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Kurzzusammenfassung

Instabilitdten der Ladungstragerlebensdauer in kristallinen Silizium-Solarzellen un-
ter Beleuchtung beeintréichtigen die Langzeitstabilitit von Photovoltaik-Modulen
im Hinblick auf den stetig steigenden Wirkungsgrad der in modernen Modulen
verwendeten Solarzellen. In dieser Arbeit wird die Degradation und Regeneration
der Ladungstriagerlebensdauer — sowohl im Volumen als auch an den Oberflichen
verschiedener kristalliner Siliziummaterialien und daraus hergestellter Solarzellen
— nach einem sogenannten Feuerschritt in einem Durchlaufofen (fast-firing) unter-
sucht. Es wird gezeigt, dass der Feuerschritt der Ausloser von Degradationseffekten
bei Beleuchtung ist. Das Feuern ist aber auch ein wichtiger Schritt bei der Kontakt-
bildung von siebgedruckten Kontakten, der heute vorherrschenden Metallisierungs-
technik in der Solarzellproduktion.

Unabhéangig vom Feuerschritt in einem Standard-Durchlaufofen wird die Volumen-
Lebensdauer von Bor-dotiertem Czochralski-Silizium (Cz-Si:B) durch die lichtin-
duzierte Aktivierung eines Bor-Sauerstoff-Defekts (BO-Defekt) dominiert. Gallium-
dotiertes Czochralski-Silizium (Cz-Si:Ga) und nach dem Float-Zone-Verfahren her-
gestelltes Bor-dotiertes Silizium (float-zone silicon, FZ-Si:B) — beide nicht anfillig fiir
BO-verursachte Degradation — zeigen jedoch eine stark temperaturabhéngige Degra-
dation der Volumen-Lebensdauer bei Beleuchtung. Der sich einstellende Gleich-
gewichtszustand zwischen aktiviertem (rekombinationsaktivem) und deaktiviertem
(rekombinationsinaktivem) Zustand des verantwortlichen Defekts ist abhéngig von
der Temperatur und die Aktivierung und Deaktivierung des Defekts sind reversible
Prozesse. Es wird gezeigt, dass die Eindiffusion von Wasserstoff aus wasserstoft-
reichem Siliziumnitrid (SiN,:H), das zur Oberflichenpassivierung und als Antire-
flexschicht eingesetzt wird, in das Silizium-Volumen wéhrend des Feuerschrittes eine
Schliisselrolle fiir die sogenannte ,light- and elevated-temperature-induced degrada-
tion* (LeTID) in allen drei Materialien — das sind Cz-Si:B, Cz-Si:Ga und FZ-Si:B —
spielt. Experimente auf FZ-Si:B-Material, das im Allgemeinen sehr defektarm ist,
deuten dariiber hinaus darauf hin, dass es neben Wasserstoff einen weiteren Teil-
nehmer an der Defektreaktion von LeTID gibt.

LeTID wird auch auf sogenannten ,,polycrystalline silicon on oxide” (POLO) back-
junction (BJ) Solarzellen mit einer Cz-Si:Ga-Basis beobachtet. Die relative Degra-
dation des Wirkungsgrades n von maximal nur 2%, unter Beleuchtung bei 140°C
und einer Beleuchtungsintensitéit dquivalent zu einer Sonne zeigt jedoch, dass POLO
BJ-Zellen bemerkenswert stabil gegeniiber lichtinduzierter Degradation sind. Durch
langere Beleuchtung bei erhohten Temperaturen ist eine anteilige dauerhafte Deak-
tivierung des LeTID-Defekts moglich.

Zusétzlich zur Degradation im Silizium-Volumen werden thermisch induzierte Insta-
bilitdten von Phosphor-dotierten POLO-Passivierungsschichten nach einem Feuer-
schritt beschrieben. Die Degradation und die anschlieSende Regeneration der Ober-
flachen-Passivierung — beschrieben durch die Séttigungsstromdichte Jy — ist mit ho-
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her Wahrscheinlichkeit korreliert mit der Wasserstoffpassivierung von Grenzflachen-
zusténden.



Abstract

Carrier lifetime instabilities in crystalline silicon solar cells under illumination affect
the long-term stability of photovoltaic modules in view of the steadily increasing
conversion efficiency of the solar cells used in state-of-the-art modules. This thesis
examines carrier lifetime degradation and regeneration — both in the bulk and at
the surfaces of different crystalline silicon materials and solar cells made thereof —
after a fast-firing step has been applied in a conveyor belt furnace. It is shown
that fast-firing triggers degradation effects under illumination. However, fast-firing
is also a key step in the contact formation of screen-printed contacts, which is the
dominating metalization technique applied today in the solar cell production.
Independent of fast-firing in a standard conveyor belt furnace, the bulk carrier
lifetime of boron-doped Czochralski-grown silicon (Cz-Si:B) is dominated by the
light-induced activation of a boron-oxygen (BO) defect. Gallium-doped Czochralski-
grown silicon (Cz-Si:Ga) and boron-doped float-zone silicon (FZ-Si:B) — both not
prone to BO-related degradation —, however, show a strongly temperature-dependent
degradation of the bulk lifetime activated under simultaneous illumination. The
equilibrium state establishing between activated (recombination-active) and deacti-
vated (recombination-inactive) state of the defect is dependent on the temperature
and the activation and deactivation of the defect are reversible processes. It is shown
that the in-diffusion of hydrogen from hydrogen-rich silicon nitride layers (SiN,:H),
used for the surface passivation and as antireflection coating, into the silicon bulk
during fast firing plays a key role for the so-called "light- and elevated-temperature-
induced degradation” (LeTID) in all three materials — namely Cz-Si:B, Cz-Si:Ga, and
FZ-Si:B. Experiments on the very defect-lean FZ-Si:B material furthermore suggest
a second participant in the defect reaction of LeTID besides hydrogen.

LeTID is also observed on "polycrystalline silicon on oxide” (POLO) backjunction
(BJ) solar cells fabricated on Cz-Si:Ga. The maximum relative degradation extent
of the conversion efficiency 1 of only 2%, at 140 °C and 1 sun, however, shows that
POLO BJ cells are remarkably stable regarding light-induced degradation. Through
prolonged illumination at elevated temperatures a partial permanent deactivation
of the LeTID defect is possible.

In addition to bulk degradation, thermally-induced instabilities of the phosphorus-
doped POLO passivation layers after fast-firing are discovered. The degradation
and the following regeneration of the surface passivation quality — described by the
saturation current density Jy — is correlated with high probability with the hydrogen
passivation of interface states.
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1 Introduction

The transformation of our energy system towards 100 percent renewable energy
sources for our primary energy consumption is one of the biggest challenges of our
generation. With the gradual elimination of fossil energy sources, such as oil, coal,
and gas, the demand for electrically generated energy will increase exponentially in
the next decades [1]. Already the cheapest alternative to generate electrical power
in a significant majority of countries worldwide [2], photovoltaics (PV) will be one
of the key technologies for the necessary transformation of our energy system. The
efficient and sustainable use of resources to produce high-performance and long-term
stable (25-40 years) PV modules will be required of the solar industry [3].

As the conversion efficiency steadily increases, the carrier lifetime (i.e., the average
time span free electron-hole pairs exist before they recombine) in the bulk of so-
lar cells has become a crucial factor. Furthermore, the long-term stability of the
carrier lifetime depends on the passivation of existing defects (e.g., non-intentional
impurities or impurity complexes which affect the carrier lifetime) in the silicon base
material. Carrier lifetime instabilities in the bulk of solar cells due to defect forma-
tion under illumination (i.e., light-induced degradation, LID) has been an important
field of PV research for decades. In addition, the long-term stability of surface pas-
sivation quality has attracted more and more attention only recently.

Fast-firing is a key step in the contact formation of screen-printed contacts, which
is the dominating metalization technique applied in the solar industry. This thesis
aims at improving the understanding of firing-triggered carrier lifetime degradation
and regeneration behavior, both in the bulk and at the surfaces of different crys-
talline silicon materials — namely boron-doped Czochralski-grown silicon (Cz-Si:B),
gallium-doped Cz-Si (Cz-Si:Ga), and boron-doped float-zone silicon (FZ-Si:B) — and
of solar cells made thereof. The focus is on investigating the impact of different
experimental conditions, which are the temperature during illumination and the il-
lumination intensity, on the degradation behavior, and on how critical parameters
of the fast-firing step and the deposition of various surface passivation layers affect
the degradation behavior and the maximum degradation extent. It is demonstrated
that the in-diffusion of hydrogen into the silicon bulk plays a key role in all our
experiments.

1.1 Status of research at the beginning of this thesis

Prior to starting the work on this thesis in 2018, the two most prominent defects
known to form under illumination and affect the carrier lifetime in monocrystalline
p-type silicon were the iron-boron (FeB) pair dissociation [4, 5] and the boron-oxygen
(BO) defect formation [6-9]. After passivated emitter and rear cells (PERC) with
screen printed and fired contacts were introduced into the solar cell production,
a new type of defect causing a so-called "light- and elevated-temperature-induced
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degradation” (LeTID) of the bulk carrier lifetime and hence solar cell efficiency has
become a steadily growing area of research. The effect was first observed under
illumination at elevated temperatures higher than 50 °C on PERC solar cells made
from block-cast multicrystalline silicon (mc-Si) passivated at the rear side with a
stack consisting of aluminum oxide (AlO,) and silicon nitride (SiN,) and on solar
cells with a full-area aluminum back surface field (Al-BSF) [10-12]. After complete
degradation with demonstrated power losses above 10%, a complete regeneration of
the cell performance was observed under prolonged illumination, e.g., at 95°C for
700h [12]. The high-temperature firing step used for the screen-printed and fired
metal contacts was identified to trigger the LeTID effect [13, 14].

Shortly before this thesis, there have been publications indicating that a similar de-
fect could exist in monocrystalline silicon materials (mono-Si) as well. Whereas Fer-
tig et al. [15] reported a power loss of up to 6% on BO-stabilized Cz-Si:B PERC cells
at 75°C under charge carrier injection equivalent to an illumination at 1 kW m=2,
Chen et al. [16] observed a similar degradation and regeneration of the carrier life-
time within 200h on mc-Si:B and Cz-Si:B wafers under annealing in the dark at
175°C. Comparing certain defect characteristics with carrier-induced degradation
on mc-Si:B, the authors concluded that LeTID can occur on Cz-Si:B as well, but is
masked by BO-related degradation. On FZ-Si:B, which is usually not prone to BO-
related degradation due to a significantly lower oxygen concentration, a degradation
and regeneration of the carrier lifetime within only 10 h has been reported under one-
sun equivalent illumination (1kW m~2) at 75°C after applying a high-temperature
firing step with a set-peak temperature >800°C in the presence of symmetrically
deposited SiN, or AlO,/SiN, passivation layers on both wafer surfaces [17, 18].

In many publications on both mc-Si and mono-Si materials the hypothesis of an
hydrogen involvement in the defect reaction was discussed [13, 14, 16, 17, 19]. Inter-
estingly, Kersten et al. [20] reported the possibility of a temporary deactivation of the
LeTID effect on boron-doped mec-Si (me-Si:B) solar cells through low-temperature
illumination for 24 h at 25°C.

In the year 2017, 95 percent of the world market share of silicon wafers used in PV
production were boron-doped mono-Si and me-Si materials [21]. However, during
the work on this thesis and within only a few years, gallium has overtaken boron as
the dominant doping element in the production of p-type silicon and is now dom-
inating the p-type mono-Si market. In 2023, boron as dopant for p-type material
disappears according to data of the International Technology Roadmap for PV [22].
This very fast transition can be attributed to the absence of BO-related degradation
of the carrier lifetime [23].

Shortly before this thesis, "polycrystalline silicon on oxide” (POLO) layers were re-
discovered and attracted great attention to realize carrier-selective passivating con-
tacts for solar cells. First proposals to use polycrystalline silicon(poly-Si) in solar
cell production date back more than 30 years [24]. POLO contacts combine ex-
cellent passivation quality with saturation current densities Jy down to 0.6 fA /cm?,
as reported on planar test structures [25, 26], with very low contact resistivities
(0.6 mQ cm? for n* POLO junctions) [27].

Degradation of the surface passivation quality under illumination after a fast-firing
step has not been an area of particular interest for a long time. Veith et al. [2§]
showed that the surface passivation quality of atomic-layer-deposited (ALD) AlO,
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and of AlO, capped by plasma-enhanced chemical vapor deposited (PECVD) SiN,,
changes under both annealing and illumination treatments. Furthermore, the sta-
bility of AlO, passivation to fast-firing can be significantly improved by a PECVD
SiN, capping layer. Before this thesis, only Sperber et al. have conducted extensive
research on the long-term stability of fired dielectric passivation schemes. Sperber
et al. [29-31] observed surface-related degradation of the carrier lifetime at tempera-
tures ranging from 80 to 250 °C under both illumination or in the dark using single-
layer hydrogen-rich SiN,:H and stacks consisting of silicon oxide SiOs or hydrogen-
rich aluminum oxide AlO,, respectively, capped by SiN,:H. Furthermore, Sperber
et al. [29, 30] observed a regeneration of the surface passivation quality at 250°C
after complete degradation at the same conditions. By conducting corona charging
and capacitance voltage measurements as well as a chemical re-passivation, the au-
thors attributed the degradation/regeneration behavior of SiN,:H- and SiO5/SiN,,:H-
passivated samples to changes in the chemical passivation while the field effect passi-
vation remained rather unchanged [30, 31]. However, an A1O, -interlayer significantly
slows down surface-related degradation, which, according to Sperber et al. [30], could
be related to a different band structure.

1.2 Brief overview of the thesis

Chapter 2: Fundamentals of carrier recombination in silicon

Chapter 2 discusses the recombination of excess carriers (i.e., electron-hole pairs)
with special attention to the various recombination processes existing in semicon-
ductors. This thesis focuses on instabilities of the carrier lifetime through activation,
deactivation, and passivation of existing defects in the bulk and at the surfaces of
crystalline silicon. The concepts of the capture time constant ratio and the effective
defect concentration to characterize bulk defects and the characterization of the sur-
face passivation quality via the saturation current density of a pseudo-emitter are
introduced in this chapter.

Chapter 3: Characterization methods

Chapter 3 describes the characterization techniques applied in this thesis to mea-
sure the carrier lifetime, namely the photoconductance decay (PCD) method and
the spatially-resolved photoluminescence (PL) technique. Furthermore, a contactless
technique to measure the resistivity of silicon lifetime samples based on eddy-current
measurements is introduced. The chapter concludes with the current voltage (IV)
measurement techniques needed to characterize solar cells. It includes a brief de-
scription of the operating principle of a backjunction solar cell examined in this
thesis.

Chapter 4: Light- and elevated-temperature-induced degradation in boron-doped
Czochralski-silicon

In Chapter 4, we examine the impact of a firing-triggered degradation phenomenon
on the carrier lifetime in Cz-Si:B by separating it from a parallel occurring degra-
dation due to the formation of the boron-oxygen defect, a defect well-known in
oxygen-rich boron-doped materials such as Cz-Si:B. Through variations of the pro-
cess parameters, experimental conditions, and by comparison with other materials
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(i.e., me-Si:B) and non-fired reference samples, the effect of the additional firing-
triggered defect can be extracted.

Chapter 5: Light- and elevated-temperature-induced degradation in gallium-doped
Czochralski-silicon

During the work on this thesis, Cz-Si:Ga has overtaken boron-doped materials (both
Cz-Si:B and mc-Si:B) as the dominant p-type base material in the solar cell pro-
duction. Until the beginning of this thesis, Cz-Si:Ga had been believed to not be
affected by light-induced degradation due to the absence of boron-oxygen-related
degradation. However, on fired lifetime samples, Chapter 5 describes a strongly
temperature-dependent degradation of the carrier lifetime due to the formation of
a bulk defect. Through variations of key process parameters — such as the peak
firing temperature and the band velocity during fast-firing as well as the deposition
of different SiN, layers as hydrogen source prior to firing — the impact of hydrogen
on the maximum degradation extent is quantified. The hydrogen-related formation
and passivation of the defect is characterized, including the determination of the
corresponding activation energy. The defect characteristics are compared with the
activation of a similar defect in FZ-Si:B as a defect-lean reference material.

