed that the temperatures are the same and this influence is already included
in the calibration. Holes of the sample holder need to be excluded for calibration and
measurement since they seem to have a different thermal emission than the rest of the
sample holder.

(a) Temperature ramp used for calibration, the (b) Calibration of camera. Data shows a slight
chamber is slowly heated by the hotplate.
difference between temperature of ramp-up
and down. This is included in the fit using
a linear dependence of camera temperature
on chamber temperature.

Figure 4.8: Calibration of sample temperature on a sample holder without illumination
Since experiments on a sample holder (Chapter 5) were either at low temperatures (30 ◦C)
where the difference between illuminated and dark state are getting smaller (see Figure
4.6b) or at low illumination intensity, using this dark calibration is not expected to lead
to a strong deviation between actual and measured temperature.
For experiments at high temperatures using high illumination intensity, another way of
calibration would be needed. A possibility could be using modulation of laser state as for
a free standing sample. Since temperature of an illuminated sample on the holder cannot
be measured by a thermocouple, dark calibration is used as a reference. Due to thermal
inertia of the sample holder, which has a good thermal contact to the sample, temperature
should not differ much between illuminated and dark state. Thus, this method should lead
to a reasonable calibration.
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4.2.2 Hotplate
For heating of the sample, a hotplate (Präzitherm PZ 28-2 from Harry Gestigkeit GmbH )
can be used. The hotplate can hold a specified temperature measured inside the hotplate,
which is fine for illumination at low intensity. For high intensities, however, the sample is
heated a lot by the illumination itself and temperature of the hotplate needs to be reduced.
Since the hotplate does not allow for external control via a computer, the connector for
a contact thermometer is used with a transistor and a microcontroller to use pulse width
modulation (PWM) for regulation of temperature. Since the controller of the hotplate
itself should not intervene, it is set to a high temperature in order to always heat when
the PWM signal turns the hotplate on. With this method the hotplate can be controlled
via a self written PID controller that uses a thermocouple within the sample holder to
measure temperature, which already represents sample temperature more accurately than
the sensor within the hotplate. This temperature can then be adjusted by the computer,
e.g., according to the sample temperature which is measured by the thermal camera or to
get a ramp as used for calibration in Figure 4.8a. Maximum temperature reached by the
hotplate is 300 ◦C. The lowest temperature is limited by heating due to laser illumination
and depends on intensity. Temperature is quite homogeneous on the whole wafer with a
variation of around 10 ◦C as shown in Figure 4.9.

wafer temperature [°C]

120
115
110
105
100
Figure 4.9: Temperature of an illuminated wafer on the sample holder (80 % of maximum
intensity). Red lines and points do not represent actual wafer temperature but
holes of the holder for vacuum suction that are seen through the wafer.

4.2.3 Thermostat
For experiments at low temperature and high intensity, a Julabo CORIO CD thermostat for
liquid cooling and heating can be used instead of the hotplate. For using the thermostat,
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instead of mounting the sample holder on the hotplate, it is mounted on a plate where
the liquid flows through. Depending on the used liquid, different temperature ranges are
possible. For water, which was used in this thesis, temperatures between 5 ◦C and 80 ◦C
(water temperature) can be used. Due to heating of the sample by illumination, depending
on sample temperature, the actual temperatures are higher and the set point needs to be
reduced, e.g. for the determination of degradation rate of BO-LID in Chapter 5.2 a water
temperature of 10 ◦C is used to reach 30 ◦C at maximum available intensity. Since the
same sample holder is used, the homogeneity is similar to the one shown for a sample on
the hotplate in Figure 4.9.

4.2.4 Air Cooling
Air cooling is an alternative to reduce temperature at high illumination intensity. Here a
free standing sample is only heated by laser illumination and cooled by a variable air flow
which allows for fast heating and cooling due to low thermal inertia of the sample. Air
cooling is implemented by a wind tunnel which is shown in Figure 4.10.

Figure 4.10: Wind tunnel for sample cooling, air is sucked in on the left and flows below
the sample to cool it. The sample is heated by laser illumination from the
top and its temperature is measured via thermal imaging [125].
Since one side needs to be transparent for both, laser illumination and emission for the
thermal camera, finding a suitable material for a window with high transmission in both
spectral ranges is challenging and expensive. Thus, the sample itself closes the wind
tunnel, allowing only cooling from the bottom but free view on the top. Fans for the air
flow are mounted on both sides of the tunnel since it leads to improved homogeneity of
temperature on the sample. This is most likely due to leaks where the sample is placed.
With only a fan at the inlet, air is pushed out there and leads to reduced flow towards the
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outlet. This is compensated by the added fan on this side leading to a more homogeneous
air flow. Fans can be controlled via a microcontroller connected to the computer allowing
for automatic adjustment of speed. For an industrially used process, air cooling can be
implemented on a regenerator where the samples go through on a belt which allows for
in-line regeneration, e.g., directly after fast firing.
Homogeneity of Temperature
Since the wafer is not in thermal contact with a sample holder to exchange heat, inhomogeneity of temperature is a problem using air cooling. As shown in Figure 4.11a, there is
a gradient from the left to the right side due to air flowing in this direction and heating
up of the air. Edges also are colder, possibly due to thermal contact to metal parts of the
wind tunnel or air flow in or out of the tunnel. Another possible reason for this inhomogeneity is that the wafer is transparent and reflections of the emissions of the wafer may
be influencing the measurement.

wafer temperature [°C]

170
160
150
140
130
120
110
100

air ﬂow

temperature [◦C]

400

0.0 m/s
2.0 m/s
8.0 m/s

air speed
0.3 m/s
3.6 m/s

0.9 m/s
5.6 m/s

300

200

increasing speed

100
0

1

2
3
4
position on wafer [cm]

5

(a) Temperature measured by the thermal cam- (b) Temperature profiles at different air speeds
era at an air speed of 8 m/s. The square
shows where the average temperature is extracted for time dependent measurements.

Figure 4.11: Homogeneity of free standing sample in wind tunnel, air flows from the left
side of the image/plot. Increased air speed reduces temperature and shifts
maximum temperature to the right. Data presented in [125].
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Figure 4.11b shows the gradient due to air flow as cross section through the middle of the
sample for different air speeds. The values are averaged by using an average of multiple
cross sections near the center. At non-zero air speed the gradient from left to right appears
and does not significantly change its shape for different air speeds. At zero air speed a
slight difference in temperature between left and right side can be observed. This could
either be a systematic error of the measurement due to tilted mounting of the camera or
a difference in thermal contact of the edge of the sample to the wind tunnel.
Properties of Air Cooling via Advection
To investigate properties of air cooling, a sample is illuminated at different light intensities
and different air speeds. In order to reach thermal equilibrium, a duration of 30 s is used.
Average temperature is extracted from a square in the middle of the sample as shown in
Figure 4.11a. The resulting temperature profiles at 80 % of maximum intensity are shown
in Figure 4.12a. With increasing air speed, maximum temperature is lower and a plateau
is reached earlier.
on
laser
off

0

temperature [◦C]

300

200

air speed
0.0 m/s
0.3 m/s
0.9 m/s
2.0 m/s
3.6 m/s
5.6 m/s
8.0 m/s
rad.

−10
cooling rate [◦C/s]

air speed
0.0 m/s
0.3 m/s
0.9 m/s
2.0 m/s
3.6 m/s
5.6 m/s
8.0 m/s

−20
−30
increasing
speed

−40

100

0

20

40
time [s]

60

−50

0

100
200
300
◦
sample temperature [ C]

(a) Temperature profiles for different air speeds (b) Cooling rate extracted from the cool down
phase in (a)

Figure 4.12: Temperature profiles and cooling rates at 80 % of maximum laser intensity.
Data presented in [125]
For further analysis, temperature dependent cooling rate is extracted from the cool-down
phase for different air speeds and plotted in Figure 4.12b. The cooling rate shows a linear
dependence on sample temperature except at low air speed and high temperature. There
a superlinear behavior is observed which could be explained by radiative cooling described
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by Stefan-Boltzmann’s law which describes the power radiated from a black body at a
given temperature. An example of the cooling rate via radiative cooling is also shown in
Figure 4.12b for an emissivity of ε = 0.7 (dash-dotted line) which has a similar shape as
the one measured without advection cooling. At higher air speeds or lower temperatures
this radiative cooling can be neglected leading to the observed linear behavior.
The dependence of maximum temperature on air speed is not linear as shown in Figure 4.13a, instead increasing the air speed does not decrease the temperature difference
between air and sample in the same way as the speed is increased. Since the highest possible cooling with the current setup already reaches maximum temperature below 200 ◦C
at 80 % of maximum available laser intensity, reduced air speed has to be used to get fast
regeneration with the current setup since higher temperatures increase regeneration speed
as discussed in Chapter 3.6.
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speed. Data presented in [125].
slope in Figure 4.12b.