Chapter 6: Light- and elevated-temperature-induced degradation in poly-Si on
oxide backjunction solar cells

Chapter 6 examines to what extent lifetime instabilities described in the previous
chapter in Cz-Si:Ga affect the performance of solar cells. The solar cell type used
for this study has been developed at ISFH and applies poly-Si passivating contacts
at the rear side of a backjunction (BJ) solar cell. Through IV measurements in be-
tween illumination at different temperatures, a degradation of the energy conversion
efficiency 1 is observed. These changes of 1 are ascribed to changes in the defining
cell parameters, namely the open-circuit voltage V., the short-circuit current den-
sity Jy., and the fill factor FF. We show an identical degradation behavior on cell
level as we have examined in detail on lifetime samples in the previous chapter.

Chapter 7: Degradation and regeneration of Poly-Si on oxide surface passivation
quality

Shortly before the beginning of this thesis, poly-Si layers have attracted great at-
tention to realize carrier-selective passivating contacts in solar cells. The imple-
mentation in solar cells with screen-printed and fired contacts, however, requires
a high-temperature fast-firing step. Chapter 7 investigates the stability of in-situ
doped nt POLO passivation layers to fast-firing by long-term annealing experiments
under illumination and in the dark. The carrier lifetime over a wide range of the
excess carrier concentration An and the extraction of the saturation current density
Jo as a measure of the surface passivation quality are used to characterize the life-
time instability. To identify the impact of the fast-firing step and localize the cause
of the lifetime instability, a variety of samples with different thermal histories are
examined.



2 Fundamentals of carrier recombina-
tion in silicon

The most important quantity in characterizing the electronic quality of crystalline
silicon materials is the carrier lifetime, i.e., the average time span free electron-hole
pairs exist before they recombine. In this thesis, we will use the carrier lifetime as
a parameter to quantify defect activation processes in the bulk and at the surfaces
of silicon wafers.

In thermal equilibrium, the mass-action law of electron concentration ny and hole
concentration py holds

ng X po = n?, (2.1)

with n; being the intrinsic carrier concentration in silicon. A disturbance of this
equilibrium, e.g., by illumination with photon energies high enough to excite elec-
trons from the valence band into the conduction band (E > E,, with E, being
the energy of the silicon band gap), generates additional carriers. As soon as the
illumination is terminated, the equilibrium described in Eq. (2.1) is restored by re-
combination of electrons and holes. The net recombination rate U, defined as the
difference between the total recombination rate U and the thermal generation rate
Gin, U = Uit — Gy, 18 given by the rate equation:

0An(t)
ot

= —U(An,ng,po), (2.2)

with An(t) being the excess carrier concentration at the time ¢. Note that U is
always the sum of several recombination rates of different recombination processes
and that in general U is dependent on An. The ratio of An and U defines the
effective carrier lifetime:

An

U(An, ng, po) ‘ (23)

Teff(An7 no,po) =

The different recombination processes that add up to the recombination rate U and
how these contribute to Teg(An) will be outlined in the following. Furthermore, the
concepts of the capture time constant ratio and the effective defect concentration to
characterize bulk defects and the characterization of the surface passivation quality
via the saturation current density are introduced.
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2.1 Intrinsic recombination

Intrinsic recombination denotes a material property that cannot be avoided. Thus,
the intrinsic lifetime Ty, derived from Eq. (2.3) represents the limit of the carrier
lifetime in silicon. Intrinsic recombination is the sum of radiative and Auger recom-
bination.

Radiative recombination denotes the band-to-band recombination of an electron-
hole pair under generation of a photon with the minimum energy corresponding to
the band gap of silicon £y = 1.12eV at 300 K. It is the inverse process of the optical
generation of electron-hole pairs (i.e., through illumination). The rate of radiative
recombination U,,q depends on the electron and hole concentrations n and p, and
on the coefficient of radiative recombination Bi.q:

Urad = Brad (np - n?) : (24>

According to Eq. (2.3), Urag can be translated into a corresponding lifetime of ra-
diative recombination

— An B 1 (2.5)
red Brad (np - n?) B Brad (n() + Po + An) ’ .

assuming n = ng + An and p = pg + An for the total electron and hole concentra-
tions, respectively, and Eq. (2.1). Trupke et al. [32] determined the coefficient of
radiative recombination at 300 K to be Bag = 4.73 x 107 cm?s71.

Auger recombination is a three-particle process. The energy released by the re-
combination of an electron-hole pair is passed to another electron (eeh process) or
hole (ehh process) in the conduction band or valence band, respectively. The energy
is released as phonons by interaction with the crystal lattice (thermalization). The
Auger recombination rate Upyger 1S either proportional to n?p (eeh process) or np?
(ehh process) and can be written as

UAuger = C’n (n2p - nng) + C’p (np2 - nopg) ) (26)

with C, and C}, being the Auger coefficients of the eeh- and the ehh-processes,
respectively. Equation (2.6) assumes quasi-free non-interacting carrier. However,
the Auger recombination has been found to have a significantly higher impact on
the carrier lifetime at lower carrier concentrations. Hangleiter and Hécker [33] pro-
posed enhancement factors geen, and genn taking into account Coulomb interactions
and shielding effects, resulting in the new Auger coefficients C} = geen X C, and
Cp = genn X Cp. Later, empirical parametrizations of the enhancement factors were
derived for a wide temperature range between 70 K and 400 K [34, 35].

Intrinsic recombination: The rate of intrinsic recombination Uiy, is the sum of
radiative and Auger recombination rate Uyaq and Upyger- The derived intrinsic life-
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time is given by

1 1 1
-+ (2.7)

Tintr Trad TAuger

In this thesis, an empirical parametrization of T, at 300 K by Richter et al. [36] is
used. It is based on lifetime measurements on a large number of different silicon-
wafers of various doping concentrations and surface passivation schemes. Figure 2.1
shows Ty (An) for four different base resistivities between 0.5 cm and 4.0 cm
for p-type silicon at 300 K.

100 E LRI LR RRLLY | LRI LR ALY | T |||||I§l
£4.0Qcm p-type silicon
T=300K -
T o[ ]
= i ]
GE) [ 0.5Qcm T
= 1F 3
2 : -
o [ ]
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E 01F =
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Excess carrier concentration An [cm™]

Figure 2.1: Intrinsic lifetime Tin, (An) for four different base resistivities at 300 K
according to Richter et al. [36].

Note, however, that a new physically motivated parametrization of the intrinsic
lifetime has been published during work on this thesis [37]. Reports of measured
lifetimes exceeding the parametrization by Richter et al. [36] indicated an overesti-
mation in certain injection regimes. For consistency reasons, this new assessment has
not been considered for the work in this thesis. The impact of the new parametriza-
tion [37] on the lifetimes reported in this thesis is expected to be negligible. The
focus of this work is on industrially relevant Cz-Si materials instead of high-quality
defect-lean materials and the reported lifetimes are mostly in the lower injection
regimes (i.e., An = 10" cm™3). Furthermore, we are foremost interested in changes
of the lifetime triggered by carrier injection and temperature and less in absolute
lifetime values.

2.2 Extrinsic recombination

Extrinsic recombination of carriers denotes recombination due to impurities and
crystallographic defects in the material. These defects create discrete energy levels
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within the band gap that can act as recombination centers. More precisely, the
energy levels can be occupied by either an electron or a hole and interact with the
conduction and valence band, thereby increasing extrinsic recombination. Unlike
intrinsic recombination, extrinsic recombination can be reduced by use of materials
with less built-in impurities or crystallographic defects due to the manufacturing
process or by improving the purity of the material through processing steps (e.g.,
cleaning, gettering, passivation). In this thesis, we distinguish between two types
of extrinsic recombination: Recombination due to defects in the silicon bulk and
recombination due to defects located at the surfaces of the silicon wafers.

Shockley-Read-Hall recombination: Extrinsic recombination in the bulk that is
dominated by a single monovalent energy level is usually referred to as Shockley-
Read-Hall recombination or trap-assisted recombination. According to Shockley and
Read [38] and Hall [39], the recombination can be described by

np — n?
Tpo (n + n1> + Tno (p —I—p1)7

Usgrn = (2.8)

with T, and T, being the capture time constants for holes and electrons, respec-
tively, which are related to the capture cross sections o}, and o, via

Tpo = (O-p'Uth]Vt)_1

-1

(2.9)
Tno = (GnvthNt) )

with the thermal carrier velocity vy, and the defect concentration N;. The factors
ny and p; in Eq. (2.8) are the so-called SRH densities and denote the carrier con-
centrations in conduction and valence band, respectively, if the Fermi energy would
coincide with the defect energy level E:

E.—FE
n, = NC X exp (—k—j_’t>
B

B, — E,
— N Tt
D1 v X €xXp ( ICBT ) )

(2.10)

with N, and N, being the effective density of states in conduction and valence band,
respectively, E. and E, being the corresponding energies of the band edges, kg being
the Boltzmann constant, and 7" being the absolute temperature.

Using Eq. (2.3) and assuming charge carrier neutrality, the recombination rate in
Eq. (2.8) can be described by a corresponding SRH lifetime:

Tpo (no +n1 + An) + Tuo (po + p1 + An)
ng + Po + An

TSRH = . (211)

A useful notation has been proposed by Murphy et al. [40]. Under the assumption
that the defect density V; is much lower than the equilibrium hole concentration py,
Tsry can be written as

n n n
TSRH:TnO(l‘I’&“‘&‘{’_( —&—]ﬂ>)a (2.12)
Do Po P Po Po
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with ) = ™o/, being the capture time constant ratio of the defect. The advantage
of this notation is that a single defect manifests itself as a straight line, if Tggry is
plotted versus the carrier concentration ratio 7/p. Both representations of the SRH
lifetime are shown in Fig. 2.2 for two different () values of 10 and 20 and for two
different defect energy levels E; relative to the conduction band edge E. — 0.4eV
and E. — 0.25eV.

Importantly, under the assumption of a deep-level defect, i.e., the energy level of the
defect is close to the middle of the band gap, n; and p; are negligible and Eq. (2.12)
simplifies to

TSRH = Tno (1 + Q%) ) (2.13)

with T,0Q) being the gradient and 1,9 the intercept with the lifetime axis of the linear
representation (cf. Fig. 2.2, solid black and short-dashed blue line).
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Figure 2.2: SRH lifetime of 1Qcm p-type silicon at 300 K plotted for two different
capture time constant ratios (Q and energy levels of the single-level defect E; at fixed
Tno- (a) Injection-dependent SRH lifetime plotted versus An and (b) SRH lifetime
versus "/p.

Surface-related recombination: At the surfaces of a silicon wafer, the periodic struc-
ture of the crystal is disrupted. The partially bonded silicon atoms generate a large
number of recombination-active defect levels localized in the silicon band gap. Un-
like SRH recombination in the bulk, surface-related recombination is not dominated
by a single energy level, but the defect levels are continuously distributed through-
out the band gap. If not sufficiently passivated, recombination at the surfaces may
dominate the total recombination in a silicon wafer.

Throughout this thesis, two different passivation schemes are applied to reduce the
recombination of carriers at the silicon wafer surfaces. Dielectric passivation with
an AlO, /SiN, stack of aluminum oxide (AlO,) and silicon nitride (SiN,) [41] and
polycrystalline silicon on oxide (POLO) layers [25, 26]. Both combine two different
passivation effects. The first passivation effect is based on the reduction of defects
occurring at the crystal surface by saturating dangling bonds (“chemical passiva-
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tion”). This is e.g. achieved by hydrogen from hydrogen-rich SiN,:H layers or by
a silicon oxide layer on top of the silicon. The second passivation mechanism is
based on the reduction of the concentration of one type of carriers near the surface
— which as a consequence reduces recombination requiring one electron and one hole
for each recombination event — by inducing a band offset or bending via an elec-
tric field ("field-effect passivation”). AlO, exhibits a high density of fixed negative
charges that results in a bending of the energy bands and consequently a depletion
of electrons and a corresponding accumulation of holes. Another option to realize
field-effect passivation is the use of highly-doped layers that reduce the respective
minority carrier type. Poly-Si not only provides a very high level of surface passi-
vation but also a high conductance for either electrons or holes depending on the
doping of the poly-Si.

For a wafer with identical surface recombination velocities on front and rear side
Stront = Srear = S (i.€., a symmetrically passivated wafer), the equivalent lifetime
Tourf Of surface-related recombination can be written as [42]

A TA
surtf — 54 -\ ) 2.14

Turf = 59 i D ( T ) (2.14)

with W being the wafer thickness and D the diffusion constant of the excess carriers.
The second term of Eq. (2.14) can be neglected for well passivated wafer (i.e., SW/p <
0.25) [42], which is always the case throughout this thesis. McIntosh and Black [43]
proposed an alternative approach to describe surface-related recombination based
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Figure 2.3: Injection-dependent lifetime of a 150 pm thick p-type wafer limited by

surface-related recombination for two different saturation current densities .Jy and
doping concentration Ny, according to Eq. (2.15).
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on the recombination in emitter layers [44]. It yields [43]

W eWn?
surf ~ =5 — - y 2.15
Tout ¥ 96 T 20y (Naop + An) (215)

with e being the elementary charge, Ngop, being the doping concentration, and Jy
being the saturation current density of the emitter region.

Under the assumption that the injection dependence of the surface passivation can
be expressed by a single Jy value — which we assume for a symmetrically passivated
sample throughout this thesis —~we use the saturation current density Jy of a "pseudo
emitter” on the wafer surfaces as a measure for surface-related recombination and
the quality of the surface passivation. Figure 2.3 shows the carrier lifetime limited
by recombination at the surfaces according to Eq. (2.15) of a 150 um thick p-type
silicon wafer for two different Jy values of 1fA/cm? and 2fA/cm? and two different
doping concentration Ngop, of 1.5 x 10 em =3 and 7.5 x 10 ecm 3.

2.3 The effective carrier lifetime

All the recombination mechanisms described in the Sections 2.1 and 2.2 occur simul-
taneously within a silicon wafer. Thus, the sum of all recombination rates represents
the total recombination. The derived injection-dependent lifetime is called effective
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Figure 2.4: Calculated effective lifetime Teg(An) (solid black line) including its com-
position of different recombination channels, i.e., intrinsic lifetime Tiy, (blue short-
dashed line), SRH lifetime tggy (green long-dashed line), and surface-recombination-
limited lifetime Tgu¢ (red dash-dotted line). The grey circles are a real measurement
of the lifetime of a Cz-Si:Ga wafer after LeTID.
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carrier lifetime Teg(An). It is hence given by the expression:

1 1 1 1
— = + (2.16)

Teff Tintr TSRH Tsurf

Figure 2.4 shows how Teg(An) is composed of the individual recombination channels.
The grey circles are a real measurement of T.g(An) of a 1.0 Q2 cm gallium-doped Cz-
Si (Cz-Si:Ga) wafer (W = 150 pm) after LeTID. As is clearly visible, the impact of
the different recombination channels is differently dependent on the excess carrier
concentration An. Whereas at low carrier injection (< 3 x 10! cm ™) T.g is limited
by SRH recombination in the bulk, at higher injection levels (> 2 x 10 cm™2) T4
approaches the intrinsic limit of recombination in silicon. Recombination at the well
passivated surfaces (i.e., Jy < 1fA/cm?) plays a minor role for recombination over
the entire measured injection range.

2.4 Defect analysis

The lifetime experiments conducted in this thesis mainly focus on the degradation
of T.g due to the activation of recombination-active defects under illumination at
different temperatures and illumination intensities. For that, a simplified version
of the lifetime analysis presented before in this chapter can be applied. Naturally,
the impact of intrinsic recombination (cf. Section 2.1) does not change on the very
same sample. Under the assumption that the surface passivation (cf. Section 2.2)
remains stable, using Eq. (2.16), the SRH lifetime of the activated defect Tsrp ger in

10000 N 1 ) 1 LI | L) 1 ) LI l-
- 1.0 Q cm Ga-doped Cz-Si T
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=
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o
— 1000 -
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Figure 2.5: Injection-dependent defect analysis of a Cz-Si:Ga lifetime sample. Shown
are the effective lifetime before degradation T.g ¢ and the effective lifetime after degra-
dation at 100°C and 1sun, Teg,q. The SRH lifetime of the activated defect Tsrm,det
is calculated using Eq. (2.17).
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the silicon bulk can be written as

1 1 1 1 1
J— *
— = — = = Ny, (2.17)
Teff,d  Teff,0 TSRH,d  TSRH,0 TSRH,def

with Teg g and Tgra being the effective and SRH lifetime in the degraded state and
Terr,0 and Tgrp,o being the corresponding lifetimes before degradation. The inverse of
Tsrudef 1 defined as the effective defect concentration Nj. It is not to be confused
with an actual concentration of defects in our samples, but a measure to compare
defect concentrations and their impact on the carrier lifetime. The simplified defect
analysis is shown exemplarily in Fig. 2.5 for a Cz-Si:Ga lifetime sample illuminated
at 100°C and 1sun (100 mW /cm?) leading to a pronounced degradation in lifetime.
Like Tspp der, the derived NJ obviously is dependent on An. For the calculation
of degradation rate constants and the comparison of effective defect concentrations
N .. throughout this thesis using the time-dependent version of Eq. (2.17), we will

max

refer to the effective defect concentration Nj(¢) at a fixed excess carrier concentration
of An = 10% cm=3.

To verify that the recombination near the surfaces of the lifetime samples remains
the same before and after degradation — thereby ensuring the validity of Eq. (2.17) —
we use the saturation current density Jy on both surfaces. To measure Jy, a method
to extract it from injection-dependent lifetime measurements developed by Kane and
Swanson [45] is used. The inverse measured lifetime after subtraction of the inverse
intrinsic lifetime is plotted versus An and fitted linearly for An > Ngop. Since

2000 > T T T T T T T T T T T T T
R: 1 Q cm p-type silicon ]
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1500 |
b T
£ 1000 | ’
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Figure 2.6: Determination of the surface passivation quality of a symmetrically pas-
sivated lifetime sample using a method developed by Kane and Swanson [45]. The
injection-dependent lifetime is plotted inversely after subtraction of the inverse in-
trinsic lifetime. The recombination for An > Ny, is dominated by surface-related
recombination and the saturation current density Jy can be extracted from the gra-
dient according to Eq. (2.15).
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the recombination for An > Ny, is dominated by surface-related recombination
(cf. Fig. 2.4), Jy can be extracted from the gradient according to Eq. (2.15). This
analysis is shown exemplarily for a Cz-Si:Ga lifetime sample in Fig. 2.6. Another
application of the Jy-based determination of the surface passivation quality used
within this thesis is the analysis of surface-related defects due to different passivation
schemes.



3 Characterization methods

In this chapter, we will present the characterization techniques used in this thesis.
This includes the measurement of (a) the injection-dependent carrier lifetimes using
the photoconductance decay (PCD) method, (b) the spatially-resolved measurement
of the carrier lifetime using a photoconductance-calibrated photoluminescence (PL)
setup, (c) a contactless eddy-current method to measure resistivity changes in silicon
wafers, and (d) the current-voltage measurement to determine the electrical solar
cell parameters. The operating principle of a solar cell is outlined briefly on the
basis of a "poly-Si on oxide backjunction” cell (POLO BJ cell).

3.1 Photoconductance decay (PCD) method

The most important measurement parameter throughout this thesis is the effective
carrier lifetime Teg (also simply called lifetime), which was introduced in Chapter 2.
The standard setup to measure Toz(An) on silicon lifetime samples is the WCT-120
lifetime tester from Sinton Instruments [46]. It applies the photoconductance decay
(PCD) method to measure Tos as a function of the injection-level (i.e., the excess
carrier concentration An) and averages Tos(An) over a circular area with a diameter
of approximately 2.5cm. A schematic of the WCT-120 is shown in Fig. 3.1.

The lifetime sample is placed over a coil which is connected to a radio frequency
(RF) bridge circuit working at a frequency of 10.7 MHz. The RF circuit induces eddy
currents within the lifetime sample. According to Lenz’s rule, these eddy currents
in turn induce a voltage within the RF circuit, which is directly proportional to
the conductance o (unit: Siemens) of the lifetime sample. Excess carriers (i.e.,
electron-hole pairs) are generated within the lifetime sample by use of a Xenon flash
lamp. While a spatially homogeneous generation of the excess carrier concentration
An is ensured using two diffuser in front of the flash light, a homogeneous depth
profile of An is generated via a long-pass filter with a cut-off wavelength of 700 nm.
The conductance o of the lifetime sample can be separated into the conductance
0o in the dark and the photoconductance Ao generated by the flash lamp. For a
homogeneous An distribution, Ao is given by

Ao = eW(u, + pp)An, (3.1)

with the elementary charge e, the thickness W of the lifetime sample, and the elec-
tron and hole mobilities pu, and p,. The carrier mobilities are weakly dependent on
An, however, the sum p, + p, is well known from the literature [48], and Eq. (3.1)
can be solved iteratively for each measured Ao. The photoconductance Ao is mea-
sured by the RF bridge circuit connected via an DAQ card to a personal computer.
The illumination intensity of the flash light is time-dependent and is measured with
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Flash lamp
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AlO,_.Si wafer cell
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Figure 3.1: Schematic of the WCT-120 lifetime tester, which applies the PCD mea-
suring technique to measure the carrier lifetime. The lifetime sample is placed over a
detecting coil connected to an RF bridge circuit, which induces eddy currents within
the lifetime sample. Excess carriers are excited within the silicon sample using a flash
lamp, whose parameters are characterized by a reference solar cell. The resulting
changes of the photoconductance Ao are measured via Lenz’s rule by the RF bridge
circuit connected to a DAQ card. In post processing (PC analysis), Ao is translated
into an injection-dependent lifetime Tog(An). The measured lifetime represents an
averaged value over a circular area with a diameter of approximately 2.5 cm (approx-
imately the area of the detecting coil). Picture adapted from Helmich [47].

an integrated reference solar cell. The generation rate G can be calculated via

Iill(t) X Jsc,lsun X Teff
eWw ’

G(t) = (3.2)
with the time-dependent illumination intensity [y (¢) (in this thesis always given in
suns), the short-circuit current density of the reference cell under one-sun illumina-
tion Jsc 1sun, and the effective transmission T, which is a parameter to account for
differences in the photogeneration between the lifetime sample and the reference cell
(i.e., thickness and optical properties).

The time dependence of the excess carrier concentration An(t) is given by the con-
tinuity equation [49]

0An(x,t)

1
o = Glat) = Ul 1) + -V (3.3)

with the generation rate G(z,t), the recombination rate U(z,t), and the current
density J. If the carrier distribution upon illumination is homogeneous, V.J and the
spatial dependence on x vanish. While the time dependence of G(t) is given by the
flash light, the time dependence of U(t) depends on An(t). The ratio of these two
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quantities, as already defined in Eq. (2.3), is the effective carrier lifetime

An
U(An)

Tt (An) = (3.4)

Using Eq. (3.4), Eq. (3.3) can be rewritten as the generalized expression for Teg:

An

Teft = = 900
G(t) — 250

(3.5)

If T is much shorter than the decay time of the flash light, the sample is ap-
proximately in steady-state at each point in time and 9An(t)/s: = 0 (referred to as
quasi-steady-state photoconductance measurement, QSSPC), and Eq. (3.5) simpli-
fies to Tegx = A7/c(t). If Tog is significantly longer than the decay time of the flash
light, we speak of the photoconductance decay (PCD) mode. In this mode, the
data acquisition of Ao does not start until the flash light is terminated. Thus, the
generation rate G(t) is zero and Eq. (3.5) simplifies to

An
Teff = _8A—n(t) (36)
ot

The transient PCD method described by Eq. (3.6) for Teg values larger than ~800 ps
and the generalized data evaluation applying Eq. (3.5) for Tz lower than ~800 yis are
used within this thesis to extract the injection-dependent lifetime. For the latter, two
different Xenon flashes of different intensities with decay time constants of ~50 s
and ~2.3 ms can be chosen dependent on the lifetime level and the desired An range.
The QSSPC method is not used throughout this thesis.

Figure 3.2 shows a PCD measurement exemplarily for a 150 pm thick Ga-doped Cz-Si
lifetime sample. In Fig. 3.2(a) the actual measurements of the illumination intensity
Iy (black line, left axis) determined from the reference cell and the photoconductance
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Figure 3.2: PCD lifetime measurement using the WCT-120 from Sinton Instruments.
(a) Nlumination intensity Iy of the flash light (black line) and decay of the photo-
conductance Ac. (b) Injection-dependent effective lifetime o calculated from the
photoconductance decay Ao in (a) using Eq. (3.6)
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Ao (red line, right axis) measured inductively via the RF circuit are shown. These
two measurement parameters are then translated via automated post-processing into
an injection-dependent lifetime Tog(An) in Fig. 3.2(b).

3.2 Photoluminescence (PL) lifetime imaging

In Section 3.1, we introduced the PCD method to measure the injection-dependent
carrier lifetime Tog(An) inductively and averaged over the circular area above a de-
tector coil with a diameter of approximately 2.5 cm. In this section, we introduce a
method to measure Tog(An) spatially-resolved using a photoconductance-calibrated
photoluminescence setup (PL). Details regarding the measurement method have
been published by Herlufsen et al. [50, 51].

Figure 3.3(a) shows the measurement setup schematically. The silicon wafer is ho-
mogeneously excited by means of a laser diode at a wavelength of 808 nm. Long-pass
filters are used to prevent the detection of laser reflections. The resulting PL signal
Ipy, measured with a silicon charge-coupled device (Si CCD) camera is proportional
to the product of electron concentration n and hole concentration p. It is for p-type
silicon:

IPL:AXBradxnxp%AmedxAnx(An—l—NdOp), (37)

assuming py ~ Ngop and ng + An ~ An as well as carrier neutrality. A accounts for
the optical properties of the sample and the measurement setup and B,,q is the coef-
ficient of radiative recombination. For a homogeneous excitation over the wafer area,
different optics to widen the laser beam and a homogenizer are used. In addition,

(a) Laser diode, (b) 4
@ 808 nm 36000
Si CCD .
y .
Objective — /f/ (h)ptlcs
Filter — /<& for homoge- =
PL /// nisation £
L
N}
Sample
/ Reference 0
cell )
SSPC setup v counts
) 156.75 mm

Figure 3.3: (a) Schematic of the photoconductance-calibrated photoluminescence (PL)
setup to measure the carrier lifetime spatially-resolved. The steady-state photocon-
ductance (SSPC) setup depicts an identical setup as described for PCD measurements
in Section 3.1, but under steady-state conditions with a constant illumination inten-
sity. Picture adapted from Herlufsen et al. [50]. (b) PL image of an M2-size 1 Qcm
Cz-Si:Ga wafer, which has been passivated with an AlO, /SiN, stack on both sur-
faces, under laser excitation of a 0.5suns equivalent. The lower edge of ~10mm is
not visible in the image because it was not in the focus of the camera during the
measurement.
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the intensity profile of the laser as it is detected by the Si CCD camera is used in
post-processing to correct the PL signal. The measurement is conducted under con-
stant illumination, so called steady-state conditions, and results in spatially-resolved
images of the PL signal in counts (cts) per second at arbitrary predefined illumi-
nation intensities. This is shown exemplarily in Fig. 3.3(b) for a laser illumination
intensity of 0.5 suns equivalent.

The excess carrier concentration An is determined using the steady-state photocon-
ductance (SSPC) method, which is described in detail in Section 3.1, under constant
illumination. The lifetime sample is placed above the detector coil, which averages
the signal over a circular area with a diameter of approximately 2.5 cm. Averaging
the PL signal over the same area via the Si CCD camera relates the PL signal to
the excess carrier concentration An within the sample. This calibration is shown
exemplarily in Fig. 3.4.

The calibration function follows a second-order polynomial according to Eq. (3.7):

Ipr, = a x An* +b x An. (3.8)

Since the photoconductance is measured under steady-state illumination, Eq. (3.5),
relating the lifetime T.g¢ to An, simplifies to
An

Teff = —- 3.9

eff G ( )

The generation rate G in the silicon wafer is determined from the photon flux of

the illumination ® of a calibrated reference silicon solar cell integrated into the
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Figure 3.4: Calibration relating the PL signal (measured via Si CCD camera) to
the excess carrier concentration An (measured via SSPC) during laser excitation at
808 nm. The calibration function Ipp, (red line) follows a second-order polynomial
according to Eq. (3.7).
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measurement setup:

1
G =& (1 — Rsos) W (3.10)
with Rggs being the reflectivity at the laser wavelength of 808 nm and W being the
thickness of the silicon wafer. Equation (3.10) is a valid approximation because the
penetration depth of the laser at 808 nm is only ~12.7 ym, which is much less than
the wafer thickness of 150 pm.
Combining Egs. (3.7) and Eq. (3.9) gives the excess carrier concentration An and
the corresponding lifetime T.g¢ at any given point of the wafer at the predefined
illumination intensities. Through interpolation in post-processing, wafer images at
constant An as well as injection-dependent lifetimes for any given area of the wafer

can be generated as well.

3.3 Eddy-current measurements of the wafer resistivity

The eddy-current method applied in the WCT-120 lifetime tester from Sinton In-
struments (cf. Section 3.1) can be used to contactlessly measure the resistivity p of
a silicon wafer.

For sufficiently small conductances o (<0.2S), o and the measured output voltage
V' = Viample — Vair are correlated linearly:

o=axV. (3.11)

Viample and Vair being the voltages measured with and without a silicon wafer placed
above the detecting coil (cf. Fig. 3.1). These voltages are directly measured using a
precision multimeter (Fluke, 8845A). The correlation between V' and o is shown in
Fig. 3.5 for a set of calibration wafers. Using this calibration, the resistivity of the
lifetime sample p (in € cm) can be calculated from the output voltage:

B w
CaxV’

P (3.12)
with the wafer thickness W. The conductance o — and hence the resistivity p — is
temperature dependent. Therefore, p is extrapolated to a fixed temperature of 25°C
via

P25oc = (]— - Cﬁ (ﬁmeas —25 [OC])) X Pmeas, (313)

with pmeas being the resistivity measured at a temperature d,.,s and Cy being a
temperature coefficient dependent on the doping type and the doping concentration
of the silicon sample under test. For the p-type silicon used in this thesis, Cy is
7.07 x 1073°C™" and 7.22 x 1072°C~" for 1.0 cm and 1.2 Q cm, respectively [52].
The output voltages to calculate the resistivity according to Eq. (3.12) are measured
using a precision multimeter (8845A, Fluke).



21
3.4 Current voltage measurements

0.20 _l LI B N B B B N N B N B B B N B l-
L 6=0.040[AV?]xV _
E - .
= 015 .
o - .
(&) - E
C
_,(_,“ - .
g o o
3 010} ]
c B 4
o
(&) - 4
Q - .
o - 4
€ 005} N
w = -
000 y P T NN N T Y T T N VAN T T T Y T T T B Y B W |-
0 1 2 3 4 5

Output voltage V [V]

Figure 3.5: Calibration of the RF bridge circuit that is integrated in the WCT-120 life-
time tester from Sinton Instruments. For sufficiently small conductances o (<0.2S),
o and the measured output voltage V are correlated linearly.

3.4 Current voltage measurements

In the previous sections of this chapter, two different methods — namely PCD and
PL — were introduced to measure the effective carrier lifetime T 4 of lifetime samples,
which are basically passivated silicon wafers without any contacts and metalization
on the rear and front surface to collect the excess carriers. In this section, we want to
describe the current-voltage (/1) measurement used within this thesis to determine
the impact of the observed lifetime instabilities on the performance of actual solar
cells.