Figure 4.13: Maximum temperature and cooling constant k/C depending on air speed
Due to the linear dependence of cooling rate on the difference between the temperature
of the surrounding air Ta and the sample temperature T , the system can be described by
the continuity equation
∆P = C ·

dT
= Plaser − k · (T − Ta )
dt

(4.1)

with the heat capacity C of the sample and the cooling constant k/C which depends on air
speed and corresponds to the negative slope of the cooling rates in Figure 4.12b. Figure
4.13b shows k/C extracted from Figure 4.12b. The solution of the differential Equation
4.1 is


Plaser
k
T (t) = Ta +
+ α · exp − · t
(4.2)
k
C

54

4.2 Temperature Control
with α = T (0)−Ta − Plaser
. If the starting temperature T (0) is equal to the air temperature
k
Ta , which is usually the case for heating up, this simplifies to



Plaser
k
T (t) = Ta +
· 1 − exp − · t .
(4.3)
k
C
Thus Ck determines the time constant for heating a sample via illumination. This can be
seen in Figure 4.12a where equilibrium is reached faster for higher air speeds and thus
higher Ck . The long term equilibrium temperature is given by
T (∞) = Ta +

Plaser
.
k

(4.4)

From this relation, laser power can be calculated from the cooling rate with known heat
capacity of the wafer. The laser power Plaser only includes the one absorbed by the wafer,
thus, for calculation of the power of the laser itself reflection losses have to be taken
into account. Only the values at maximum air speed are used since radiative cooling
has the smallest effect there. The result is shown in Figure 4.14 together with the other
calibrations. Calibration via cooling matches the one obtained from the solar cell quite
well considering that the calibration with the solar cell was only possible at low intensities
and extrapolation beyond that range is uncertain.
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Figure 4.14: Calibration via cooling properties compared to other methods
For regeneration it is beneficial to reach the wanted target temperature as fast as possible
since lower temperatures during the heat-up phase lead to slower regeneration and thus
higher total duration. One way to achieve this is by turning on cooling at a later point
allowing for faster heating at the beginning. Another way is to increase laser power at
the beginning to a higher value and reduce it when the target temperature is reached.
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Figure 4.15 shows those two approaches compared to constant cooling and laser power.
Delayed cooling was done experimentally while laser heating is simulated due to limited
laser power available in the setup. With enough laser power available, heating via increased
laser power is a lot faster, however a stronger laser increases cost.
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Figure 4.15: Optimization of temperature profile during heat-up. For no optimization and
delayed cooling experimental data is shown, laser heating is simulated. Data
presented in [125].
In this chapter it has been shown that air cooling allows for decoupling of sample temperature and illumination intensity allowing to reach conditions suitable for fast regeneration
as simulated in Chapter 3.6. Such an industrial implementation has already been demonstrated [128].
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In this chapter two separate experiments are described. Sample preparation which is similar for both experiments is described in Chapter 5.1. The first experiment in Chapter
5.2 shows the dependence of degradation rate of BO-LID on charge carrier density using
illumination at high intensity which is relevant for fast regeneration processes as described
in Chapter 3.6. The second experiment in Chapter 5.3 focuses on the simultaneous occurrence of BO-LID and LeTID at elevated temperatures depending on firing temperature. In
Chapter 5.4 the same experiment is evaluated with a method to separate both defects.

5.1 Sample Preparation
Wafer Material
In this work crystalline silicon wafers (FZ-Si and Cz-Si) which were obtained from external
suppliers are used. Both materials are p-doped with a similar boron concentration.
The used Cz-Si wafers have a doping level p0 of (9.8 ± 0.7) · 1015 cm−3 (corresponding
to a resistivity of (1.5 ± 0.1) Ωcm) with a thickness of 180 µm and a size of 156 mm ×
156 mm. FZ-Si wafers with a comparable doping concentration p0 of (7.2 ± 0.4) · 1015 cm−3
((2.0 ± 0.1) Ωcm) were selected. The FZ-wafers are 250 µm thick and have a diameter of
150 mm.
Etching and Cleaning
The wafers were first etched in an aqueous solution of KOH (22 %, ∼80 ◦C) to remove saw
damage for Cz-Si. To determine the etching rate of Cz-Si, a dummy wafer was etched for
about 5 min and weighted before and after etching.
Afterwards a short chemical polish at room temperature in a solution of HNO3 (65 %),
acetic acid (99.8 %) and HF (50 %) in a ratio of 29:5:3 was done. Thereafter, an oxide
was grown wet-chemically in a solution of H2 O2 (30 %) and H2 SO4 (96 %) in a ratio
of 1:3 at ∼80 ◦C, which was afterwards stripped in diluted HF (2 %) to remove surface
contamination (Piranha clean).
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Due to larger thickness of FZ-Si wafers, they were etched for 20 min in the KOH solution
for more accurate determination of the etching rate. Afterwards the etching was continued
for the remaining time needed to get similar thickness as the Cz-Si wafers. The other steps
were the same for FZ-Si and Cz-Si wafers.

Phosphorous Diffusion and Emitter Etch Back
After etching and cleaning a phosphorus-doped emitter was created via POCl3 diffusion
(sheet resistance of ∼80 Ω/). In order to reduce the emitter related recombination losses,
the samples were etched back to ∼100 Ω/ in a solution of HF (50 %), HNO3 (65 %) and
H2 O (ratio 1:9:38). The resulting porous silicon was removed in an aqueous solution
of KOH (0.5 %) at room temperature. Afterwards samples were cleaned again using a
Piranha clean as before the diffusion. After processing the final thickness of the wafers
was (145 ± 5) µm for Cz-Si and (152 ± 5) µm for FZ-Si.

Passivation Layer
Samples are passivated by a hydrogen-rich amorphous silicon nitride (SiNx :H) on both
sides using direct plasma-enhanced chemical vapor deposition (PECVD) at a temperature
of 450 ◦C. The resulting SiNx :H layers have a thickness of ∼75 nm and a refraction index of
n ≈ 2.0 at 600 nm. This surface passivation leads to reduced charge carrier recombination
at the surface by reducing the amount of unsaturated bonds of silicon at the surface and
thus electronic states within the band gap. Fixed charges in the SiNx :H layer lead to
a field effect near the surface which reduces hole concentration at the surface and thus
recombination [129].

Laser Cutting and Labeling
To get more samples for treatments at different conditions, a sample size of 5 cm × 5 cm
is used. This size is large enough for lifetime measurements without significant influence
of the edge and it fits well inside the illuminated area of 6 cm × 60 cm of the laser setup.
For patterning and labeling a laser with wavelength of 1064 nm is used. When cutting
the sample with the laser, molten particles would stick to the surface, thus, only shallow
trenches are made at low intensity and the wafers are mechanically broken along those
trenches. Only four samples are cut from the middle of a wafer for most experiments to
exclude effects due to problems at the edge resulting from crystallization of wafers. These
were observed as rings with low lifetime for the used Cz-Si wafers.
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Fast Firing
The last step of sample processing is fast firing in a belt furnace with different temperature zones. Only the temperature of the last zone with the highest temperature is changed
in order to reach different peak temperatures while the others stay at the same set temperature. Temperature profiles measured via a thermocouple that is pressed on top of a
wafer are shown in Figure 5.1. Set temperatures of the peak zone are adjusted such that
the wanted peak temperatures between 700 ◦C and 900 ◦C are reached. Variations in the
first zones are random and do not seem to be influenced by the change in the peak zone.
Behind the peak zone the variation in temperature is also quite low and a higher peak
only leads to a slightly higher temperature during cool down.
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Figure 5.1: Firing profiles with different maximum temperatures. Tfire is the measured
peak temperature rounded to 10 ◦C.

5.2 BO-Degradation at Low Temperature and High
Illumination Intensity
In this experiment, degradation of BO-LID is examined at low temperature in order to
exclude the influence of the annealing reaction which is negligible at 30 ◦C. The laser
setup described in Chapter 4 is used to get high illumination intensity while allowing for
low temperature using a water cooled sample holder. The influence of hole concentration
is investigated on boron doped Cz-Si wafers with a doping of p0 = (7.3 ± 0.2) · 1015 cm−3 .
Since doping already leads to a high hole concentration, high illumination intensity is
needed in order to significantly increase p.
Samples were prepared like described in Chapter 5.1 but without the diffusion step and
slightly different final wafer thickness due to different etching times. During the firing step,
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hydrogen is released into the bulk from the SiNx :H layer [130, 71], leading to regeneration
even at 30 ◦C due to high ∆n as shown in Figure 5.2 (green curve). This regeneration
disturbs accurate investigation of degradation kinetics [131]. Thus, the firing step was
omitted even though it leads to inferior passivation quality of SiNx :H. Without firing
step, no regeneration is observed in Figure 5.2. Since no other defect except BO-LID
is expected to occur, equivalent defect density N ∗ is proportional to BO defect density.
The fired sample shows a much smaller defect density at the first point after treatment.
This can be explained by the different thermal history which influences the amount of fast
degradation.
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Figure 5.2: Defect density of BO-LID for treatment at 30 ◦C using different illumination
intensities. The fired sample shows regeneration even at 30 ◦C treatment temperature due to high illumination intensity (965 mW/cm2 ). The dashed green
line shows the degrading part obtained from the fit. Gray lines show simulated
curves including fast degradation which cannot be resolved in the experiment.
Data presented in [132].
Degradation kinetics of BO-LID can be well described by two exponential functions, one
for the fast component and one for the slow component
N ∗ (t) = N1,max · [1 − exp (−r1 · t)] + N2,max · [1 − exp (−r2 · t)]

(5.1)

with the maximum amount of defects Ni,max from the individual components and their
degradation rates ri . An example for such a progression is shown in Figure 5.2 for a higher
(dotted gray line) and lower (dashed gray line) hole concentration. For the calculation
of the progression according to Equation 5.1, rates from literature are used [43]. They
have to be corrected for use at 30 ◦C using the temperature dependence described by the
Arrhenius equation [43]. This shows that due to limited time resolution, fast degradation
is not visible in the experimental data and the first term becomes constant (N1,max ) in the
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observed range. Data is therefore only fitted with one exponential function with a constant
offset as shown in Figure 5.2 for selected laser intensities. This offset also includes influence
of light-induced dissociation of FeB pairs since this happens before the first measurement
point. For resolving the fast component, better time resolution would be needed, however,
since it takes a few seconds for the sample to heat up, 2 minutes were chosen as the
smallest interval to neglect this heating. Hole concentration is determined by adding the
excess carrier concentration ∆n = τeff · G to the doping concentration p = p0 + ∆n.
Generation G is calculated from the absorption (α = 95.5 %) of the sample at the
wavelength of the laser as G = φ·α
. Where φ is the photon flux (per area) on the sample
d
and d is the sample thickness. This does not take into account that photons are not absorbed homogeneously throughout the thickness of the sample and instead only gives the
average generation. Due to diffusion lengths that are typically larger than the thickness
of the wafer, this error does not influence the resulting ∆n significantly. Photon flux is
calculated from the measured laser power density (see Chapter 4.1) and the photon energy
Eph = h·c
.
λ
Since the method for constant ∆n in Chapter 3.8.3 was developed after the experiment
described in this section, ∆n varies due to degradation, leading to an uncertainty in
∆n. Since measured τeff does not cover the whole range of ∆n reached during treatment,
extrapolation is needed. In contrast to the method mainly described in Chapter 3.2.2
where only defect lifetime of a changing defect is fitted, effective lifetime needs to be fitted
in order to extrapolate it. For this, data is fitted with a single SRH bulk defect and surface
recombination described by the J0 model. Intrinsic recombination is calculated from the
doping of the wafer.
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(a) Example of lifetime fit for extrapolation at (b) Lifetimes after fast degradation (τstart ) and
high ∆n.
after slow degradation (τend ).

Figure 5.3: Example of lifetime fit and range of lifetimes during degradation. Data presented in [132].
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Figure 5.3a shows an example for such a fit for one sample used in this experiment. For
the fit, one SRH defect with an energy level in the middle of the band gap is assumed
and for surface recombination J0 is used. Intrinsic recombination is also included as a
fixed lifetime. Although the fit does not perfectly match experimental data, at maximum
intensity approximately ∆n = 3 · 1016 cm−3 is reached for the used samples which is close
to the range of experimental data. Thus, even with this mismatch it can be expected
that the error is not too large. Figure 5.3b shows the range of lifetimes reached during
the treatment after the fast degradation is completed. This change in lifetime leads to
an uncertainty in ∆n since it changes during treatment which is discussed in more detail
later.
Figure 5.4 shows the degradation rate depending on total hole concentration. Data is fitted
with log10 (r) = log10 (a) + b · log10 (p) which is equivalent to the power law r = a · pb . The
logarithmic form was used due to the linear dependence of log10 (r) on log10 (p). Similar as
for the activation energy in Chapter 3.2.4, a Monte Carlo method was used to include the
uncertainty of the individual points by fitting multiple times with randomly placed points
within the uncertainty. This results in b = 2.00 ± 0.15.
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Figure 5.4: Defect generation rate depending on hole concentration showing a dependence
on p2 . The dashed lines represent the confidence interval where 95 % of all
fitted curves are in between. Data presented in [132].
For the uncertainty of hole concentration multiple influences are taken into account. For
p0 the standard deviation of all measured wafers is used to estimate the uncertainty. For
∆n = τeff ·G the uncertainty of τeff is estimated to 10 % (8 % from the lifetime measurement
[133, 134] and the additional uncertainty due to extrapolation). For the determination of
G the uncertainty of the thickness of the wafer (154 ± 5) µm as well as the uncertainty of
the photon flux (measured via thermal sensor Coherent PM10 with an uncertainty of 1 %)
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is used. The uncertainty of ∆n also contains the difference in lifetime due to degradation
which is shown in Figure 5.3b. This results in the combined uncertainty shown in the
error bars.
The uncertainty of the degradation rate is obtained from the fit. Due to degradation of
τeff during the treatment, ∆n is not constant which leads to a systematic error of the fit.
The influence of this effect can be simulated by taking the measured lifetimes during the
treatment and using the dependence of degradation rate shown in Figure 5.4 in order to
simulate the degradation process. This simulated degradation can then be fitted the same
way as the experimental data assuming ∆n does not change during the treatment. Such a
simulation shows that the degradation rate is underestimated by around 3 % compared to
the real degradation rate at the beginning of the treatment. At lower ∆n this effect is even
smaller since p0 is the dominant contribution to p. The error bars for p contain the whole
range of p during degradation, thus, this error is already contained in the uncertainty of
p and adding it to the uncertainty of degradation rate would account for it twice.
Figure 5.5 shows a comparison with data from Bothe and Schmidt [43] where degradation
rate was determined at low injection (∆n < p0 ) but variable doping p0 = [B] at 25 ◦C.
Correcting data from Figure 5.4 from 30 ◦C to 25 ◦C assuming Arrhenius-like behavior
with an activation energy Ea of 0.475 eV[43] leads to the red data, which matches very
well. This shows, that the origin of hole concentration p, via doping or illumination, does
not seem to matter for BO degradation.
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Figure 5.5: Comparison of dependence on hole concentration by variation of illumination
intensity (this experiment) and variation of doping (from [43]). Data presented
in [132].
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5.3 Degradation and Regeneration at Elevated
Temperature
Samples used in this chapter were treated at different temperatures and the time evolution
of lifetime is measured. Before treatment, samples were fired at different peak temperatures between 700 ◦C and 900 ◦C to examine the influence of the firing step on BO-LID
and LeTID. The samples were prepared as described in Chapter 5.1. In contrast to the
previous experiment, where the diffusion step was omitted, the samples have an emitter
on both sides. For the treatment at temperatures between 80 ◦C and 150 ◦C the laser setup
described in Chapter 4 is used to obtain constant injection as described in Chapter 3.8.3.
This prevents a change in degradation and regeneration rate due to changing ∆n which
simplifies evaluation of data.
The time evolution of measured injection dependent lifetime is shown in Figure 5.6a for a
Cz-Si sample fired at 800 ◦C and treated at 150 ◦C. As described in literature [90, 103, 93]
bulk degradation usually leads to a stronger decrease in lifetime at low ∆n (blue curves
decreasing stronger than red curves). Surface degradation leads to a slightly stronger
decrease at high ∆n (red curves decreasing stronger than blue curves) which cannot be
observed here. A degradation in surface passivation should also lead to an increase in J0
in Figure 5.6b which is not seen here either. This suggests that the observed degradation
is a bulk degradation (LeTID or BO-LID).

(a) Injection and time dependent lifetime dur- (b) Surface recombination current J0 during
ing treatment
treatment

Figure 5.6: Time evolution of lifetime and J0 for the same Cz-Si sample fired at 800 ◦C
and treated at 150 ◦C. Lifetime degrades and regenerates while J0 is rather
constant.
Using the same data shown in Figure 5.6a, defect density is calculated as described in
Chapter 3.2.1 and plotted in Figure 5.7a with the same color scale as the lifetime curves
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in Figure 5.6a. This shows that defect density calculated using Equation 3.1 depends on
∆n which needs to be taken into account when comparing equivalent defect densities.
Figure 5.7b shows the defect density at ∆n = 0.1 · p0 (with p0 = 9.8 · 1015 cm−3 for Cz-Si)
with a fit using an exponential function for degradation and regeneration. To reduce noise,
lifetime between 0.9 · ∆n and 1.1 · ∆n is averaged to calculate defect density at ∆n. This
fit is later used to get degradation and regeneration rates in order to calculate activation
energy.

(a) Injection and time dependent defect dens- (b) Equivalent defect density at ∆n = 0.1 · p0
ity.
and fit with two exponential functions.