3.4.1 Operating principle of a POLO backjunction solar cell

Figure 3.6 shows a schematic of a ”"poly-Si on oxide backjunction” solar cell (POLO
BJ cell) with a p-type silicon base [53, 54| as absorber. The front surface of the solar
cell is textured and coated with a stack of aluminum oxide AlO, and silicon nitride
SiN,. SiN, serves as an antireflection coating to couple as much of the incident light
as possible into the solar cell. Furthermore, SiN,, layers serve as hydrogen source for
the saturation of dangling bonds at the surfaces (cf. Section 2.2). The incident light
of high enough energy hv, that is not reflected at the metal contacts and the front
surface or leaves the solar cell at the rear side, is absorbed by the p-type silicon
absorber and generates electron-hole pairs. These electrons and holes have to be
collected by electron-selective and hole-selective contacts at the rear and front side
of the solar cell.

Depending on the carrier lifetime and hence the carrier diffusion length in the silicon
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Figure 3.6: Schematic of the cross section of a POLO backjunction solar cell with a
p-type silicon base [53, 54].

base, there is a certain probability for recombination before the carriers reach the
contacts. Recombination can occur in the bulk, at the non-metallized surfaces, or
the metal contacts themselves. To minimize recombination in the bulk, the bulk
lifetime has to be as large as possible. This can be achieved by the use of defect-
lean silicon materials, by reducing the concentration of recombination-active defects
either through cleaning and gettering processes or through adapted processing steps,
and by passivation of existing defects so that they are not or less recombination-
active. These are topics addressed in this thesis. Recombination at the surfaces
can be significantly reduced by different passivation schemes, which are usually
a combination of a chemical passivation to saturate dangling bonds and a field
effect passivation to reduce the concentration of one type of carrier at the surface
(cf. Section 2.2). In the POLO BJ solar cell shown in Fig. 3.6, surface passivation
is achieved by an AlO,/SiN, stack [41] on the front surface and an SiO,/poly-
Si/AlO,/SiN, stack [25, 26] on the rear. To reduce recombination at the metal
contacts, two different methods are used in Fig. 3.6. At the front surface, a highly
Al-doped region (p™, h-selective contact) localized underneath the Al contact reduces
the minority carrier concentration (i.e., electrons) near the non-passivated silicon-
metal interface. At the rear side, a carrier selective contact (n™ poly-Si, e-selective
contact) is used, which accumulates one type of carrier (i.e., electrons), while at the
same time blocking the other type (i.e., holes). The POLO stack at the rear combines
excellent surface passivation quality [25, 26] with very low contact resistivities [27],
hence leading to a very large carrier selectivity [55]. Due to parasitic absorption of
the incident light [56-58], poly-Si is not used at the front surface of the cell.

3.4.2 Characteristic solar cell parameters

Solar cell performance is well described by the current-voltage curve under illumina-
tion (light IV curve), which means the superposition of the light-generated current
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density Jy, with the current-voltage (IV) curve of the solar cell diode in the dark.
In general, the J(V') dependence is given by the expression [59]

e(V + JR,) V + JR,
J=J, — J _— -1 - — 3.14
. 0 (exp( Nideal kBT’ > > Ry, ’ ( )

with Jy being the saturation current density, kg being the Boltzmann constant, and
T being the absolute temperature in Kelvin. The equivalent circuit diagram is shown
in Fig. 3.7. The so-called ideality factor nigea describes non-ideal diode behavior of
the solar cell via upward deviations from unity. In fact, njgea values smaller than
one are also possible in high-injection, if the bulk lifetime is limited by Auger recom-
bination [60]. The series resistance R (in Qlcm?) consists primarily of the base and
emitter resistance of the semiconductor, the resistance of the metallic contacts and
interconnections, and the contact resistances of the semiconductor/metal interfaces.
The shunt resistance Ry, (in Qcm?) stems from alternate current paths for the light-
generated current which is mostly the result of imperfect manufacturing processes,
e.g., non-passivated edges or metalization of a damaged emitter. As apparent from
Eq. (3.14), a small Ry and a high Ry, are desirable for good solar cell performance.
Figure 3.8 shows an IV curve measured on a POLO BJ solar cell under one-sun
equivalent illumination. Characteristic solar cell parameters, which will be intro-
duced in the following, are highlighted. The IV measurements in this thesis were
conducted using an LED array light source at 850 nm built into a LOANA system
from pv-tools [61].

The most prominent parameter to characterize a solar cell is the energy conversion
efficiency . The efficiency 1 is defined as the ratio between the electrical output
power and the power of the incident light P,,. It is hence given by

_PMPP_JSCX‘/OCXFF

3.15

with the short-circuit current density Jg., the open-circuit voltage V,., and the so-
called fill factor FIF. The product of these three parameter is the output power Pypp

RS
g R J
7 [
L D
O

Figure 3.7: Equivalent circuit diagram including a current source L (light-generated
current), the diode D, a parallel shunt resistance Ry, and a series resistance Rj.
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Figure 3.8: Measured current-voltage (IV) curve of a POLO BJ solar cell under one-
sun equivalent illumination using an LED array light source at 850nm. The cell

parameters short-circuit current density Js., open-circuit voltage V,., and the output
power at the maximum power point (MPP) Pypp = Jupp X Vipp as blue area are
highlighted.

at the maximum power point (MPP). At MPP, the electrical power, the product of
current density J and voltage V' generated by the solar cell, is at its maximum.
The short-circuit current density Js. denotes the maximum current density extracted
from the solar cell, i.e., when it is short-circuited. The J,. value depends on the num-
ber of photons with high enough energy to generate electron-hole pairs in the silicon
base and on the successful collection of these carriers at the contacts. Therefore, Jg.
depends directly on the light intensity and the spectrum of the incident light. In the
LOANA system, Jy is measured under a one-sun equivalent using a short Xenon
flash. The light is filtered to match the spectrum as close as possible to an AM1.5G
spectrum (class A of IEC 60904-9 according to the manufacturer, pv-tools). The
IV curve is then measured using an infrared LED array at a wavelength of 850 nm
at an illumination intensity that matches the J,. values obtained from the Xenon
flash and the LED measurement. To increase Jy., the optical properties of the solar
cell have to be improved through minimizing reflection and absorption losses. The
quality of the surface passivation and the carrier lifetime in the base affect Ji. as
well by an increased probability of carrier collection at the respective metal contact.
The open-circuit voltage V,. denotes the highest possible voltage, i.e., if no current
is extracted. Experimentally, the V. value is obtained from the light IV measure-
ment. According to semiconductor physics, V. of an ideal solar cell is connected
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with the excess carrier concentration An at open circuit by the equation [46]:

T A
Voo = kT X In ((po + An)n—?) : (3.16)

€ i

with py being the equilibrium hole concentration, which equals the acceptor concen-
tration in our p-type silicon base. Note that the temperature 1" — besides directly
affecting V. — affects also the excess carrier concentration An and in particular the
intrinsic carrier concentration n; in Eq. (3.16). The most relevant effects are the
pronounced temperature dependence of n; and the temperature dependence of the
band gap, which decreases with increasing temperature (empirically described by
Varshni [62]). In total, Vi, is strongly temperature dependent and decreases with
increasing temperature for crystalline silicon by 2mV /K in the temperature range
around 300 K [63]. However, it is apparent from Eq. (3.16) that increasing V.. at a
fixed temperature T is directly linked to an increasing An and therefore decreasing
recombination in the solar cell.

The fill factor FF' (usually reported in percent) in Eq. (3.15) is defined as

_ Jupep X Varpp

FF
JSC X ‘/;)C ’

(3.17)

with Jypp and Vypp being the current density and the voltage at MPP. Graphically,
the F'F value is a measure of the "squareness” of the IV curve, it is given by the ratio
between the rectangle of largest area under the IV curve (at MPP, blue rectangle
in Fig. 3.8) and the rectangle spanned by J. and V,.. In Fig. 3.8, the FF value is
79.1%. Ideally, the maximum possible FF' value without including any resistance
losses is a function of V., given by the empirical expression [64]:

Voe — 10 (Vpe + 0.72)

FF, =
Voe + 1

, (3.18)

with voe = €Vie/ (nigeatks?’) being the open-circuit voltage normalized to the thermal
voltage. A real solar cell, however, suffers from parasitic series and shunt resistances
reducing the F'F' value. To estimate the FIF' potential of a given solar cell, a so-called
pseudo fill factor pFF can be determined by measuring both V,. and Js. values
separately at different illumination intensities. The pFF' value determined from the
resulting J,.-V,. curve excludes any impact of the series resistance Ry and amounts
to 83.1% for the solar cell in Fig. 3.8. The pFF can hence be regarded as a kind of
“upper FF limit” of a specific solar cell. Under the assumption of a negligible series
resistance R, but a non-negligible shunt resistance Ry, — circumstances provided by
the pFF value —, the F'F value is given by the empirical expression [64]:

(3.19)

ocC . OCFF
FFsh:FFO(l—U 0.7 Y 0).

X
Voc Jsc Rsh

Using Eqs. (3.18) and (3.19), the pFF value of 83.1% (cf. Fig. 3.8) results in an
ideality factor of njgea; = 1.1. An increasing njgea corresponds to a decreasing FF
value, which — regarding this thesis — is caused by a strongly injection-dependent
bulk lifetime due to a deep-level defect center [65].






4 Light- and elevated-temperature-
induced degradation in boron-
doped Czochralski-silicon

4.1 Introduction

The so-called ‘Light- and elevated-temperature-induced degradation’ (LeTID) effect
[10-13] of the carrier lifetime in block-cast multicrystalline silicon (mc-Si) has be-
come a steadily growing area of research over the past decade. The fast-firing step
at the end of the solar cell production process was identified to trigger the degra-
dation effect [13, 14] and the firing peak temperature was shown to have a major
impact on the extent of the lifetime degradation [66]. More recently, there have been
publications indicating that a similar defect could exist in Czochralski-grown silicon
(Cz-Si) as well [15, 16, 67]. Other researchers, however, did not find any indications
of the mc-Si-typical LeTID effect in Cz-Si material [68]. In addition, some publi-
cations reported LeTID in other types of monocrystalline silicon materials, such as
float-zone silicon (FZ-Si) and n-type Cz-Si [17, 19, 69]. In this chapter, we examine
the carrier lifetime degradation under illumination of boron-doped (B-doped) Cz-Si
material at increased temperatures to investigate, if the mc-Si-specific LeTID defect
also occurs in B-doped Cz-Si material. We apply various process conditions to the
Cz-Si wafers known to effectively trigger LeTID in mc-Si wafers.

In a second step, we propose a simple method to separate the two main degra-
dation phenomena — namely the activation of the boron-oxygen (BO) defect and
the LeTID-type effect — observable on fired B-doped Cz-Si. Through BO activa-
tion/deactivation cycles by applying alternating illumination and dark annealing
(DA) steps, both degradation effects can be characterized separately.

We point out similarities and differences of the LeTID effect observed in mc-Si and
Cz-Si.

4.2 Experimental details

We use standard B-doped Cz-Si wafers with a base resistivity of 1.3Qcm. The
saw damage of the wafers is removed in a KOH solution before cleaning them in
a standard RCA sequence. The sample processing includes a phosphorus diffusion
at 829 °C, resulting in n*-diffused regions with a sheet resistance of either around
478 /sq or 10092/sq on both wafer surfaces. The phosphosilicate glass and the
nT-regions are removed afterwards by an HF dip and a short etch step in a KOH
solution. The wafer surfaces are passivated with an AlO, /SiN,-stack on both sides
[41]. 10nm of aluminum oxide (AlO,) are deposited using plasma-assisted atomic



4 LeTID in boron-doped Czochralski-silicon

layer deposition (Oxford Instruments, FlexAl). 100 nm of silicon nitride (SiN,) with
a refraction index n of 2.05 (Meyer Burger, SiNA) or 120 nm with n = 2.4 (Oxford
Instruments, Oxford Plasmalab 80 Plus) are deposited by plasma-enhanced chemi-
cal vapor deposition. Furthermore, on some wafers the AlO, layers are omitted.
The wafers receive a fast-firing treatment using an industrial conveyor belt furnace
(centrotherm international, DO-FF-8.600-300). Three different measured peak fir-
ing temperatures F'T' (550 °C, 750 °C, and 800 °C) with an uncertainty of £10°C at
a belt speed of 6.8 m/min are applied. Only the higher temperatures of 750 °C and
800°C are known to trigger the LeTID effect in mc-Si wafers, which is attributed
to the in-diffusion of hydrogen from the silicon nitride and/or the dissolution of
metal precipitates within the bulk [66]. The sample temperature during fast-firing
is measured using a temperature tracker (Datapaq DQ1860A) and a type-K ther-
mocouple (Omega, KMQXL-IM050G-300) within the furnace. The set-peak tem-
peratures were different for Cz-Si and mc-Si wafers to obtain the same actual peak
temperatures F'T' due to the different surfaces textures of the two different material
types. The set-peak temperatures were 650 °C, 850 °C, and 900 °C respectively, for
the Cz-Si wafers and 900 °C for reference mc-Si wafers. We will always refer to the
measured F'T throughout this chapter. For our experiments, the wafers are cut into
5cm x 5 em samples after firing.

After processing, the Cz-Si samples are annealed for 10 min at 200 °C in the dark to
fully deactivate the BO defect. In order to investigate the impact of dark annealing
on our reference me-Si wafers [70], we compared the formation of the LeTID defect
with and without previous dark annealing at 200 °C for 10 min. We observed no
difference of the dark-annealed and the non-annealed mc-Si samples. Hence, the
initial dark annealing will not be discussed further in the following.

The Cz-Si samples were exposed to different conditions. The standard test conditions
are 80°C and 1sun (100mW /cm?) illumination with a halogen lamp, i.e., typical
LeTID defect activation conditions as known from experiments on mc-Si samples
[12, 13]. We measure the illumination intensity with a calibrated reference silicon
solar cell. The lateral variation of the illumination intensity is less than £0.05 suns,
while the temperature during illumination is constant within a range of +2°C. Cz-Si
samples illuminated at room temperature ((30 £ 2)°C, (0.10 4 0.02) suns) serve as
a reference to characterize the BO defect activation.

The lifetime is measured in between illumination at (30 & 2)°C by the photocon-
ductance decay (PCD) method using a WCT-120 lifetime tester from Sinton In-
struments, the operating principle of which is explained in detail in Section 3.1. If
not stated otherwise, the lifetime is stated at a fixed excess carrier concentration of
An = 10" cm 3. In addition, we examine the injection dependence of the effective
lifetime to distinguish between bulk- and surface-related effects and to extract the
defect-specific hole-to-electron capture time constant ratio.

4.3 Lifetime evolution at elevated temperatures

Figure 4.1(a) shows the lifetime evolution for two Cz-Si samples fired at an FT of
750°C (black circles) and 550°C (blue inverse triangles) and for an mc-Si sample
fired at F'T = 750°C as a reference (red squares).

For the mc-Si sample (red squares), the typical LeTID behavior is clearly visible.
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Figure 4.1: (a) Effective lifetime Tog(t) and (b) the corresponding effective defect
concentration Nj(¢) illuminated at 1sun at 80 °C. Results are shown for two Cz-Si
samples fired at an FT of 750 °C (black circles) and 550 °C (blue inverse triangles) and
for an mc-Si sample of the same doping concentration as a reference (FT = 750°C,
red squares). Whereas the dashed lines in (a) serve as guide to the eye, the lines in
(b) are exponential fits of the data using Eq. (4.2) or Eq. (4.3), respectively.