Figure 5.7: Evolution of equivalent defect density during treatment of the sample shown
in Figure 5.6.
All treated samples show the same qualitative behavior: a drop in lifetime due to degradation followed by an increase in lifetime due to regeneration and no significant change
in J0 . On the quantitative side, time scales for degradation and regeneration as well as
defect density depend on treatment and firing temperature. The following parts describe
different properties of degradation and regeneration depending on firing and treatment
temperatures. Chapter 5.3.1 shows a change in defect density with varying peak firing
temperature. Since both defects, BO-LID and LeTID, occur on a similar time scale, activation energy in Chapter 5.3.2 is determined for a mixture of both defects. It changes
with firing temperature which implies a different ratio between defects due to different
dependence of defect density on firing temperature. Fits of the SRH equation to injection
dependent lifetime in Chapter 5.3.3 show a change in defect parameters with firing temperature which confirms the changing ratio between the two defects. Lateral inhomogeneity
influences the determination of defect parameters as shown in Chapter 5.3.5 which has to
be taken into account especially for time dependent determination of defect parameters in
Chapter 5.3.4 where inhomogeneity increases over time.
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5.3.1 Maximum Defect Density
For maximum equivalent defect density, N ∗ is evaluated at ∆n = 0.1·p0 . Since regeneration
is occurring at the same time as degradation, maximum defect density obtained in this
way does not represent the maximum that may be reached under any conditions but the
one that is reached with the conditions used in the experiment. Plotting N ∗ normalized
to the value at a treatment temperature of 80 ◦C in Figure 5.8a shows a dependence on
treatment temperature which is only weekly dependent on firing temperature. At higher
treatment temperature the observed degradation amplitude is smaller, which is consistent
with observations in literature [41, 106, 135, 136].
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Figure 5.8: Maximum defect density depending on firing and treatment temperature
Since the dependence on treatment temperature is similar for all firing temperatures, the
average value of maximum N ∗ is used in Figure 5.8b. The error is estimated by the
standard deviation of the average. For a firing temperature of 900 ◦C only one sample
was treated at 80 ◦C. Due to the deviation of around 50 % in N ∗ depending on treatment
temperature, an error of 50 % is assumed for this value.
For FZ-Si, maximum defect density increases with firing temperature as observed in literature for LeTID (see Chapter 3.5.1), which is the only defect expected to occur in FZ-Si
under the used conditions. For Cz-Si, a similar increase in defect density can be observed
at high firing temperatures. At low firing temperatures defect density is approximately
constant due to BO-LID occurring in parallel.
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Processing steps at high temperatures are known to decrease BO defect density, e.g. annealing at 450 ◦C, oxidation at 850 ◦C [137]. A similar decrease has been shown for firing
steps [138] where firing at 650 ◦C decreased the defect density more than firing at 850 ◦C.
Nampalli et al. show a decrease in defect density with increasing firing temperature,
however, at temperatures above 650 ◦C defect density starts to increase again, which is
attributed to another defect [139, 140]. Since those observations show a decrease in BOdefect density, the observed increase is unlikely a change in BO-LID suggesting that LeTID
is responsible for the observed increase.
For the samples used here, at high firing temperatures defect density in Cz-Si features an
approximately ten times higher defect density than FZ-Si. This suggests that not only
processing conditions, but also contamination influences the amount of LeTID with Cz-Si
usually having higher amounts of contamination due to different production process which
are described in Chapter 3.1.

5.3.2 Activation Energy
Activation energy is determined as explained in Chapter 3.2.4 for treatment temperatures
between 80 ◦C and 150 ◦C. Figure 5.9 shows an example for Cz-Si where a change in activation energy for degradation (different slope) and no change for regeneration (same slope
but different value) can be observed. Due to noise and small degradation amplitude, no determination of activation energy was possible for FZ-Si at Tfire < 800 ◦C. For comparison,
activation energies of degradation and regeneration are shown in Figure 5.10 depending
on firing temperature.
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Figure 5.9: Example for determination of activation energy for Cz-Si fired at different temperatures for treatment temperatures between 80 ◦C and 150 ◦C. Regeneration
shows a similar slope for both firing temperatures while degradation shows
different slopes, and thus, activation energies.
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Degradation
For degradation (Figure 5.10a), activation energy in Cz-Si increases from an activation
energy of Ea = (0.48 ± 0.02) eV at Tfire = 700 ◦C to Ea = (0.69 ± 0.09) eV at Tfire = 800 ◦C
and does not change when increasing Tfire to 850 ◦C. The activation energy for degradation
of FZ-Si does not change with firing temperature and stays at approximately Ea = 0.78 eV
(mean value of both determined values). Values in literature are in the range of 0.7 eV to
0.9 eV which matches the one observed here [108, 94]. For the experimental determination
of activation energy, a significant defect density is needed. For FZ-Si this is only the case
for firing temperature of 800 ◦C and higher (see Figure 5.8b), thus, activation energy was
only determined for two firing temperatures. Since only LeTID is expected to occur in FZSi no change in activation energy is expected. For Tfire = 700 ◦C the activation energy of
Cz-Si is (0.48 ± 0.02) eV and matches the one shown in literature for the slow component
of BO related degradation of (0.475 ± 0.035) eV within the given uncertainty [43]. Since
LeTID defect density increases with firing temperature, the increase in activation energy
for Cz-Si can be attributed to increasing influence of LeTID. At high firing temperatures
the activation energy of Cz-Si approaches the one of FZ-Si and within the determined
uncertainty they coincide.
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Figure 5.10: Activation energy of Cz-Si and FZ-Si for different firing temperatures. Parts
of data presented in [63].

Regeneration
For regeneration (Figure 5.10b) both, Cz-Si and FZ-Si, show the same activation energy
and no change with firing temperature within the margin of error. The observed value of
around 0.7 eV matches the one observed in literature of (0.83 ± 0.15) eV for LeTID within
the given error [94] and is within the reported range of 0.6 eV and 1.2 eV for BO-LID (see
Chapter 3.4.2). This means, that there is no significant difference in activation energy
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between BO and LeTID regeneration, suggesting a common mechanism of action, e.g.
diffusion of hydrogen as discussed in Chapters 3.4 and 3.5.

5.3.3 Fitting of SRH Equation Assuming a Single Deep Defect
From injection dependent lifetime data keff can be obtained using inverse and non-inverse
fitting of lifetime as described in Chapter 3.2.2.
Similar to the determination of activation energy in Chapter 5.3.2, keff cannot be determined for FZ-Si at Tfire = 800 ◦C or below. For FZ-Si, there is no change in keff with
firing temperature, which is expected since only LeTID should be present. For Cz-Si, keff
obtained from lifetime increases from 9 to 19 or from 12 to 32 for inverse lifetime.
At low firing temperatures keff matches the one from literature for BO-LID (see Chapter
3.4.4). For FZ-Si and Cz-Si at high firing temperatures keff is in the range of 19 to 27
(non-inverse) or 30 to 34 (inverse). Those values are similar to the ones reported for LeTID
in literature (see Chapter 3.5.3).
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Figure 5.11: keff determined by fitting lifetime and inverse lifetime, respectively. Both show
the same trend but with different absolute values. Parts of data presented in
[63].
The difference in keff between the two fitting methods can be explained by a small degradation of surface passivation quality described by an increase in J0 as shown via simulation
in Chapter 3.2.2. Due to experimental uncertainty in determination of J0 , an increase in
J0 cannot be measured reliably. Since surface passivation is known to degrade [90, 31, 32],
this assumption seems reasonable. However, other degradation mechanisms or errors in
the measurement cannot be excluded.
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At high firing temperatures keff of Cz-Si is closer to keff of FZ-Si for inverse fitting compared to normal fitting. The different weighting of defects as explained in Chapter 3.2.2
could explain the observed trend, however, when simulating realistic values, such a high
difference cannot be explained. Due to a higher defect density of Cz-Si compared to FZ-Si,
the influence of J0 degradation on the former is also smaller. Thus, surface degradation of
>10 %, which should be high enough to be seen in measurements of J0 , and negligible BO
defect density is needed to explain the observed difference. Reduced BO defect density
compared to lower firing temperatures is expected since total defect density is known to
be reduced at high processing temperatures [139, 140, 137, 138]. BO-regeneration rate
is increased by higher firing temperatures [141], leading to reduced BO defect density at
the point of maximum defect density since regeneration of BO-LID could be faster than
degradation and regeneration of LeTID under those circumstances. However, those effects
should not lead to negligible defect density and the unrealistically high amount of surface
degradation is still needed to explain this effect.
Simulation of lateral inhomogeneity of defect density as shown in Chapter 5.3.5 leads
to a deviation of keff in the other direction (inverse showing smaller keff ) and simulation
of inhomogeneous surface passivation (not shown) leads to the same deviation for both
fitting methods. Thus, lateral inhomogeneity seems to be unlikely to lead to the observed
difference in keff between the fitting methods. Due to this, other effects are likely to
influence the determination of keff in this case, e.g. background defects that change slightly
or errors in the measurements.

5.3.4 Time Evolution of SRH Fit
As long as defect density is high enough, keff can also be determined at any point in time
during the treatment. Like this, changes in the ratio between BO-LID and LeTID due to
different defect kinetics can be seen.
For FZ-Si, defect density is small, so determination of keff is not possible throughout most
parts of the treatment and in the window where it is possible (around maximum defect
density) no change is observed which is expected since only LeTID should be present.
Due to higher defect density in Cz-Si, it is possible to determine keff throughout most of
the treatment. Figure 5.12 shows this time evolution of keff which shows changes of keff
throughout the treatment for most firing temperatures. As described in Chapter 3.2.2
noise is reduced when using non-inverse fitting. Thus, time evolution is only shown here
using non-inverse fitting. The general trend using inverse fitting is still the same but with
higher values of keff .
At Tfire = 700 ◦C keff stays constant at around 8 since only BO is present here and LeTID
is negligible. Between Tfire = 750 ◦C and Tfire = 850 ◦C the same trend can be observed:
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Figure 5.12: Time evolution of defect density and keff of Cz-Si at different firing temperatures at Ttreatment = 80 ◦C.
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Figure 5.13: Time evolution of defect density and keff of Cz-Si at different treatment temperatures at Tfire = 800 ◦C. Parts of data presented in [63].
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keff increases over time but with a different range due to changes in the ratio between
BO-LID and LeTID with firing temperature. The increasing keff shows that BO kinetics
are faster than LeTID at 80 ◦C treatment temperature since BO is the dominant defect at
the beginning and LeTID becomes dominant at the end, especially at Tfire = 800 ◦C where
keff increases from 10 to 20. At Tfire = 900 ◦C LeTID is the dominant defect with a value
of keff ≈ 20 already at the beginning.
Due to different activation energies of BO-LID and LeTID, the changes in keff get less
pronounced at higher treatment temperatures as shown in Figure 5.13. In Chapter 5.4.4
(Fig. 5.26) it will be shown, that the difference between degradation rates of BO-LID and
LeTID becomes smaller at higher treatment temperature leading to similar progression of
defect density for both defects, and thus, reduced variation of keff .
PL images taken during regeneration of the sample show a significant inhomogeneity
at high firing temperatures as shown in Figure 5.14b. From such images, the relative
inhomogeneity is calculated in the area of the measurement coil of the lifetime tester by
dividing the standard deviation by the mean of the PL signal in this area. This relative
inhomogeneity is shown in Figure 5.14a for samples treated at 80 ◦C. For treatment times
above 1 h this inhomogeneity increases until ∼10 h of treatment where it starts dropping
again. This increase in inhomogeneity correlates with the observed drop in keff during
regeneration. Especially at Tfire = 900 ◦C inhomogeneity is significant which leads to an
early drop in keff .
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Figure 5.14: Inhomogeneous regeneration
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In Chapter 5.3.6 this influence of inhomogeneous regeneration on keff is confirmed by
simulations. Another influence of this inhomogeneity is that injection is not laterally
homogeneous and constant injection as described in Chapter 3.8.3 is not reached on the
whole wafer but only in some small area where the measured average lifetime represents
the real one.

5.3.5 Influence of Inhomogeneous Lifetime on Measurements
When measuring lifetime τeff (∆n) via the WCT-120 a circular area is measured with a
radius of around 15 mm and a maximum sensitivity at 9 mm distance to the center [39,
142, 40]. For inhomogeneous τeff (∆n) within the measurement area, the data does not
represent the real τeff (∆n) but a superposition of different areas.
In order to experimentally determine the influence of inhomogeneous lifetime, a sample
with degraded and regenerated areas was prepared. First, the whole wafer (156 mm ×
156 mm Cz-Si, boron doping with p0 = (9.8 ± 0.7) · 1015 cm−3 , passivated with SiNx :H)
was degraded at 30 ◦C and 0.1 suns illumination for 24 h. Afterwards two quarters of the
sample are covered with two pieces of a wafer to block light and the sample is regenerated
at 110 ◦C and 1 sun illumination for 24 h. Since regeneration depends on the amount of
charge carriers within the wafer, the covered parts do not regenerate and stay in the
degraded state. Due to a small portion of transmitted light through the wafers used as
cover, ∆n is high enough to lead to degradation (due to high p0 ) but too low for siginficant
regeneration which is why the degraded state is favored for the covered parts. A PL image
of the resulting wafer is shown in Figure 5.15 showing the degraded areas with low PL
intensity and the regenerated parts with high PL intensity.
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Figure 5.15: Prepared wafer with inhomogeneous lifetime with two regenerated and two
degraded areas. Numbers indicate the different areas where lifetime was measured with the WCT-120.
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On this wafer, the regenerated (1) and degraded (3) areas can be measured separately.
Additionally, at the border between the different areas (2) a superposition of both can be
measured to see the influence of the different lifetimes. To check if the spatial distribution
of the lifetimes matters, the wafer is also measured at the center (4) and compared with
the measurement of an edge between degraded and regenerated parts. For the (homogeneously) degraded and regenerated parts, there is no significant difference between the
different flash modes as shown in Figure 5.16a. Between measurements in the center and
at the edge of degraded and regenerated parts, no significant difference is seen in Figure
5.16b. This is expected since the sensitivity of the measurement coil has a radial symmetry
and the distances of the different areas have the same distribution from the center of the
measurement coil. However, between the two flash modes there is a huge difference for
simultaneous measurements of degraded and regenerated parts.
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Figure 5.16: Lifetime measurements with short (1/64) and long (1/1) flash only on degraded and regenerated regions (a) or in between the regions (b). For the
separate regions the obtained lifetimes are similar for both methods while for
the overlapping regions there is a huge difference. The numbers indicate the
measured spots marked in Figure 5.15.
Figure 5.17 shows a comparison of the individual areas with the combined area for the
different flash modes together with a simulation of the combined area which is described
below. When using the short flash (1/64), charge carriers are only generated at the
beginning and measured data is dominated by the decay of conductivity. This leads to a
measured lifetime between degraded and regenerated parts at the beginning (at high ∆n)
where both areas still have non-negligible decay of conductivity. At the end (at low ∆n),
contribution of generated carriers from the degraded part can be neglected since they have
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already recombined. Lifetime is then dominated by the decay in the regenerated part and
measured lifetime is similar to the one in the regenerated area. Since ∆n is also determined
from conductivity, this is some kind of average of the two parts which can even lead to
higher measured τeff (∆n) for some ∆n in Figure 5.17a.
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Figure 5.17: Measurement of regenerated (1), degraded (3) and combined area (2) with
both flash modes. The simulation of the combined area uses the measured
curves of the degraded and regenerated areas.
When using the long flash (1/1), there is charge carrier generation throughout the whole
measurement. This leads to non-negligible contribution from both parts and the resulting
∆n and τeff are some kind of average between both areas.
For the simulation of τeff (∆n) the measured conductivity σ(t) of the separate areas is
used. The generation G(t) is the same for both areas since it does not depend on lifetime.
The conductivity at the edge is calculated as the mean of degraded and regenerated area.
From σ(t) and G(t) the lifetime τeff (∆n) can be calculated as described in Chapter 3.2.5.
The resulting simulated curves are shown in Figure 5.17 together with the measurements.
Measurement and simulation agree quite well with only some deviation confirming that
this approach for simulation works. Remaining deviation could result from a blurred edge
for the real sample or some inhomogeneity in lifetime that is visible in the PL image.
Simulation of Arbitrary Inhomogeneous Samples
For simulation of a combination of arbitrary lifetime areas with defined τeff (∆n), the
conductivity σ(t) needs to be calculated from τeff (∆n).
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First, ∆n(t) is calculated. As described in Chapter 2.1.2 the decay of ∆n(t), assuming τeff
does not depend on ∆n and G = 0, is described by
∆n(t) = ∆n0 · exp (−t/τeff ) .

(5.2)

If τeff depends on ∆n, which is the case for a real sample, ∆n(t) can be calculated iteratively
for t2 = t1 + ∆t with small ∆t
∆n(t2 ) = ∆n(t1 ) · exp (−∆t/τeff (t1 )) .

(5.3)

Additionally, generation G(t) needs to be taken into account. This is simply done by
adding ∆nG (t2 ) = G(t1 ) · ∆t which leads to
∆n(t2 ) = ∆n(t1 ) · exp (−∆t/τeff (t1 )) + G(t1 ) · ∆t.

(5.4)

Since illumination data, and thus G(t), does not start at zero in measurement data, a nonzero starting point for ∆n(t) needs to be calculated. This is done by assuming a constant
illumination before the start and using ∆n = G · τeff . For the short flash an illumination
of 27 suns results in a starting point comparable with measurement data.
From ∆n(t) the conductivity σ(t) of the simulated parts is calculated using Equation 3.4.
Multiple parts can then be combined by calculating the mean of σ(t). Depending on
the geometry of the different parts, σ(t) should be weighted to account for the spatial
sensitivity of the measurement coil [39, 142, 40].
Influence on SRH Fit
Since the experimental example’s difference in lifetime between the two areas is too high
to examine the influence on the determination of keff , a simulated sample with two areas
that only differ in the lifetime of the SRH defect is used. Doping of the sample is p0 =
1 · 1016 cm−3 , surface recombination is described by J0 = 120 fA/cm2 and intrinsic lifetime
by Auger- and radiative recombination. For both areas a deep level defect with k = 30
is used, with τn = 30 µs and τn = 45 µs, respectively. The lifetime curves are shown in
Figure 5.18a for both areas as well as the simulated measurement which uses the short
flash.
As it is done with experimental data, the defect lifetime is obtained with Equation 3.2
where τeff (0) is the simulated lifetime with only surface and intrinsic recombination and
τeff (t) is the lifetime from the simulated measurement. This results in the simulated defect
lifetime shown in Figure 5.18b. A fit of the SRH equation to this lifetime results in
keff = 24.3 (keff = 20 for inverse fitting) instead of k = 30 which was the input for the
simulation. For the simulated data it is obvious, that there is a difference between data and
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Figure 5.18: Simulation of two areas with different defect lifetimes and its influence on
determination of defect parameters via SRH fit. Generation parameters of
the short flash are used for the simulation. The fit in (b) seems to match
well but the resulting keff = 24.3 does not match the input of k = 30 which
is shown for both areas.
fit, however for real measurements, noise or other measurement errors hide the influence
of the inhomogeneous lifetime. This simulation shows that the drop in keff in Chapter
5.3.4 can be explained by inhomogeneous lifetime during regeneration of the samples.
Inhomogeneous surface passivation quality was observed for some samples which may also
influence lifetime measurements in a similar way. Assuming the inhomogeneity does not
change throughout the whole treatment and the bulk lifetime is homogeneous, a difference
in J0 below 10 % between two areas does not influence the measurement significantly
(keff = 29.3 for τn = 45 µs, J0 = 120 fA/cm2 on the first half and J0 10 % higher on
the second half).For an inhomogeneously spread background defect not changing in time,
the effect is similar with only small influence of inhomogeneity if the difference between
defect densities is below 10 %. Depending on defect properties the influence may even be
negligible at higher differences in defect density. Thus, a constant inhomogeneity can also
influence the determination of keff and does not cancel out when calculating defect lifetime
but may be neglected if it is low.
This suggests that the slight initial inhomogeneity which is observed in the experiment on
some samples (see Figure 5.14a) does not disturb the determination of keff too much while
the strong inhomogeneity in bulk lifetime observed during regeneration is significant.
The same sample can also be simulated assuming the long flash is used. Figure 5.19 shows
the resulting combined lifetime together with the individual parts. Here the combined
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lifetime lies between the lifetime of the individual area. The fit matches better than
the one obtained from the simulation with the short flash and keff = 28.1 (keff = 28.5
for inverse fitting) is much closer to the real value of k = 30. For experiments within
this work, mainly the short flash was used, which has proven to be a disadvantage with
inhomogeneous samples as shown by this simulation. For future experiments on samples
that may shown inhomogeneous regeneration or have other sources of inhomogeneity, using
the long flash may be advisable. Alternatively, samples may me measured with both flash
modes to profit from the individual advantages of each mode.
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Figure 5.19: Simulation of the same sample as shown in Figure 5.18 with two areas with
different defect lifetimes and its influence on determination of defect parameters via SRH fit. Generation parameters of the long flash are used for the
simulation. The fit in (b) matches better than for the simulation with the
short flash and results in keff = 28.1 which does not match the input of k = 30
but is much closer than the value of keff = 24.3 obtained via the short flash.