The fully degraded state is reached after approximately 100 h at 80 °C and 1 sun illu-
mination intensity. The lifetime regeneration starts afterwards and lasts for another
~200h. The Cz-Si sample fired at the same peak temperature, however, shows a
different behavior (black circles). The degraded state is reached in less than an hour
at 80 °C and 1 sun, which is attributed to the activation of the well-known BO defect
[9]. The BO defect is fully deactivated after another ~10h comparable to [71]. The
lifetime then remains stable under prolonged illumination. The Cz-Si sample fired
at a peak temperature of only 550°C, which is not expected to show any LeTID,
also shows the typical BO degradation/regeneration cycle (blue inverse triangles in
Fig. 4.1(a)). In Fig. 4.1(b), the corresponding effective defect concentration Nj (%)
(cf. Section 2.4) is shown. The effective defect concentration is defined as

Nj(t) = @ (4.1)
with the lifetimes of the degraded and initial (dark-annealed) states t4(t) and 7o, re-
spectively. The colors and symbols used in Fig. 4.1(b) match the ones in Fig. 4.1(a).
Whereas the dashed lines in Fig. 4.1(a) serve as guide to the eye, the lines in
Fig. 4.1(b) are exponential fits separating /N;(t) into a defect concentration of degra-
dation Nj,(t) and regeneration Ny, (?):

Ni(t) = Nieg(t) + Nygg ()

= N deg (1 = exp (—=5(An) Raeg X 1)) (4.2)
- Nrtlax,reg (1 — eXp (_S(An)Rreg X t)) ,

with the maximum defect concentration N .. .. and the rate constant Rgeg of the

lifetime degradation, as well as Ny .. and Ryeq of the lifetime regeneration. Please
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note that the me-Si degradation in Fig. 4.1(b) (red squares) requires a double-
exponential fit:

N;ikeg(t> = Itlax,deg,l (1 — €Xp <_S(An)Rdeg71 X t)) (4 3)
+ N; (1 —exp (—S(An)Raeg2 X t)), '

max,deg,2

with a fast (1) and slow (2) component, respectively. Although the BO degradation
has been shown to consist of a fast and a slow component as well [9] if examined
at low temperatures (e.g., 30°C), the fast component is not visible at higher tem-
peratures (i.e., 80°C) and can be ignored for the Cz-Si samples shown in Fig. 4.1.
The scale factor s(An) subsumes the An-dependence of Rge, and R, for a more
accurate comparison of the rate constants of Cz-Si and mc-Si samples. It will be
explained in more detail later in this section.

The maximum effective defect concentration N .. qe.1 + Niax dego for the LeTID
defect in the mc-Si sample is more than 4 times larger than N, 4., for the Cz-5i
samples. The maximum effective defect concentration of the two Cz-Si samples fired
at different peak temperatures F'T, however, is almost identical as is the degradation
rate constant Rgeg of (20.6£0.8) h™! (after firing at F'T" = 750 °C, black circles) and
(17.6£1.0) h=! (FT = 550°C, blue inverse triangles). Both is to be expected for the
BO defect activation, since the samples are processed from the same material. The
degradation rate constants of LeTID in the mc-Si sample (Fig. 4.1, red squares) are
Raeg1 = (10+2) h™! for the fast and Rgeg2 = (0.740.2) h™! for the slow component.
The slow component (2) therefore differs by a factor of up to 30 from Rgeg of the
BO-related degradation at the same temperature.

Note that the rate constants of the deactivation process (Ryeq, regeneration of the
lifetime) of the Cz-Si samples in Fig. 4.1 depend on FT', which is well-known from
the literature [72, 73] and which is fully consistent with the faster regeneration at
higher peak temperature observed in Fig. 4.1. We obtain R,.; under illumination at
80°C and 1sun of (1.0£0.2) h™! (after firing at FT = 750°C) and (0.06 +0.02) h!
(after firing at F'T' = 550°C). The regeneration rate constant of LeTID after firing
at FT = 750°C is (0.02 £ 0.01) h=!. The scale factor s(An), which we assumed in
our discussion of the rate constants, will be explained in the following.

It has been shown that the kinetics of LeTID in mc-Si depend on the illumination
intensity [74] or more precisely the excess carrier concentration An [75]. A constant
illumination intensity during degradation — as it is applied in our experiments — re-
sults in a decreasing An and hence an a priori decreasing apparent degradation rate
constant s(An)Rges. This leads to a somewhat stretched degradation of the mec-Si
sample in Fig. 4.1. To state unchanging degradation rate constants Rge,, Which
can be identified as the apparent rate constants at ¢ = 0 before degradation, we
introduce a scale factor that subsumes the An dependence [76]. The same reasoning
applies analogously to the apparent regeneration rate constant s(An)R,e. Though
primarily a method to measure carrier lifetimes, the PCD method also yields a so-
called implied open circuit voltage Vicimpliea at 1 sun for the measured lifetime data.
Using Eq. (3.16), this Ve impliea value can be translated into an excess carrier con-
centration An at 1sun. The scale factor s(An) is simply the An value at the time
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t normalized to the initial An value at £ = 0 before LeTID:

_ Anf(t)
S_W:O)’ 0<s<1. (4.4)

Figure 4.2 shows the improvements of fitting the effective defect concentration N] of
LeTID in me-Si by applying s(An). In Fig. 4.2(a), the excess carrier concentration
An under one-sun illumination at 30°C is shown (red squares, left axis) together
with the scale factor (black line, right axis) derived from An. Figure 4.2(b) shows
the same N (red squares) of LeTID in me-Si already shown in Fig. 4.1(b). Whereas
the dashed blue line shows a triple exponential fit as described in Egs. (4.2) and
(4.3) without use of the scale factor (i.e., s = 1), the solid black line applies s(An).
As clearly visible, the fit improves significantly, which, however, has also significant
impact on the determined rate constants. Subsuming the An dependence of the ap-
parent rate constants in s(An), the degradation rate constants increase by a factor
of 3 (Rgeg1, fast component) and 60 (Rgeg2, slow component). The regeneration
rate constant R, increases by a factor of 2.

Unlike LeTID, Rges of the BO degradation has been shown to be proportional to
the square of the total hole concentration p? = (po + An)® [77-80], whereas Ry,
of the BO regeneration seem to be linearly dependent on An [81, 82]. This has
been taken into account for the BO-specific scale factor s(An) = s(py, An). Using
s(po, An), the degradation rate constant Rge, increases by a factor of up to 1.8 and
the regeneration rate constant R,., increases by a factor of up to 1.5. This signifi-
cantly reduced impact of s(pg, An) on the BO-related degradation and regeneration
in Cz-Si compared to the s(An) impact on LeTID in mc-Si is due to the significantly
reduced degradation extent resulting in less An variations.
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Figure 4.2: Improvement of fitting the effective defect concentration Nj of LeTID
in me-Si applying a scale factor s(An) which subsumes the An dependence of the
rate constants Rgeg and Ryes. (a) Excess carrier concentration An under one-sun
illumination at 30°C in the me-Si sample shown in Fig. 4.1 (red squares, left axis)
together with the scale factor s(An) normalized to An(t = 0) (black line, right axis).
(b) Corresponding defect concentration N (red squares) fitted using Egs. (4.2) and
(4.3) with (solid black line) and without (dashed blue line) applying the scale factor
s(An).
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It is important to note that we determine An at 1sun at the measurement temper-
ature of the PCD method of ~30°C instead of at the 80 °C applied in Fig. 4.1. The
actual An value at the chosen illumination conditions would hence be expected to
differ. However, since our aim is to approximate the normalized change of An due to
changes in the carrier lifetime and not the absolute An under one-sun illumination
at 80°C, we expect the determined s(An) to serve our goal reasonable well.

To characterize the activated defects further, we determine the hole-to-electron cap-
ture time constant ratio () via the linearized Shockley-Read-Hall (SRH) lifetime
[40, 83]. The SRH lifetime and the @ value are introduced in Section 2.2. Under
the assumption of a deep-level defect, the SRH lifetime is given by [40]:

TSRH = Tno (1 + Qg) ) (4.5)

with the ratio of electron and hole concentrations n/p and the capture time con-
stant ratio ) = Tpo/Tno. The obvious advantage of the SRH defect analysis in its
linearized form is that a single defect manifests itself as a straight line. The @) value
is determined at full degradation under the assumption of a single-level deep defect
close to the middle of the band gap. The SRH lifetime (which is the inverse of NJ) is
normalized using the capture time constant for electrons T,q to display the @) value
as the gradient of the linear fit.
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Figure 4.3: Normalized SRH lifetime Tsgrp/Tno of the light-induced defect for two Cz-
Si samples fired at different peak temperatures FT: 750 °C (black circles) and 550 °C
(blue inverse triangles) as a function of n/p. The solid lines are linear fits of Eq. (4.5)
to the measured data and the dashed lines indicate the measurement uncertainty. The
Q@ values extracted for the Cz-Si samples are characteristic for the BO defect. For
comparison, the SRH lifetime for the LeTID defect of an mc-Si sample fired at 750 °C
(red squares) is shown, resulting in a significantly higher @ value.
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The normalized SRH lifetime is plotted in Fig. 4.3 versus n/p for the Cz-Si samples,
which were fired at an FT of 750°C and 550 °C, respectively, and for the refer-
ence mc-Si sample fired at 750°C. Since a second shallow defect is present in the
mc-Si material, the analysis is only possible up to n/p = 0.2. The capture time
constant ratio @) for the LeTID-specific defect of the mc-Si sample is determined
as @ = 29 + 1, which is in excellent agreement with the literature [84, 85]. The @
value for the defect activated in the Cz-Si samples is Q = 13 £ 3 for the higher and
@ = 10+ 2 for the lower F'T. Both values are in good agreement with the literature
data of the BO defect, which is characterized by a @ value of ~10 [86, 87]. The error
margin is calculated with an assumed absolute error of the lifetime measurement of
10% (see dashed lines in Fig. 4.3).

Obviously, the lifetime of the examined Cz-Si samples is limited by the BO defect ac-
tivation. To support this conclusion, Fig. 4.4 shows the injection-dependent lifetimes
in the fully degraded state for both samples (black circles and blue inverse triangles).
In addition, the fully degraded lifetime for a sample fired at 750 °C (green triangles)
and illuminated under typical BO defect activation conditions of 30°C and 0.1 suns
for 160 h is shown (green triangles). The injection-dependent lifetimes of all three
samples are practically identical. There are slight variations only at high injection
levels, which is likely due to a variation in surface passivation and not related to the
activation of a bulk defect.

Although only the results of one Cz-Si material are presented here, the same ex-
periments were also conducted for two other Cz-Si materials of comparable base
resistivities and processed in parallel, giving comparable results.
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Figure 4.4: Injection dependent lifetimes in the fully degraded state for three different
samples fired at an F'T of 750 °C and 550 °C and illuminated either at 80 °C and 1 sun
or at at 30°C and at 0.1 suns.
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4.4 Impact of the silicon nitride layer composition

It has been observed that the maximum concentration of the LeTID defect in mc-Si
changes with varying refractive index n (related to the composition), and hence sil-
icon content, of the hydrogen-rich SiN, passivation layers, which was attributed to
the increased amount of in-diffused hydrogen into the silicon bulk. The maximum
in-diffused hydrogen concentration was observed for silicon-rich SiN, layers with a
refractive index of n = 2.4 [88]. Hydrogen is hence considered to be one of the major
contributors to the LeTID effect in different silicon materials [19, 69, 88, 89].

In the previous section, we have shown that the lifetime of B-doped Cz-Si is dom-
inated by the BO defect activation, if AlO,/SiN, stacks applying SiN, layers with
the industrially relevant refractive index of n = 2.05 are applied for passivation. In
order to examine, whether an increased amount of in-diffused hydrogen increases
the impact of a LeTID-like effect in the same material, the dielectric layers used for
surface passivation of the Cz-Si samples were varied. On the one hand, the refractive
index n (as measured by single-wavelength ellipsometry at A = 633 nm) of the SiN,,
is changed from the typical value of n = 2.05 to very silicon-rich SiN, with n = 2.4.
On the other hand, the underlying AlO, layer known to act as a diffusion barrier for
hydrogen [90] was omitted in some samples. The results are displayed in Fig. 4.5.
The data recorded on the Cz-Si sample already discussed in Section 4.3 (80 °C, 1 sun,
AlO,/SiN, (n = 2.05) stack, F'T" = 750°C) serve as a reference (black circles). The
deactivation of the BO defect is completed after 45h in the case of the single layer
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Figure 4.5: Effective lifetime T.g versus the cumulative exposure time to 1sun and
80°C. Results are shown for four Cz-Si samples coated with different depicted di-
electric layers and fired at the measured peak temperature of 750 °C. The values in
brackets denote the refractive index n (and hence the compositions) of the SiN,, layers
applied.
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SiN, with a refractive index of n = 2.05 (red squares), but already much faster after
10 to 20h for the silicon-rich single layer SiN, with a refractive index of n = 2.4
(blue inverse triangles) and the AlO,/SiN, (n = 2.4) stack (green triangles). In-
terestingly, for these samples (in contrast to the reference sample shown as black
circles in Fig. 4.5), we observe that after reaching the initial lifetime (or even a
slightly higher lifetime value), the lifetime starts to degrade on the long term. This
second degradation is still in progress for the samples after more than 1500h at
80°C and 1sun.

An analysis of the capture time constant ratio ) of the first formed defect center
(fully activated within 1h at 80°C and 1sun) results in () = 16 &+ 5 for the silicon-
rich SiN, (n = 2.4) and in ) = 17 £ 2 for the AlO,/SiN, (n = 2.4) stack. These @
values are slightly outside the margin of the () values reported in the literature for
the BO defect [86, 87], which could be an indication for the contribution by another
defect with increased @), though the BO activation is dominant. For the n = 2.05
SiN, single layer, however, the @) value is 12 £ 3, which is fully consistent with the
BO defect.

In Fig. 4.6, the regenerated lifetimes after the full deactivation of the BO defect
(closed green triangles and closed red squares, after 20 and 45 h, respectively) and
the lifetime of the second degradation effect (open green triangles and open red
squares, after 1400 and 1000 h, respectively) are shown for the AlO, /SiN, (n = 2.4)
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Figure 4.6: (a) Injection-dependent lifetimes of two samples coated with AlO, /SiN,
(n = 2.4) and SiN,, (n = 2.05), respectively. The regenerated lifetimes (closed green
triangles and closed red squares) and the lifetime curves of the second degradation
(open green triangles and open red squares) visible in Fig. 4.5 are shown. In the case
of SiN, (2.05), the injection dependent lifetime measurements are carried out using
two xenon flashes of different intensities of the PCD setup to broaden the accessible
An range. (b) Saturation current density Jy of the SiN, (2.05) sample plotted over
the cumulative time the sample was exposed to 80°C and 1sun. Jy was extracted
at around An = 2 x 101 cm ™3 following the Kane and Swanson [45] approach. (c)
SRH lifetime Tgry of the second defect of the AlO,/SiN,, (2.4) sample after 1400 h of
illumination as a function of n/p.
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stack and the single layer SiN, (n = 2.05) Cz-Si samples. Please note that the phys-
ical origins of the two observed degradation processes seem to be fundamentally
different. Whereas the first relatively fast degradation visible in Fig. 4.5 is clearly a
bulk-related effect with the activation of the BO complex being the dominant mech-
anism, a degradation of the surface passivation quality is largely responsible for the
second degradation effect on the single layer silicon nitride samples, as evidenced
by the injection dependence with a pronounced degradation at high injection den-
sities (red squares in Fig. 4.6(a)). To characterize this degradation of the surface
passivation quality, we use the saturation current density Jy of a pseudo emitter on
the wafer surfaces. A method to extract Jy from injection-dependent lifetime mea-
surements has been developed by Kane and Swanson [45] and has been introduced
in Section 2.4. As shown in Fig. 4.6(b), the saturation current density J, extracted
around An = 2 x 106 em™3 increases by a factor of 5 during the 1000 h of illumina-
tion. The degradation in the surface passivation is also observed for the silicon-rich
SiN, (n = 2.4) sample. However, the activation of a bulk defect screened by the
degradation of the surface passivation quality cannot be ruled out.

Importantly, the AlO,/SiN, (n = 2.4) stack (green triangles in Fig. 4.6(a)) shows a
very different behavior. The degradation is not visible in the high-injection regime,
but at low injection levels and is therefore most likely caused by the activation of
an additional bulk defect. However, the measured injection dependence is much
weaker and therefore completely different from the one expected for the mc-Si-
specific LeTID defect as well as of the BO defect. An analysis of the capture time
constant ratio @ plotted in Fig. 4.6(c) reveals two defect states. Under the assump-
tion of deep-level defects, the ) values can be determined to be ()7 = 120 4+ 60 and
@2 = 1.3 £ 0.5. Please note that the square deviation was minimized to determine
these @ values. Especially for ), the determined value depends strongly on the
selected injection range, which is the major reason for the large uncertainty. How-
ever, the ) value of the mc-Si-specific LeTID defect is ~30, which is well outside
the range of ()1 and @Qs.