5.3.6 Simulation of QSSPC Measurement with Inhomogeneous
Lifetime from PL Images
Using the method described in Chapter 5.3.5 to simulate a lifetime measurement, combined
with PL images taken during degradation and regeneration, the influence of increasing inhomogeneity observed in Chapter 5.3.4 on keff can be simulated. Since PL images were only
taken at one illumination intensity, a conversion from PL intensity to injection dependent
lifetime is needed, which is described in the following part. This injection dependent lifetime is then used as input for the simulation in order to check if the observed drop in keff
is indeed caused by inhomogeneity.
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Simulation of Injection Dependent Lifetime from PL Images
For the calibration of PL images, homogeneous lifetime is needed in the measurement
area of the lifetime tester. Since degradation is rather homogeneous and the regenerating
part is inhomogeneous as shown in Figure 5.14a, data is only used from the start of the
treatment until the point where maximum defect density is reached. The average PL signal
in the area above the measurement coil of the lifetime tester is used to map PL intensity
to lifetime. From the measured lifetime data τeff (∆n) and the illumination intensity used
to measure PL (1 sun), τeff and ∆n reached during the PL measurement can be calculated
using ∆n = τeff · G. This results in a mapping from PL signal to ∆n which is shown in
Figure 5.20a with data obtained from different samples. The data is fitted using
(5.5)

I = B · ∆n (∆n + p0 )

(see Chapter 2.1.4) with the PL intensity I measured by the camera, a constant B which
is obtained by the fit in Figure 5.20a.
3

200
2
τ [µs]

∆n [1015 cm−3 ]

250

PL lifetime
SRH
background
combined

150
100

1

50
0

0

0.5

1

PL intensity [105 s−1 ]

0
1013

1014

1015

1016

1017

∆n[cm−3 ]

(a) Calibration of PL intensity to determine (b) Example for simulated injection dependent
spatially resolved ∆n.
lifetime.

Figure 5.20: Calibration and simulation to obtain ∆n and τeff from PL images in order to
simulate the influence of inhomogeneity.
Since PL images were only recorded for one illumination intensity, the injection dependence
needs to be simulated. For this simulation, the initial state before degradation is used as
background lifetime and an additional simulated defect is added with fixed k and Et .
Electron lifetime τn is adjusted, so that the lifetime at 1 sun is the one obtained from
PL intensity. Like this, τeff (∆n) is defined in the relevant range for each part of the PL
image and can be used for simulation of a lifetime measurement. Figure 5.20b shows an
example for such a simulated lifetime curve τeff (∆n) for the chosen PL intensity of 104 s−1 .
Background lifetime was measured before degradation, the simulated SRH recombination
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(k = 20 and Et − Ei = 0) was adjusted such that the combined lifetime matches PL
lifetime.
Simulation of Lifetime Measurements
For the simulation of a lifetime measurement, a square with edge length of 4 cm in the
middle of the sample is used. This square is divided into 100 equally sized squares where
the average PL intensity is calculated. From the PL intensity, a lifetime curve τeff (∆n)
is simulated as described before, assuming a deep level defect with keff = 20. A value of
keff = 20 is used because this is approximately the maximum reached for Cz-Si (see Chapter
5.3.4). For each square the conductivity σ(t) is calculated as described in Chapter 5.3.5.
The conductivity is then weighted with the spatial sensitivity of the measurement coil using
data from literature [39, 40]. The weighted average is finally converted back to τeff (∆n)
using the method described in Chapter 5.3.5. As with experimental data, Equation 3.2 is
used to calculate defect lifetime and a deep SRH defect is fitted to obtain keff . Figure 5.21
shows the time evolution of keff obtained from simulation and from experiment. Since a
fixed keff = 20 is used as an input parameter to calculate lifetime in the small squares,
the increase in the resulting keff at the beginning due to a changing ratio of BO-LID and
LeTID is not seen in the simulation. Instead keff stays rather constant there due to low
inhomogeneity. At Tfire = 850 ◦C and Tfire = 900 ◦C the drop in keff is modelled well by
the simulation considering the extrapolation needed for τeff (∆n) of the individual areas.
Other possible causes for the mismatch are that only one defect is used for the simulation
instead of the two that are observed in the experiment or the division in 100 segments
with no diffusion of charge carriers in between.
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Figure 5.21: Simulation of keff from PL images (dashed lines with triangles) and experimental data (solid lines with asterisks). Except for the sample fired at 800 ◦C
the drop in keff of measurement and simulation are similar. The discrepancy
at the beginning is due to change in ratio of BO-LID and LeTID.
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The lower value of the simulated value of keff at Tfire = 900 ◦C can be explained by rather
high initial inhomogeneity which may be partially canceled out in the experimental determination of keff since the initial lifetime already consists of this inhomogeneity. While
an initial inhomogeneity already leads to a reduction in keff as described in Chapter 5.3.5
which may influence the experimentally determined keff , the simulation overestimates this
since it assumes that the initial lifetime is homogeneous which leads to an even higher
decrease in keff . At other firing temperatures this effect is also expected, however, inhomogeneity there is lower and the experimental data has a significantly lower keff due to
BO-LID which may hide the reduced keff .
At Tfire = 800 ◦C the simulation only results in a rather small drop in keff while the experiment shows a significant decrease in keff . Possible reasons for this are a degradation
in surface passivation as described in Chapter 5.3.3, incomplete regeneration of BO-LID
while LeTID regenerates completely or the occurrence of another defect with small k. Another possibility is that edge recombination influences the homogeneity due to additional
scratches at the position where the sample was handled. As described in Chapter 2.1.7
this mainly influences lifetime at low illumination intensity while the PL images used here
are taken at high illumination intensity. Thus, the inhomogeneity could be higher for parts
of the lifetime measurement at low ∆n possibly leading to the observed drop in keff in the
experiment.

5.3.7 Summary
In this chapter, defect properties were evaluated as if only one defect was present. Thus,
defect properties like activation energy and k appear to change with firing temperature
while in fact this change is due to a changing ratio between the two defects. Compared to
the separation of BO-LID and LeTID in the next chapter, such an evaluation as one defect
is more simple to do and less error-prone. However, it has to be taken into account that
all the determined properties are effective properties of a mixture of both defects instead
of properties of a real single defect.
Additionally, the influence of inhomogeneity was examined and it has been shown that it
strongly influences injection dependent lifetime. Thus, a change in defect parameters may
be wrongly attributed to a change in the ratio of the two defects while in fact it is caused
by inhomogeneous regeneration of lifetime as shown in Chapter 5.3.6.
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5.4 Separation of BO-LID and LeTID on the Same
Sample
In this chapter BO-LID and LeTID are separated by using their individual recombination
parameters in order to determine separate defect densities from injection dependent lifetime using the same data as in Chapter 5.3. For this separation, k and Et are determined
in Chapter 5.4.1 on samples where only one of the defects is dominant. Separate defect
densities are then compared to the total defect density that is known from before when
treating the two defects as one. Activation energies are also determined for the separate defect densities and compared to the effective activation energies in Chapter 5.4.4.
Since the separation uses the injection dependent lifetime, inhomogeneous lifetime leads
to systematic errors in the separation. This prevents usage of this method at higher firing
temperature where inhomogeneity is increased.

5.4.1 Determination of SRH Parameters via TIDLS
For a separation of BO-LID and LeTID, k and Et are needed for both defects separately.
For the determination of k and Et of BO-LID, samples fired at 700 ◦C are used since LeTID
should be negligible in these samples. For LeTID a firing temperature of 850 ◦C is used
because a lower defect density at lower firing temperatures leads to higher uncertainty
of fits. Since lifetime at treatment temperature is needed for treatment at constant ∆n
(see Chapter 3.8.3), τeff (∆n) was measured at treatment temperature and 30 ◦C for each
sample. For each measurement, Et is varied between −0.4 eV and 0.4 eV (relative to the
middle of the band-gap) and k is determined by fitting with fixed Et . From measurements
at different temperatures, the intersection of k(Et ) for the different temperatures results
in a pair of values. Since the same sample is only measured at two temperatures, namely
treatment temperature and 30 ◦C, the intersection of curves for those two is used. Figure
5.22 shows such curves and the intersections.
Since there are two intersections for each pair of curves, there are two pairs of values for
k and Et of each defect, one in the lower half of the band gap, one in the upper half.
The average value of the intersections in one half of the band gap of different samples are
shown in table 5.1 for inverse and non-inverse fitting. For non-inverse fitting some curves
do not intersect, thus, the average is calculated from less points. As for fitting keff , there
is a significant difference in k obtained from inverse or non-inverse fitting which is much
higher than the deviation between different samples, which indicates a systematic error.
For BO-LID multiple studies show that a deep donor level with approximately k = 10 and
Et − Ei = 0.14 eV describes recombination of BO-LID well, thus, the defect level in the
upper half of the band gap is used later [79, 80, 43]. For LeTID a value in the upper half is
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Figure 5.22: Determination of k and Et for BO-LID and LeTID. Solid lines represent
samples measured and treated at the mentioned temperature, dashed lines
show data measured at 30 ◦C of the same samples. Intersections of dashed
and solid lines are used to determine k and Et . The black triangle shows the
average of the intersections.

LeTID (inverse)
BO-LID (inverse)
LeTID
BO-LID

upper half
k
Et − Ei [eV]
32.1 ± 2.7 0.14 ± 0.04
12.4 ± 0.2 0.16 ± 0.04
26.2 ± 3.1 0.11 ± 0.05
9.3 ± 0.3
0.11 ± 0.01

lower half
k
Et − Ei [eV]
32.7 ± 3.1 −0.27 ± 0.04
12.5 ± 0.3 −0.26 ± 0.03
26.4 ± 3.4 −0.24 ± 0.05
9.3 ± 0.3 −0.19 ± 0.01

Table 5.1: Results for determination of k and energy level of BO-LID and LeTID assuming
a defect in the upper or lower half of the band gap.
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more likely and is thus used later [107]. For measurements at 30 ◦C the exact energy level
of the defect does not matter that much since the injection dependence does not strongly
depend on Et over a broad range and mostly k matters.

5.4.2 Principle
Instead of modeling the mix of two defects as only one defect with variable keff and τn ,
two defects are fitted separately. With free k and Et this would result in too many fit
parameters, thus, k and Et are fixed and only τn of each defect is free. Like this, the
number of free parameters is the same, two lifetimes instead of one lifetime and keff . For
the fixed k and defect energy level Et , the values determined in Chapter 5.4.1 (Table 5.1,
values in upper half of the band gap) are used.
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Figure 5.23: Transition from (a) mainly BO after 94 s to (b) mainly LeTID after 2.5 h on
the same sample during treatment at 80 ◦C.
For inverse fitting, the values determined via inverse fitting are used (and vice versa), so
that systematic errors may cancel out at least to some extent.
Figure 5.23 shows an example for such fits on the same sample, one time at the beginning
of the treatment where BO dominates, one time at the end where LeTID is stronger.
The inverse of τn is then proportional to the change in defect density since the start of the
treatment. These separate defect densities for BO and LeTID can be obtained throughout
the whole treatment, which is shown in Figure 5.24. Similar as for the combined defect
density in Chapter 5.3, two exponential functions are fitted to each defect density. Like
this, degradation and regeneration rates of BO and LeTID can be obtained on one sample.
The resulting regeneration rates are similar while the degradation rate for BO-LID is higher
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than from LeTID. For BO-LID it can be seen, that the defect density at the first measured
point after treatment (34 s in this example) is already significant. This is due to the fast
component of BO degradation which leads to a significant defect density within a few
seconds of treatment.
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Figure 5.24: Time evolution of defect density for BO-LID and LeTID obtained on one
sample.

5.4.3 Defect Density
From the time evolution of defect density the maximum can be determined depending
on firing temperature. The separation as described above is done for all Cz-Si samples
in order to obtain separate defect densities for BO-LID and LeTID. Maximum defect
density is shown in Figure 5.25 for both, inverse and non-inverse fitting. Defect density
for BO-LID and LeTID are extracted at the same point as in Chapter 5.3.1, where total
defect density has its maximum. Due to different positions of the maxima for BO-LID
and LeTID this does not represent the maximum of the individual defect densities but
leads to a slight underestimation. However, at higher firing temperatures, inhomogeneity
leads to a wrong determination of defect density towards the end of the treatment due
to disturbed injection dependence. This would lead to a high overestimation of BO-LID.
Using the position of the maximum of total defect density reduces this since inhomogeneity
at this point is not that high. Additionally, to reduce noise, the median of 3 points around
the position of the maximum is used to determine defect density.
LeTID in Cz-Si shows a similar dependence on firing temperature like LeTID in FZ-Si,
except that the defect density is higher by almost a factor of ten in Cz-Si. Defect density
of BO-LID stays rather constant between Tfire = 700 ◦C and Tfire = 800 ◦C and shows an
increase at Tfire = 850 ◦C (only for non-inverse fitting) and Tfire = 900 ◦C. However, this
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Figure 5.25: Comparison of defect densities obtained via separation of BO-LID and LeTID
with total defect densities of Cz-Si and FZ-Si. Separated data is shifted from
the real temperature to the right (non-inverse fitting) or to the left (inverse
fitting).
increase is most likely caused by increasing inhomogeneity at higher firing temperatures
which leads to a decrease in keff as shown in Chapters 5.3.5 and 5.3.6. This change in
injection dependence described by keff leads to an apparent increase in BO-LID due to
its smaller k compared to LeTID. The determined defect density for LeTID is thus also
smaller than the real one since more is attributed to BO-LID.
The small decrease in BO-LID defect density between Tfire = 700 ◦C and Tfire = 800 ◦C
could be real since a decrease in defect density with increasing firing temperature has been
observed in previous studies [139, 140].
For non-inverse fitting, resulting defect density of BO-LID and LeTID are closer to each
other no matter if LeTID or BO-LID is stronger. This indicates, that separation works
better for inverse fitting.
Due to increased noise for inverse fitting, the error in determination of BO-LID increases
with firing temperature because LeTID becomes dominant and the determination of defect
density of BO-LID gets error-prone. Note that for the error bar at Tfire = 900 ◦C a deviation
of 50 % is assumed same as in Chapter 5.3.1.

5.4.4 Activation Energy
As for the complete defect density in Chapter 5.3.2, activation energy can be determined
using the separated defect densities for BO-LID and LeTID. Figure 5.26 shows an ex-
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ample for samples fired at 800 ◦C using non-inverse fitting. This shows similar rates for
regeneration and a difference in activation energy and rates for degradation.
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Figure 5.26: Determination of activation energy of BO-LID and LeTID from transition
rates obtained on one Cz-Si sample for each treatment temperature.
Since LeTID is too weak at Tfire = 700 ◦C no reasonable determination of separate activation energies is possible. For Tfire = 850 ◦C inhomogenity is increased which prevents
accurate separation and also LeTID becomes too strong. Thus, separation is only done
at Tfire = 750 ◦C and Tfire = 800 ◦C for inverse and non-inverse fitting. Figure 5.27 shows
the activation energies from separation of BO-LID and LeTID as well as the (effective)
activation energies in Cz-Si and FZ-Si for different firing temperatures.
For degradation the separation of BO-LID and LeTID leads to different activation energies. For BO the activation energy determined via inverse fitting at Tfire = 750 ◦C
(0.51 ± 0.07 eV) matches the one obtained without separation at 700 ◦C (0.48 ± 0.02 eV)
within the uncertainty. At 800 ◦C, separation does not seem to work that well for both
methods with non-inverse fitting showing better results. Non-inverse fitting could be better here due to reduced noise and increasing inhomogeneity which has a higher influence
on inverse fitting which has been shown by simulation in Chapter 5.3.5 for inhomogeneity and Chapter 3.2.2 for lower influence of noise. Nevertheless, for both methods at
both temperatures a higher activation energy has been determined for LeTID than for
BO-LID.
For the activation energy of regeneration the separation does not lead to a difference
between LeTID and BO-LID and within the error the determined values are the same as
without separation. This leads to the same conclusion as in Chapter 5.3.2: the activation energies of BO-LID and LeTID regeneration cannot be distinguished, pointing to a
common mechanism of action, e.g., diffusion of hydrogen within silicon.
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5 BO-LID and LeTID in Cz-Si

Cz Cz-BO
Cz-BO (inv.)
FZ Cz-LeTID Cz-LeTID (inv.)

0.8

0.6

0.4

1
activation energy [eV]

activation energy [eV]

1

700

750
800
850
firing temperature [◦C]

(a) Degradation

Cz Cz-BO
Cz-BO (inv.)
FZ Cz-LeTID Cz-LeTID (inv.)

0.8

0.6

0.4

700

750
800
850
firing temperature [◦C]

(b) Regeneration

Figure 5.27: Separated activation energies of BO-LID and LeTID in Cz-Si compared with
(effective) activation energies in FZ-Si and Cz-Si for different firing temperatures.