In order to examine the formation of the new type of Cz-defect on a shorter timescale,
Fig. 4.7(a) shows the lifetime evolution of a Cz-Si sample coated with an AlO, /SiN,,
(n = 2.4) stack at 1sun and 185°C. The Cz-Si sample is processed identically to
the one discussed in Figs. 4.5 and 4.6. In contrast to the mono-exponential long-
term degradation observed in Fig. 4.5 (green triangles), the degradation visible in
Fig. 4.7(a) appears to be double-exponential. In Fig. 4.7(b), the injection-dependent
lifetime is depicted for the initial state of the long-term degradation (after 8 min at
185°C and 1sun, black circles), the intermediate state after 93 h (blue inverse trian-
gles) and the fully degraded state after 781 h (red squares). The SRH defect analysis
of the intermediate state after illumination for 93 h (not shown here) reveals ) val-
ues in the same range as in Fig. 4.6(c), that is @; = 80 £40 and @ = 1.5 £ 0.5.
After complete degradation, we extract the same @ values, shown in Fig. 4.7(c), of
Q1 = 80 £40 and @) = 1.4 £ 0.5. Both recombination centers are possibly two
different states of the same chemical defect of unknown composition.

We observe this second pronounced degradation only under use of a rather untypical
SiN, layer with a refractive index of n = 2.4 on a very long timescale of thousands
of hours at the elevated temperature of 80°C and higher. In the next Section 4.5,
we will therefore focus on the firing-triggered LeTID-like defect that is activated on



37
4.5 Separation of LeTID and BO-related degradation

( E 10° ¢ 3
I )) TT lllllll TT lllll'll TT Illllll T 1|Illll'| T IIIIII‘ TT lllllll = : :
-IIIuminaEison at3185 °C, 1sun (a) 1 & r ]
_An=10 cm AAAAA\ | .qé 102 & =
/ - E 3
£ A = 2 i 1
—_ 3 _A\ | N = L Ooo0d AIO_/SiN, (n = 2.4) stack
o 10 . \\ | " 1 10t bt v
5 Lo /I AIO, /SN (n = 2.4) && ] 101 101 1015 1016 1017
g r ‘\ 4 N 1 Excess carrier concentration An [cm™]
= i \ b
:':5 r \\ // \ 1
3 \ A \\ 600 FrorT T[T rrr[rrrr oo I/I’l)—(l
- \ B = ——
\ 500F o ., __———
X A T 400 F .———7
10? |-Fired at 750 °C, 6.8 m/min A = E
A . ] . 300 F
r1. cm B-doped Cz-Si %} ] ¥ 3 -
| (@RI BRI BRI AT MR Rt I‘-/’) 200 =
0 102 10" 10° 10" 102 10° 100 E
E 1.3 Q cm B-doped Cz-Si
I"Um|nat|0n t|me t[h] 0 = I [ TR TR W W NN YO TN TN T N SN TN W W N WA WY TN
0.0 0.1 0.2 0.3 0.4 0.5
nip

Figure 4.7: (a) Effective lifetime T.g versus the cumulative exposure time to 1sun and
185°C of a sample coated with an AlO, /SiN, (n = 2.4) stack. The dashed line serves
as guide to the eyes. (b) Injection-dependent lifetime of the sample after 8 min (black
circles), 93 h (blue inverse triangles) and 781 h (red squares) at 1sun and 185°C. (c)
SRH lifetime tgry of the second defect of the AlO,/SiN, (n = 2.4) Cz-Si sample
after 781 h at 1sun and 185°C as a function of n/p.

the same timescale as the BO defect. We will separate them to study their different
properties.

4.5 Separation of LeTID and BO-related degradation

A short time anneal of 10 min at 200 °C in the dark (Dark Anneal, DA) is known to
temporarily deactivate the BO complex [6]. In this section we want to examine the
impact of DA steps on the formation of LeTID in B-doped Cz-Si and investigate the
possibility to use DA to separate LeTID and BO defect activation.

Figure 4.8 shows the lifetime evolution of Cz-Si samples, which received the following
treatments after processing: Halogen lamp illumination (1sun) at 80°C to activate
the BO defect, followed by a DA step at 200°C for 10 min to deactivate the BO
complex [6]. This experiment is repeated several times. The lifetime is shown after
illumination and subsequent annealing for each iteration. Figure 4.8(a) shows the
lifetime evolution of a sample, which received no firing step but was merely annealed
at 425 °C for 15 min. There is no significant change in the lifetime visible after each
cycle. The behavior of a fired Cz-Si sample in Fig. 4.8(b) is quite different. Besides
the BO defect (fast oscillation between upper and lower state), there is a distinct
second slower degradation and a subsequent regeneration in the lifetime, which is
visible in the enveloping curves (blue inverse triangles). By reference measurements
with varying experimental parameters (i.e., DA and illumination times), we ensured
that neither a beginning regeneration of the lifetime due to BO deactivation un-
der illumination nor an incomplete deactivation of the BO effect under DA has any
impact on the additional degradation/regeneration effect. This LeTID-type degra-
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Figure 4.8: Repeated BO activation/deactivation cycles of B-doped Cz-Si lifetime
samples. The BO complex is activated by illumination at 1sun and 80°C and, after
full BO activation, is then deactivated by a dark anneal (DA) at 200 °C for 10 min. The
effective lifetime T.q extracted at An = 10'° cm™3 is plotted versus the cumulative
illumination time ¢. (a) The lifetime sample was merely annealed at 425 °C for 15 min
after A1O, /SiN, passivation (i.e., no fast-firing step was applied). (b) The wafer from
which the sample was cut was fired at an F'T of 800°C after AlO,/SiN,, passivation.
The firing step triggers a slow non-BO-related lifetime degradation and regeneration,
as shown by the enveloping curves.

dation effect is only observed after high-temperature firing. The time constant — the
inverse of the degradation rate constant used before in this chapter — of LeTID in
Cz-Si is in the range between 0.3 and 0.5h at 80°C and 1sun. The LeTID degrada-
tion time constant of our mc-Si reference wafer amounts to 1.5h at 80°C and 1sun
(cf. Fig. 4.1, assuming a scale factor s(An)). The time constants hence differ by
a factor of ~4. Please note that assuming s(An) for Cz-Si samples would have no
impact on the time constant due to the relatively small LeTID extent.

Note furthermore that the difference in the illumination time between the non-fired
sample in Fig. 4.8(a) and the fired sample in Fig. 4.8(b) is due to the onset of the
lifetime regeneration in the fired sample. If, however, the same experimental con-
ditions are applied to a non-fired sample (i.e., halogen lamp illumination for only
6 min at 80 °C within each cycle), there is no change of the lifetime in the activated
or deactivated state of the BO complex visible for the first hour of cumulative illumi-
nation time (i.e., during 10 cycles). We have chosen the representation in Fig. 4.8(a)
(i.e., 60 min illumination intervals) because it shows the stability of the BO defect
activation/deactivation over a longer period.

Fig. 4.9 shows the impact of the DA or the illumination periods. Whereas the blue
inverse triangles in Fig. 4.9(a) show the same data as Fig. 4.8(b), a DA step of only
5min, instead of the usual 10 min, is applied in between the illumination for the
sample represented by the red squares. The illumination period of 6 min at 80 °C re-
mains identical for both samples. The repeated dark annealing in-between seems to
have no impact, since halving of the DA time (red squares) does not change the time
constant of the long-term degradation/regeneration. Only the deactivated lifetime
after each DA step is lower after DA for only 5 min (Fig. 4.9(a), red squares) instead
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Figure 4.9: Repeated BO activation/deactivation cycles of fired B-doped Cz-Si life-
time samples. The BO complex is activated by illumination at 1sun and 80°C and
deactivated by a dark anneal (DA) at 200 °C. The effective lifetime Tog extracted at
An = 10'° cm 3 is plotted versus the cumulative illumination time ¢. (a) Whereas the
blue inverse triangles represent the same data already presented in Fig. 4.8(b) (i.e.,
DA at 200°C for 10min), the red squares show Teg of a sister sample which receives
the same DA step for only 5 min alternating with the illumination. The period of the
DA seems to have no impact on the LeTID effect. (b) Variation of the illumination
time at 80 °C. Whereas the sample represented by the green diamonds is illuminated
for 6 min at 80°C alternating with DA, the sister sample (pink circles) is illuminated
at intervals of only 3min. It cycles therefore twice as often alternately through DA
and illumination within the same cumulative illumination time ¢. There is no impact
of the illumination interval visible on the time constant of the LeTID activation.

of 10 min (Fig. 4.9(a), blue inverse triangles), which is, in this case, consistent with
an incomplete BO deactivation.

In Fig. 4.9(b), the illumination time ¢ is varied, whereas the DA time in-between
remains identical for both samples. Unfortunately, this experiment had to be con-
ducted on samples which were fired at a slightly lower measured peak temperature
of 750°C instead of 800°C. Since we did not vary the peak firing temperature
systematically, we refrain from drawing conclusions from differences between the
Figs. 4.9(a) and 4.9(b) regarding time constants and extent of the lifetime degrada-
tion. For the sample illuminated for 6 min within each cycle (green diamonds) the
time constant of the LeTID degradation is (0.4 4 0.2) h, for the sample illuminated
for only 3min (pink circles) it is (0.3 £ 0.1)h at 80°C and 1sun (determined for
the deactivated lifetimes). We conclude that no impact of the illumination interval
can be observed. Importantly, the LeTID effect in Cz-Si does not only occur at ele-
vated temperatures (e.g., at 80°C), but also at lower temperatures (i.e., at ~30°C).
Figure 4.10(a) shows the firing-triggered LeTID-type effect observed at 30°C and
0.1suns light intensity. Compared to the illumination at higher intensity and tem-
perature in Fig. 4.8(b), the time constant is significantly larger, as is to be expected
of any thermally activated degradation process. Interestingly, the degradation effect
is much more pronounced at 30°C and 0.1suns than at higher temperature and
intensity, which could either indicate that two independent, parallel processes are
responsible for the activation and deactivation of the defect, or that the LeTID effect
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Figure 4.10: (a) Repeated BO deactivation/activation cycles of a Cz-Si sample at
30°C and 0.1suns for a fired CzSi sample. The LeTID effect is clearly visible as
enveloping curves in addition to the BO deactivation/activation oscillations. (b)
Injection-dependent lifetimes for the BO and the LeTID effect, activated at 30°C
and 0.1suns. The blue inverse triangles represent the deactivated state of both degra-
dation effects. Whereas the BO defect is activated for 3h (green diamonds), the
LeTID defect needs 24 h under the same condition to be fully activated (red squares).
The positions within our experiment of the three injection-dependent lifetimes in (b)
are highlighted in (a) with matching colors and symbols.

is dependent on the injected carrier concentration An. In contrast, there are reports
that the LeTID effect in mc-Si materials is temporarily deactivated by illumination
at 25°C [20, 91].

To characterize the electronic properties of LeTID in B-doped Cz-Si and to differ-
entiate it from the BO defect, we examine the sample treated at room temperature
(Fig. 4.10(a)) in more detail. The LeTID effect is much more pronounced at 30°C
and 0.1 suns than at our standard illumination conditions of 80 °C and 1 sun. There-
fore, differences are more evident and the characterization of electronic properties
can be performed with less uncertainty.

The injection-dependent lifetime of the three highlighted states in Fig. 4.10(a) is
shown in Fig. 4.10(b). The blue inverse triangles depict the initial state after sample
processing and the very first DA step at 200 °C for 10 min. Therefore, it represents
the deactivated state of both the BO and the LeTID defect. The degraded (acti-
vated) state of the BO defect (Fig. 4.10(b), green diamonds) after 3 h illumination
time at 30 °C and 0.1 suns is taken from the very first activation/deactivation cycle.
Note that 3h of room temperature illumination were not sufficient to fully activate
the BO complex. For the characterization of the electronic properties, however, this
does not matter. The degraded state of the LeTID effect (Fig. 4.10(b), red squares)
is taken from the 9th BO activation/deactivation cycle, directly after the DA step.
The BO defect is therefore in its deactivated state, the lifetime degradation in com-
parison to the lifetime curve represented by the blue inverse triangles can hence
be completely attributed to the LeTID defect. As clearly visible in Fig. 4.10(b),
the BO- and the LeTID-related lifetimes differ in their injection dependencies. The
LeTID-limited lifetime shows a more pronounced injection dependence compared to
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the BO-related lifetime. To compare this quantitatively, we determine the hole-to-
electron capture time constant ratio @) via the linearized SRH lifetime [40, 83] as
introduced in Eq. (4.5) and explained in more detail in Section 2.2. The @ value
of the BO defect is determined to ()go = 10 £ 2, which is in agreement with the
literature [86, 87]. The Q value of the LeTID effect is determined to Qr.rip = 2373.
The uncertainty margin is calculated with an assumed absolute uncertainty of the
lifetime measurement of 5%. The large uncertainty range of Qrermp is due to the
relatively small differences between the measured lifetimes in the deactivated and
the activated defect state. Note that Qr.rp is in the range we would also expect
from the LeTID effect in mc-Si [84, 85].

4.6 Impact of BO regeneration

Both the BO-related degradation [71-73] as well as LeTID [12, 13] are known to
regenerate under prolonged illumination at elevated temperatures. To continue our
investigation of the impact of short-time DA steps on LeTID, we apply repeated
regeneration/DA cycles on both B-doped Cz-Si and mc-Si samples. Fung et al. [92]
reported that the fully degraded lifetime after LeTID in mc-Si increases when ex-
posed to repeated regeneration/DA cycles. The authors attributed this increase of
the LeTID-limited lifetime to a speculative hydrogen reservoir state [92].

In Fig. 4.11, measured lifetimes in different defect states are shown for (a) a fired
Cz-Si and (b) a fired me-Si sample. In contrast to Section 4.5, the illumination (at
the applied temperatures) is continued after degradation until the respective main
degradation effects — that is BO-related degradation for Cz-Si and LeTID for mc-Si
— are fully regenerated before applying a DA step and repeating the experiment.
Since there are three well-defined points for each regeneration/DA cycle, the data
is presented in three plots within Figs. 4.11(a) and 4.11(b). These are (1) the mea-
sured effective lifetimes Teg in the fully degraded state (open blue inverse triangles),
(2) the regenerated state (red squares) and (3) the measured effective lifetime after
subsequent DA at 200°C for 10 min (black circles). As before, the data is plotted
versus the cumulative illumination time.