5.4.5 Summary
On samples where only one of the two defects is expected to occur, defect parameters can
be determined via TIDLS for the respective defect. Using the dependence of lifetime on
∆n of the samples where both defects occur in parallel and the previously determined
defect parameters, the contribution of each defect can be separated. This allows for determination of defect densities of both defects throughout the whole treatment. However,
inhomogeneity changes the dependence of lifetime on ∆n, leading to an overestimation of
the defect density of BO-LID at high firing temperatures. At lower firing temperatures
the separation shows that LeTID is responsible for the increase in defect density with
increasing firing temperature which can be expected from observations in literature. Determination of activation energy is only reasonable for firing temperatures of 750 ◦C and
800 ◦C where defect densities of both defects are similar and inhomogeneity is not too high.
At those firing temperatures the separation leads to reasonable values for the individual
defects. This shows that such a separation is possible under these circumstances.
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6 Conclusion
In this work, a laser-based degradation and regeneration setup to treat crystalline silicon wafers was built and later used for degradation and regeneration experiments. For
measurement of temperature a thermal camera was used which was calibrated for the
measurement of temperature in silicon samples. Since silicon is transparent in the used
spectral range of the thermal camera, the obtained temperature signal depends strongly
on the amount of free charge carriers in silicon which needs to be included in the calibration. For temperature control two different methods were implemented: heating only
via laser illumination and cooling via an air tunnel or via thermal contact to a cooled
or heated sample holder. The air tunnel allows for fast processes similar to an industrial
regeneration process while the sample holder allows for better temperature control and,
thus, more controlled conditions for experiments.
High intensity illumination allowed for determination of degradation rates depending on
charge carrier density for BO-LID at low temperature showing a dependence on p2 . Due
to cooling, low temperature could be used which allowed for determination of degradation
rate without influence of annealing which cannot be neglected at higher temperatures.
Degradation rates determined like this match the ones obtained using low illumination
intensity and variation of doping concentration.
For the second experiment a method for degradation and regeneration at constant injection
was developed. The laser setup was used for this due to easy regulation of illumination intensity without changes in the spectrum in order to reach constant ∆n even with changing
lifetime. Like this, the influence of changing transition rates with changing ∆n could be
eliminated allowing for better evaluation of degradation and regeneration experiments.
It has been shown that LeTID and BO-LID can occur simultaneously on Cz-Si samples
under certain conditions, where an increasing amount of LeTID with higher firing temperatures was observed. Changes in activation energy of degradation and in injection
dependent lifetime (keff determined from τ (∆n)) have been observed, showing the different defects. For regeneration, no difference in activation energy could be observed between
different firing temperatures and between FZ-Si and Cz-Si, so the different defects do not
seem to be responsible for a wide variation of activation energies reported in literature
for regeneration of BO-LID and they possibly have a common mechanism of action, e.g.
hydrogen diffusion in silicon.
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For Cz-Si keff could also be determined depending on treatment time in addition to the
determination at maximum defect density. A change in keff from lower to higher values
during the treatment showed a transition between mostly BO-LID at the beginning to
mostly LeTID at the end of the treatment which shows different kinetics of both defects
with BO-LID showing faster degradation.
Lateral inhomogeneity of lifetime has been shown to influence the measured dependence
of τeff on ∆n which could be shown by simulation of a measurement where an area of an
inhomogeneous sample is averaged. Measurement of an intentionally prepared inhomogeneous sample confirmed the validity of the simulation. Simulation of a sample with
two different defect densities has shown that such an inhomogeneity leads to a decrease
in determined keff . Since inhomogeneity was increased during regeneration for high firing
temperatures, this lead to a drop in keff towards the end of the treatment.
Instead of using the dependence of τeff on ∆n to determine keff , defect densities can be
calculated by fitting measurement data with two defects with known defect properties.
Like this, separate defect densities have been obtained for BO-LID and LeTID on the same
sample throughout the whole treatment. The separation showed that defect density of
LeTID increases with firing temperature while BO-LID stays rather constant except for the
apparent rise at higher temperatures which is caused by inhomogeneity. At intermediate
firing temperature separate activation energies have also been determined for BO-LID and
LeTID. The activation energies for degradation of BO-LID resemble those determined at
low firing temperature where BO-LID is the dominant defect. For LeTID the same is
valid when comparing with activation energies determined at high firing temperature:
activation energy determined from separate defect densities resembles those determined
at high firing temperatures. For regeneration the activation energies again do not differ
within their uncertainties.
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7 Zusammenfassung
Für die Behandlung von kristallinen Siliziumwafern wurde im Rahmen dieser Arbeit wurde ein laserbasierter Degradations- und Regenerationsaufbau konstruiert und charakterisiert. Dieser wurde später für Degradations- und Regenerationsexperimente verwendet.
Zur Temperaturmessung wurde eine Thermokamera verwendet, welche zur Verwendung
mit Siliziumproben kalibriert wurde. Da Silizium im Spektralbereich der Thermokamera
transparent ist, hängt die gemessene scheinbare Temperatur stark von der Ladungsträgerdichte ab, welche deshalb in der Kalibrierung berücksichtigt werden muss. Zur Temperaturregelung wurden zwei Methoden verwendet: Lüftkühlung über einen Windkanal mit
Heizung nur über Laserstrahlung sowie ein beheizter oder gekühlter Probenhalter. Mit
dem Windkanal sind schnelle Prozesse möglich, welche für die industrielle Anwendung interessant sind. Mit dem Probenhalter ist eine bessere Steuerung der Temperatur möglich,
was kontrollierte Bedingungen für Experimente erlaubt.
Hohe Lichtintensität in Verbindung mit Kühlung ermöglichte die Bestimmung von Degradationsraten für BO-LID in Abhängigkeit von der Ladungsträgerdichte bei niedrigen
Temperaturen. Es konnte eine Abhängigkeit von p2 gezeigt werden, welche aufgrund von
niedriger Temperatur nicht von der Rückreaktion (annealing) beeinflusst wurde. Die so
bestimmten Degradationsraten stimmen mit denen überein, die bei niedriger Intensität
und variabler Dotierkonzentration bestimmt wurden.
Für das zweite Experiment wurde eine Methode für die Degradation und Regeneration bei
konstanter Ladungsträgerdichte ∆n entwickelt. Der Laseraufbau wurde hierfür verwendet,
da der Laser eine einfache Änderung der Beleuchtungsintensität erlaubt ohne Änderung
des Spektrums. Dies ermöglicht ein konstantes ∆n bei sich ändernder Lebensdauer. Dadurch konnte der Einfluss von variablen Übergangsraten mit sich änderndem ∆n eliminiert
werden. Dies ermöglicht eine bessere Auswertung von Degradations- und Regenerationsexperimenten.
Es konnte gezeigt werden, dass LeTID und BO-LID auf Cz-Si Proben gleichzeitig auftreten
können. Der Anteil von LeTID steigt dabei mit steigender Feuertemperatur. Die beiden
Defekte konnten dabei anhand von Änderungen in der Aktivierungsenergie der Degradationsreaktion sowie anhand von Änderungen der ladungsträgerabhängigen Lebensdauer
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(τ (∆n) und damit keff ) nachgewiesen werden. Für die Regeneration wurde keine unterschiedliche Aktivierungsenergie für die zwei Defekte beobachtet, also kann die große Variation von Aktivierungsenergien für die Regeneration von BO-LID in der Literatur nicht
mit dem gleichzeitigen Auftreten von beiden Defekten erklärt werden. Stattdessen könnte
die gleiche Aktivierungsenergie auf einen gemeinsamen Wirkmechanismus hindeuten, z.B.
die Diffusion von Wasserstoff in Silizium.
Für Cz-Si konnte keff abhängig von der Behandlungszeit bestimmt werden, zusätzlich zur
Bestimmung bei der maximalen Defektdichte. Hierbei wurde eine Änderung von keff von
niedrigen zu höheren Werten über die Zeit beobachtet. Dies zeigt einen Übergang von
hauptsächlich BO-LID zu LeTID gegen Ende der Behandlung aufgrund von verschiedener
Defektkinetik.
Laterale Inhomogenität der Lebensdauer beeinflusst die Abhängigkeit der gemessenen Lebensdauer τeff von ∆n. Dies konnte anhand von Messungen einer präparierten inhomogenen
Probe sowie an Simulationen gezeigt werden, bei denen ein Gebiet der Probe gemittelt
wurde. Die Messungen bestätigen dabei die Simulation. Simulationen einer Probe mit
verschiedenen Defektdichten zeigen dabei, dass sich das bestimmte keff reduziert. Da die
Inhomogenität während der Regeneration bei mit hoher Temperatur gefeuerten Proben
steigt, reduziert dieser Effekt keff gegen Ende der Behandlung.
Die Abhängigkeit von τeff von ∆n konnte, anstatt zur Bestimmung von keff , auch zur
Berechnung von separaten Defektdichten für BO-LID und LeTID verwendet werden. Dazu wurde die gemessenen Daten mit bekannten Defekteigenschaften von beiden Defekten
analysiert. Dadurch erhält man auf der selben Probe getrennte Defektdichten für beide
Defekte. Damit konnte erkannt werden, dass die Defektdichte von BO-LID relativ unabhängig von der Feuertemperatur ist, wohingegen LeTID eine starke Abhängigkeit zeigt.
Für BO-LID zeigt sich ein scheinbarer Anstieg der Defektdichte bei hohen Feuertemperaturen, welcher aber durch Inhomogenität erklärt werden kann. Bei mittleren Feuertemperaturen konnten separate Aktivierungsenergien für BO-LID und LeTID bestimmt werden.
Die Aktivierungsenergien der Degradation von BO-LID sind ähnlich zu der bei niedriger
Feuertemperatur bestimmten Aktivierungsenergie, bei der BO-LID der dominante Defekt
ist. Für LeTID gilt das gleiche für hohe Temperaturen: die über separate Defektdichten
bestimmte Aktivierungsenergie ähnelt der bei hohen Feuertemperaturen bestimmten Aktivierungsenergie. Auch mit dieser Methode gibt es innerhalb der Messunsicherheit keine
Unterschiede bei der Aktivierungsenergie der Regeneration.
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