It is immediately apparent that T.g of the fully degraded state of the Cz-Si sample
increases significantly from initially 140 ys (first degradation) to 300 ps after the sec-
ond degradation cycle (Fig. 4.11(a), blue inverse triangles, ~20h). This is related
to the regenerated state of the LeTID effect as shown in Fig. 4.8(b) (after ~2.5h,
lower state). As pointed out in Section 4.5, the LeTID effect in Cz-Si is not influ-
enced by repeated DAs, which is why such a significant lifetime change of the fully
degraded state only occurs once in Fig. 4.11(a). Afterwards, the effective lifetime
in the degraded state is almost stable and shows only a minor decrease with in-
creasing number of cycles or, equivalently, increasing cumulative illumination time.
Since an increase in the surface recombination current density Jp, a measure for
the surface passivation quality of our samples [45], can be observed simultaneously
(Fig. 4.11(c)), we determine the bulk lifetime to examine, if this small decrease of
the effective lifetime is related to an increasing recombination at the surfaces. To
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Figure 4.11: (a) Measured effective lifetimes Teg of a fired B-doped Cz-Si sample in
different BO states: (1) after full BO activation at 80 °C and 1sun (open blue inverse
triangles), (2) after full regeneration at 80°C and 1sun (red squares), and (3) after
subsequent dark annealing (DA) at 200°C for 10min (black circles). In addition, the
bulk lifetime Ty, in the fully degraded state is shown (filled blue inverse triangles),
according to Eq. (4.6) and the Jy data shown in (c¢). The data is plotted versus the
cumulative illumination time ¢. (b) Measured effective lifetime Tg of a fired B-doped
mc-Si sample in three different states: (1) after full LeTID activation at 135°C and
1sun, (2) after regeneration at 135°C and 1sun, and (3) after subsequent DA at
200°C for 10 min. In (c¢) and (d), the respective recombination current densities Jy
[45] are shown for the samples above. Colors and symbols match the experimental
states in (a) and (b).

determine the bulk lifetime, we use the equation:

(1 200(Naop +An)\
Thulk = (a en?W ) (4-6)

with the base doping Ngep, the elementary charge e, the intrinsic carrier concentra-
tion n;, and the sample thickness W. Please refer to Chapter 2 for more details on
Eq. (4.6). Note furthermore that Eq. (4.6) is valid only if the surface passivation
can be described by a single Jy value, which we assume here. The bulk lifetime Ty
of the fully degraded state for the Cz-Si sample is shown in Fig. 4.11(a) (filled blue
inverse triangles). The corresponding .Jy values used to determine Ty are shown in
Fig. 4.11(c) (black circles). As can be seen from Fig. 4.11(a), the major part of the
lifetime decrease for the Cz-Si sample is due to the surface-related degradation and
only a negligible part to the bulk. The surface-related lifetime degradation is most
likely caused by the repeated DA steps, since there is no such behavior observable
on Cz-Si reference samples simply illuminated at 80 °C and 1sun for at least 1000 h
(cf. Fig. 4.1), black circles).
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Fig. 4.11(b) shows the same kind of experiment for an mc-Si sample. As before,
the main regeneration/DA effect — which is clearly LeTID in this case — can be
observed repeatedly when applying the DA step after complete regeneration under
illumination. Again, a significant increase of the fully degraded lifetime from 40 ps to
150 s is visible after the first iteration (Fig. 4.11(b), blue inverse triangles, ~20h).
This correlates, however, with a significant reduction in the period required for a
complete regeneration of the LeTID effect. Whereas the first regeneration/DA cycle
takes 20 h, all following cycles take ~4h to completely regenerate the LeTID effect
after the DA was applied. Moreover, the lifetime increase in the fully degraded
state continues until the 24th iteration, which was the end of our experiment. This
increase of the LeTID-limited lifetime in mc-Si with increasing number of cycles
has already been reported before by Fung et al. [92], the authors attributed it to
a speculative hydrogen reservoir state. Note that there is no significant change of
the surface passivation quality visible (Fig. 4.11(d)). Thus, the increasing LeTID-
related lifetime is clearly bulk-related.

As opposed to this, the Cz-Si sample in Fig. 4.11(a) shows no hydrogen-reservoir-like
behavior. Apart from the very first increase between the first and second cycle the
fully degraded bulk lifetime is constant or even slightly decreasing with increasing
number of cycles (state (1) in Fig. 4.11(a)).

Note that the temperature for the mc-Si sample was chosen higher (135°C) during
the regeneration/DA experiment than for the Cz-Si samples (80°C) due to signifi-
cantly faster regeneration/DA rates at higher temperatures, reducing the period of
our investigations.

4.7 Conclusions

In this chapter, we have performed a series of carrier lifetime experiments at different
temperatures to examine LeTID in boron-doped Cz-Si. Most of our samples were
coated symmetrically with an AlO,/SiN, stack on the front an rear surface, where
the SiN, layer had a refractive index of n = 2.05. These samples were then fired in
a conventional conveyor belt furnace. This fast-firing is known to trigger the LeTID
effect in me-Si due to the in-diffusion of hydrogen from the hydrogen-rich SiN, layers
on the wafer surfaces into the silicon bulk. Hydrogen is believed to be one essen-
tial component causing LeTID in mc-Si. Although we provided optimal conditions
for the activation of the LeTID defect, as shown on reference samples processed on
mc-Si wafers, our illumination experiments showed no indication of the activation
of the me-Si-specific LeTID defect in boron-doped Cz-Si. The lifetime at all times
under illumination was limited by the activation of the BO defect. We proved this
conclusively by comparing the lifetime degradation and regeneration behavior with
the activation of the mc-Si-specific LeTID on in parallel processed mc-Si samples.
The degradation rate constants Rge, differ by up to a factor of 30, even after intro-
ducing a scale factor s(An) that subsumes the An-dependence of degradation. The
capture time constant ratios () differ by a factor ~3. Nevertheless, in Cz-Si wafers
coated with very silicon-rich SiN,, layers (n = 2.4), which are known to introduce a
maximum amount of hydrogen into the silicon bulk, we in fact determined ) values
outside the margin reported for the BO defect in the literature, but on the same
timescale as observed for the BO defect activation. Although the BO defect activa-
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tion obviously remains dominant for these samples as well, a certain influence of a
defect with a higher ) value seems likely. Furthermore, we observed the formation
of another type of bulk defect on the long term. This defect showed very different
recombination parameters compared to the mc-specific-LeTID defect, and can hence
be considered as a different kind of (probably hydrogen-related) defect. For the ap-
plication of typical SiN, layers, no LeTID effect beyond the BO defect activation
was observed to limit the lifetime in boron-doped Cz-Si under illumination.
However, through BO activation/deactivation cycles by alternating an illumination
and a dark annealing (DA) step, we were able to separate the BO defect activation
from a firing-triggered LeTID-type defect in samples coated with stacks of AlO,
and typical SiN, (n = 2.05) layers. Comparing lifetime measurements on non-fired
and fired samples, we were able to show that, besides the well-known BO LID,
a second degradation effect is occurring in the bulk of fired Cz-Si samples. This
LeTID effect occurs not only at elevated temperatures (80°C, 1sun), but is even
more pronounced at low temperatures (i.e., 30°C) and low illumination intensities
(i.e., 0.1suns). Note that the LeTID effect on mc-Si seems to be temporarily deac-
tivated by illumination at low temperatures near room temperature. The extracted
hole-to-electron capture time constant ratio Q of the LeTID defect in Cz-Si is 2372
and therefore higher than the ) value of the BO defect, which equals 10 + 2 and
was determined on the same samples. Compared to the LeTID defect which occurs
in fired mc-Si materials, there are some important differences to the LeTID defect
in Cz-Si. First, the time constants of the defect activation differ by a factor of ~4,
suggesting a different detailed defect physics behind both degradation effects. More
importantly, however, in a second series of experiments, we showed that the LeTID
effect in mc-Si, unlike the LeTID effect in Cz-Si, is strongly influenced by the DA
steps, as has also been reported by Fung et al. [92], who attributed this effect to a
speculative hydrogen-reservoir state, which is not observed on our Cz-Si samples.
Nevertheless, since the LeTID on both B-doped mc-Si and Cz-Si is clearly trig-
gered by firing, it is most likely that both degradation effects are hydrogen-related,
however, the detailed defect physics seem to be different.



5 Light- and elevated-temperature-
induced degradation in gallium-
doped Czochralski-silicon

5.1 Introduction

Light-induced lifetime degradation effects are frequently observed in crystalline sili-
con materials for solar cell production. One of the most prominent ones is caused by
the electron-induced activation of a boron-oxygen (BO) defect, typically occurring
in boron-doped Czochralski-grown silicon (Cz-Si) [6-8, 93]. Another degradation ef-
fect is the so-called ‘light- and elevated-temperature-induced degradation’ (LeTID),
first observed on block-cast multicrystalline silicon (me-Si) [10, 11, 94]. In contrast
to the BO-related degradation effect, the occurrence of the LeTID effect requires a
previous fast-firing step at a high peak temperature [14, 66, 95]. There have been
reports of LeTID-type effects in boron-doped Cz-Si [15, 16, 67], in float-zone silicon
(FZ-Si) [17, 19] and in n-type Cz-Si [69]. More recently, lifetime instabilities on fired
gallium-doped Cz-Si wafers and solar cells have been reported too [96-98]. Ga-doped
Cz-Si materials — the most recently introduced Cz-Si material into the large scale
cell production — has been dominating the p-type mono-Si market for only a couple
of years. According to data of the International Technology Roadmap for PV, boron
as dopant for p-type material disappears in 2023 [22]. This is due to the absence of
BO degradation and a significantly reduced degradation extent.

The extent of lifetime degradation differs with the material and the dominant defect
activated within the bulk of the material. Figure 5.1 shows the degradation and
regeneration effects observed at 80°C and 1sun on the three main p-type materials
used in the solar industry within the last decade, which are B-doped Cz-Si (Cz-Si:B,
black circles), B-doped mc-Si (mc-Si:B, blue inverse triangles), and Ga-doped Cz-Si
(Cz-Si:Ga, red triangles). In addition, the lifetime evolution of B-doped float-zone
silicon (FZ-Si:B, pink squares) is shown as a reference, because it is the most defect-
lean silicon material.

The LID observed on the Cz-Si:B sample within 0.25h can be ascribed to the acti-
vation of BO defects. The degradation is followed by a regeneration of the lifetime
within 10 h under the same conditions. Although we were able to show the impact of
a LeTID-type defect on a similar timescale as the BO defect formation, the BO de-
fect is clearly dominant (cf. Chapter 4). The blue inverse triangles show the typical
LeTID effect on mc-Si:B, but a high-temperature firing step is necessary for LeTID
to occur [13, 14, 95]. Contrary to these pronounced degradation phenomena, the
degradation extent of similarly processed Cz-Si:Ga (red triangles) and FZ-Si:B (pink
squares) samples is significantly lower at high lifetime levels under illumination at
80°C and 1sun.
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Figure 5.1: Effective lifetime t.g(¢) of different p-type silicon materials under illumi-
nation at 80°C and 1sun for up to 1000 h. Shown are degradation and regeneration
behavior of B-doped Cz-Si (black circles), B-doped mc-Si (blue inverse triangles),
Ga~doped Cz-Si (red triangles), and B-doped FZ-Si (pink squares). Whereas a pro-
nounced degradation occurs in me-Si:B and Cz-S:B due to the LeTID effect and the
BO pair formation, respectively, the degradation extent in both Cz-Si:Ga and FZ-Si:B
is significantly lower under illumination at 80 °C and 1sun.

In this chapter, we examine the degradation in Cz-Si:Ga in detail through a series of
carrier lifetime experiments. As a reference, we study FZ-Si:B, as the most defect-
lean silicon material available today. Both materials are for different reasons (no
B-doping in case of Cz-Si:Ga, very low oxygen contamination in FZ-Si:B) not prone
to BO degradation and are therefore excellent test objects for detailed degradation
experiments of firing-triggered degradation phenomena.

5.2 Experimental details

Symmetrical lifetime samples were processed on 12 cm Cz-Si:Ga and 1.2Q cm FZ-
Si:B wafers. The saw damage of the wafers was removed in a KOH solution before
cleaning them in a standard RCA sequence. Subsequently, a double-sided phos-
phorus diffusion is performed in a quartz-tube furnace at a process temperature of
829°C. The resulting phosphosilicate glass and the n'-layers on both wafer surfaces
are removed by an HF dip and a short etch step in a KOH solution. After an-
other RCA cleaning, both wafer surfaces are symmetrically coated with AlO,/SiN,
stacks. First, 10nm of aluminum oxide (AlO,) are deposited by plasma-assisted
atomic layer deposition (Oxford Instruments, FlexAL). Subsequently, (100 &+ 5) nm
of silicon nitride (SiN,) with a refractive index of n = (2.05+0.02) are deposited on
top by plasma-enhanced chemical vapor deposition (PECVD, Meyer Burger, SiNA).
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The silicon nitride films of (120 & 3) nm for a variation of the refractive index n
on both Cz-Si:Ga and FZ-Si:B are deposited using another PECVD tool (Oxford
Instruments, Oxford Plasmalab 80 Plus). The thicknesses as well as the refractive
indices n of (2.07+0.02), (2.24+£0.02), and (2.37£0.03) are determined using spec-
trally resolved ellipsometry measured at various angles of incidence (M2000UI, J.A.
Woollam). The refractive indices are reported at a constant wavelength of 633 nm.
As a reference, some wafers are annealed at 425°C for 15 min to activate the sur-
face passivation without a fast-firing step. The remaining wafers receive a firing
treatment in an industrial conveyor-belt furnace (centrotherm international, DO-
FF-8.600-300) at belt speeds vpang between 2.8 and 7.2m/min and set-peak firing
temperatures ranging from 750 °C to 900 °C, resulting in measured peak firing tem-
peratures F'T" between 630°C and 800 °C. Standard firing conditions, whose varia-
tions of F'T and vp.,q we examine on Cz-Si:Ga in Section 5.4, are F'T' = 750°C and
Upana = 6.8 m/min. We will always refer to the actual F'T measured on the wafer
surfaces using a temperature tracker (Datapaq DQ1860A) and a type-K thermocou-
ple (Omega, KMQXL-IM050G-300). The reported F'T values have an uncertainty
of £10°C. After firing, the wafers are cut into 5cm x 5cm samples using a laser
process. The final thickness of all samples is (150 £ 10) pm.

After finishing the processing, the samples receive the following treatment: Halogen
lamp illumination on a hot plate at elevated temperatures between 70 °C and 160 °C
at an illumination intensity of typically 1sun (100 mW /m?) until the degraded state
is reached (i.e., the defect is fully activated). We examine the impact of the illumina-
tion intensity on the degradation effect in Section 5.7 for intensities ranging from 0.1
to 1sun. We measure the illumination intensity with a calibrated reference silicon
solar cell. The lateral variation of the illumination intensity is less than £0.05 suns,
while the temperature during illumination is constant within a range of £2°C. In
order to deactivate the defect, the lifetime samples are illuminated at 0.5 suns for up
to 30 min at a reduced sample temperature of (44 & 4)°C. Our preliminary investi-
gations had shown that defect deactivation occurs under these conditions. Note that
this temperature of (44 £+ 4)°C is a consequence of the halogen lamp illumination
itself and measured on reference samples with a digital thermometer (RS Compo-
nents, RS 206-3750) and a type-K temperature probe (Testo AG, TE type-K). For
selected samples, the degradation experiments are repeated several times, either at
the same or each time at a different temperature during degradation.

We measure the effective lifetime (Teg) of the samples at (30 &+ 2)°C by the pho-
toconductance decay (PCD) method using a WCT-120 lifetime tester from Sinton
Instruments (transient mode), the operating principle of which is explained in detail
in Section 3.1. If not stated otherwise, the lifetimes are reported at an excess carrier
concentration of An = 10'® cm 3.

5.3 Temperature-dependent degradation

Figure 5.2 shows the degradation effects observed in the Cz-Si:Ga samples at tem-
peratures ¥ ranging from 90°C (black circles) to 140°C (pink hexagons). Figure
5.2(a) shows the measured effective lifetime Tog as a function of illumination time ¢
at 1sun illumination intensity. The corresponding evolution of the effective defect
concentration NVj(t) is plotted in Fig. 5.2(b). Please refer to Section 2.4 for more
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Figure 5.2: Lifetime degradation of Cz-Si:Ga illuminated at 1sun at temperatures
9 ranging from 90°C to 140°C. (a) Effective lifetime Teg at An = 10 cm™3, as
a function of illumination time ¢. The dashed lines serve as guide to the eye. (b)
Corresponding effective defect concentration Nj(t) (colors and symbols match the
graphs in (a)). The lines are exponential rise-to-maximum fits of the measurement
data calculated by using Eq. (5.2).

details on the effective defect concentration. Nj(¢) is determined using the definition

Nji(t) = - —, (5.1)

with T4(¢) being the lifetime after illumination for the time ¢ and Tty being the lifetime
before starting the illumination. The colors and symbols used in Fig. 5.2(b) match
the ones in Fig. 5.2(a). Whereas the dashed lines in Fig. 5.2(a) serve as guide to the
eye, the lines in Fig. 5.2(b) are exponential rise-to-maximum fits of Nj(¢):

Ng(t) = Nr;ax (1 — eXp (_Rdeg X t)) ) (52)

with the maximum defect concentration NN} .. and the degradation rate constant
Rgeg as fit parameters. Note that adding a scale factor s(An) as introduced in Sec-
tion 4.3 has only a minor impact on the apparent Rge,, i.e., less than 7% due
to significantly less lifetime degradation compared to Cz-Si:B and mc-Si:B, or more
precisely negligible changes of An in our samples under one-sun illumination. Hence
we will neglected it for degradation in Cz-Si:Ga and FZ-Si:B in this chapter.

As clearly visible in Fig. 5.2, the extent of the lifetime degradation in Cz-Si:Ga
shows a pronounced dependence on the applied temperature ¥ during illumination.
Whereas the degradation at 90°C and 1sun leads to a fully degraded state with
Tega = 1300 ps at An = 10'° em ™ (initially To = 2300 ps), Tegrq is reduced to 500 ps,
if the degradation is performed at 140°C and 1sun. As can be seen in Fig. 5.2(b),
increasing ¥ from 90 °C to 140 °C increases N, by a factor of 5.

The equilibrium state establishing itself between the activated and the deactivated
state of the defect is dependent on ¥ and the activation and deactivation are re-
versible processes. This is illustrated in Fig. 5.3. A degraded lifetime sample is
illuminated at a low temperature (44 °C, 0.5 suns), which completely deactivates the
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Figure 5.3: Lifetime degradation

of Cz-Si:Ga versus the cumulative Figure 5.4: Temporary deactivation
illumination time ¢. The grad- of the Cz-Si:Ga degradation effect
ual change of the applied temper- by illumination near room tem-
ature leads to different degraded perature (i.e., 0.5suns, ~44°C).
states, showing the dependence of Shown is the effective defect con-
the equilibrium state between acti- centration N7 (t) (colors and sym-
vated and deactivated defect cen- bols match the graphs in Fig. 5.2),
ters on the temperature. the lines are exponential decay fits

following Eq. (5.3).

defect. Afterwards, the temperature 9 is increased step-by-step at a constant illumi-
nation intensity of 1 sun. This leads to a decreasing lifetime in step-shaped plateaus,
corresponding to a successive increase in defect concentration. The subsequent re-
duction of ¥ to 80 °C and then 44 °C shows that the degradation is reversible. At the
end of the series of experiments, almost the same lifetime of 2000 ps is attained as at
the beginning. We attribute the fact that the lifetime at the end of the experiment
of 2000 ps is higher than after the initial 44 °C step (1800 ps) to a partial permanent
deactivation of the defect during the series of experiments (cf. Section 5.8).
As already mentioned, illumination at 0.5 suns and ~44°C for up to 30 min com-
pletely reverses the observed temperature-dependent LeTID effect. This is shown in
Fig. 5.4 for the effective defect concentration Nj(¢). Note that a similar behavior at
low temperatures has been reported for LeTID in mc-Si solar cells [20, 91] and also
in fired FZ-Si wafers [19]. We calculate Nj(t) for the temporary defect deactivation
using Eq. (5.1) and assuming the same T, as for the defect activation before. A
simple exponential decay function is fitted to the data shown in Fig. 5.4:

N(;k(t) = N;Iklax X €xp (_Rde X t) : (53)
The extracted deactivation rate constant Ry, from the data shown in Fig. 5.4
amounts to (52 &= 10) h™! regardless of the degradation temperature 9 applied. The
temporary deactivation on Cz-Si:Ga is hence a very fast process and we no longer
measure any significant change of the carrier lifetime after 30 min.
Due to the fact that the defect activation and deactivation processes are fully re-
versible, all measured data shown in Fig. 5.2 have been obtained from the same
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lifetime sample by repeating the experiment at different temperatures 9, starting
at the lowest ¥ of 90°C and increasing it for each repetition. After each complete
degradation, the defect deactivation process shown in Fig. 5.4 has been used. In
order to verify the observed behavior, the dependence of N  on the temperature
has been confirmed on various samples. Furthermore, the complete and reversible
deactivation has been confirmed by repeated activation/deactivation cycles on the
same samples under constant degradation conditions.

Interestingly, we observe a qualitatively similar degradation behavior on our FZ-Si:B
wafers as observed on our Cz-Si:Ga samples. Figure 5.5 shows the degradation ob-
served on the FZ-Si:B samples at temperatures ¥ ranging from 70°C (black circles)
to 120°C (pink hexagons) at 1sun illumination intensity. Figure 5.5(a) shows the
effective lifetime T.¢ as a function of illumination time ¢. The corresponding evolu-
tion of the effective defect concentration Nj(t) is plotted in Fig. 5.5(b). Whereas
degradation at 70°C and 1sun leads to a fully degraded state with Tegq = 4000 ps
at An = 10" em™ (initially 9 = 4300 11s), Terq is reduced to 3200 ps, if the degra-
dation is performed at 100°C and 1sun. In contrast to the results on Cz-Si:Ga in
Fig. 5.2, the maximum defect concentration N} . for FZ-Si:B in Fig. 5.5(b) reaches
a maximum at ¥ = 100°C and decreases for larger ©. This can be attributed to the
onset of the defect deactivation under prolonged illumination, resulting in parallel
degradation and regeneration of the effective lifetime (see also Section 5.8). Since
activation and deactivation of the defect are parallel processes, this effect leads to
reduced N, values for ¥ larger than 100°C in the case of FZ-Si:B. We would
expect the same effect for Cz-Si:Ga as well, but occurring at higher temperatures
(cf. Section 5.4).

Importantly, the defect deactivation (regeneration of T.g) under prolonged illumina-
tion at elevated temperatures should not to be confused with the deactivation by
illumination at low temperatures (e.g., 0.5suns at ~44°C, see Figs. 5.4 and 5.6).
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Figure 5.5: Lifetime degradation of FZ-Si:B illuminated at 1sun at temperatures
ranging from 70°C to 120°C. (a) Effective lifetime Tog at An = 10 cm™3, as a
function of illumination time ¢. The dashed lines serve as guide to the eye. (b)
Corresponding effective defect concentration Nj(t) (colors and symbols match the
graphs in (a)). The lines are exponential rise-to-maximum fits of the measurement
data calculated by using Eq. (5.2).
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The deactivation close to room temperature is merely a temporary (non-permanent)
effect, whereas under prolonged illumination at elevated temperatures a permanent
deactivation is achievable (see Section 5.8).
The temporary defect deactivation at low temperatures on FZ-Si:B is shown in
Fig. 5.6. The deactivation rate constant Rg. calculated using Eq. (5.3) amounts to
(74 £ 9)h~1, which is even faster than on Cz-Si:Ga (Rg. = (52 £ 10)h™1).
The maximum defect concentration N . follows a linear correlation, if plotted ver-
sus the illumination temperature ¥ at a constant illumination intensity. This is
shown in Fig. 5.7 for an illumination intensity of 1sun. Whereas in the case of
Cz-Si:Ga the complete data set (9 between 90°C and 140°C) can be fitted using
a linear function (Fig. 5.7, black circles), only the limited temperature range from
70°C to 100°C follows a linear correlation for FZ-Si:B (Fig. 5.7, red squares). This
can be attributed to the afore mentioned onset of the permanent deactivation at
higher temperatures 9. The lines in Fig. 5.7 show fits of the linear function

N =axd+b (5.4)
to the measured data. It is obvious from Fig. 5.7 that the slopes a differ by a factor
of ~10 (acyga = (28 £1) x 107%/(°Cps) and apzp = (2.3 £0.1) x 107¢/(°Cps))
for the two materials. The temperature where no degradation should be observable
at all (i.e., the intercept with the temperature axis) is determined to be & = 78°C
for Cz-Si:Ga and ® = 65°C for FZ-Si:B. Experiments at 80°C for Cz-Si:Ga (see
Fig. 5.1) revealed that a degradation is still observable, however, the maximum de-
fect concentration is minimal (N}, <2 x 1074ps™1).
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Figure 5.6: Temporary deactivation Figure 5.7: Maximum defect con-
of the FZ-Si:B degradation effect centration N7,  as a function of
by illumination near room tem- the illumination temperature 9 for
perature (i.e., 0.5suns, ~44°C). Cz-Si:Ga (black circles) and FZ-
Shown is the effective defect con- Si:B (red squares). The lines are
centration Nj(t) (colors and sym- linear fits for either the complete
bols match the graphs in Fig. 5.5), set of data (Cz-Si:Ga) or for the
the lines are exponential decay fits data measured in the temperature

following Eq. (5.3). range of 70°C to 100°C (FZ-Si:B).
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Please note that N} . in FZ-Si:B is significantly smaller than on the Cz-Si:Ga wafers
(by a factor ~6 at & = 90°C, as the comparison between black circles and red
squares in Fig. 5.7 reveals). Whereas the actual peak temperatures in the firing
furnace showed a difference of ~40°C for the two different materials under exam-
ination (due to different optical properties, the FZ-Si:B wafers are shiny-etched),
it is more likely that the significantly reduced amount of impurities in FZ-Si:B is
responsible for the observed differences. However, a certain influence of the firing
peak temperature cannot be excluded.

Reference measurements on non-fired samples revealed no significant degradation.
In Fig. 5.8, the initial and degraded injection-dependent lifetime data of both a
fired and a non-fired Cz-Si:Ga lifetime sample illuminated at 8 = 100°C and 1 sun
are depicted. Although non-fired Cz-Si:Ga shows indeed a very slow degradation,
resulting in a reduction of the lifetime from 1600 ps to 1400 s at An = 10'® cm ™3
within 4 hours (Fig. 5.8, red squares), the degradation is much less severe than for
fired Cz-Si:Ga wafers under the same conditions within 15min (Fig. 5.8, black cir-
cles). Also, no lifetime recovery at illumination near room temperature (i.e., ~44°C
and 0.5suns) is observed afterwards for non-fired Cz-Si:Ga for 20h. This makes
it very unlikely that the observed slight degradation effect has the same physical
origin as the one reported on fired Cz-Si:Ga wafers. Furthermore, the lifetime of
non-fired FZ-Si:B remains completely stable at 3200 us under the same conditions.
Note that dark-anneal experiments with fired samples at the same temperature of
100 °C showed no degradation either within 1 h.

We conclude that charge carrier injection is necessary to activate the temperature-
dependent degradation effect, which is triggered by the fast-firing step. The impact
of the fast-firing parameters will be examined in more detail in Section 5.4.
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Figure 5.8: Injection-dependent lifetimes for deactivated (upper curve) and activated
(lower curve) defect in Cz-Si:Ga at 100 °C and 1sun light intensity. Shown are a fired
(black circles) and a non-fired (red squares) sample.
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5.4 Impact of fast-firing conditions on LeTID

In the previous section, we showed that the LeTID effect in Cz-Si:Ga is strongly
temperature-dependent. The defect can be temporarily deactivated by illumination
at low temperatures and a fast-firing step is necessary to trigger the degradation.
In this section we examine the impact of the fast-firing step in more detail.

Several parameters have been shown to have a major impact on the extent of LeTID
effects observed in different B-doped silicon materials, such as B-doped mc-Si and
monocrystalline FZ-Si. The refractive index n of hydrogen-rich silicon nitride (SiN,)
layers (related to the SiN, composition) and the peak firing temperature (F1') were
shown to be related to the amount of hydrogen in-diffusion into the silicon bulk,
which is believed to be one major cause of LeTID [19, 83, 99, 100]. In addition,
the cooling ramp of the applied firing step after F'T was demonstrated to have a
significant impact on the extent of LeTID in B-doped silicon materials [101, 102]. A
typical firing profile measured on the wafer surface is shown exemplarily in Fig. 5.9.
In this section, we perform a series of degradation experiments to examine the im-
pact of the peak firing temperature F'T' and the band velocity vpanq (related to the
cooling ramp after F'T') of the conveyor belt furnace on the extent of lifetime degra-
dation in Cz-Si:Ga. In addition, we vary the properties of the hydrogen-rich silicon
nitride (SiN,:H) deposited on top of an aluminum oxide (AlO,) passivation layer
both on Cz-Si:Ga and FZ-Si:B wafers at fixed F'T and vpanq. In order to vary the
hydrogen content diffusing into the silicon wafer during firing, we increase the silicon
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Figure 5.9: Typical firing profile measured on the wafer surface of a 1 2cm Cz-Si:Ga
wafer (W = 150nm) at a set-peak firing temperature of 850°C and a band veloc-
ity vpana of 6.8 m/min. While the peak firing temperature FT denotes the highest
measured temperature T during fast-firing, the cooling ramp is mostly defined by the
decrease in T after FT.
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Table 5.1: Summary of parameter variations.

Parameter FT Vband SiN, (n)
Peak temperature [°C| 630-800 740 750
Band velocity [m/min] 6.8 2.8-7.2 6.8
Refractive index n 2.05 2.05 2.07/2.24/2.37

content and thereby decrease the atomic density of the SiN,, films by increasing the
silane gas flow during the PECVD process, which increases the refractive index n
of the SiN, layers. It has been shown that the atomic density of the silicon nitride
film has a pronounced impact on the in-diffusion of hydrogen into the silicon bulk
of multicrystalline silicon [88].

The firing conditions applied for the three variations are summarized in Table 5.1.
In order to quantify the impact of the key parameters F'T', vpana, and n of the SiN,,
layers, the maximum defect concentration N . as introduced in Eq. (5.2) is exam-
ined as a function of the temperature 3 during illumination at 1 sun.

Figure 5.10 shows the impact of the peak firing temperature F'T" and the band ve-
locity vpanq of the fast-firing step on the LeTID effect described in Section 5.3. In
Fig. 5.10(a), the maximum defect concentration N} calculated using Eq. (5.2) is
plotted versus the temperature during illumination & for the three FT values of
680, 740, and 800°C. N} . depends linearly on ¥ between 100°C and 140°C. The
lines are simple linear fits to the measurement data within the respective applicable
temperature range following Eq. (5.4).

Please note that we observe no LeTID after firing at the lowest applied FT value
of 630°C, which we take into account with a grey zero line in Fig. 5.10(a). As a

reference, we added also the linear correlation (cyan dashed line) for N which was
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Figure 5.10: Maximum effective LeTID defect concentration IV}, as a function of the
temperature 9 during illumination for variations of (a) the peak firing temperature
FT and (b) the band velocity vpang of the fast-firing step. The lines are linear fits to

the data within the respective applicable temperature ranges.
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discussed in detail in Section 5.3 and determined on a different batch of samples.
That batch had been fired at an F'T value of 750 °C.

Figure 5.10(b) shows N}, (V) for six different band velocities vpana ranging between
2.8 and 7.2m/min at a fixed FT value of 740°C. Again, the reference of Section
5.3 on the same Cz-Si:Ga material after firing at 750°C and 6.8 m/min is plotted
as a cyan dashed line. There are in part significant deviations from the linear cor-
relation between N and O for higher ¥ and wvp,,q values. Whereas for the higher
Upana Values above ~5m/min the temperature dependence of LeTID follows a linear
correlation only at temperatures & below ~130°C, for the lower vpa,q values be-
low ~4m/min N} increases linearly with & over the entire examined temperature
ranges between 80°C and 160°C. We attribute the deviations from the linear cor-
relation to the onset of defect deactivation under prolonged illumination, which we
will discuss in more detail in Section 5.8.

Whereas for ¥ between 80 °C and 160 °C the illumination intensity was set at 1sun,
the same was reduced to 0.5suns to reach & = 44°C in Fig. 5.10(b), which is the
equilibrium temperature at this intensity. Please note that reducing the illumination
intensity to 0.5 suns has no impact on the observed V). values, as will be shown in
Section 5.7. Note furthermore that the temperature axis in Fig. 5.10(b) has a break
for better clarity and omits the temperatures from 47 to 70 °C. The degradation from
initially ~2300 ps to ~2200 ps observed at 44 °C and 0.5 suns within ~10h deviates
strongly from the linear correlation for N} . (9) observed above 80°C. Furthermore,
degradation at 44 °C shows no correlation with vp,nq. From this observation we con-
jecture that a different mechanism might be present at 44 °C, which is not related
to the LeTID defect.

For this study and Cz-Si:Ga samples with maximum lifetimes at or below ~2500 ps,
77°C is the lower limit for the observation of LeTID, as determined by the intercept
of the linear fits with the temperature axis in Fig. 5.10(b).

The reference cyan dashed line fits relatively well into the data shown in Fig. 5.10,
although some deviations regarding the absolute value of N} in Fig. 5.10(a), are
to be noted. Furthermore, the blue inverse triangles in the Figs. 5.10(a) and 5.10(b)
represent an a priori identical fast-firing step, but also show non-negligible differences
regarding the absolute values of N .. However, although from the same material,
the samples stem from different processed batches, which makes it difficult to draw
definite conclusions.

It can be concluded for Fig. 5.10 that the extent of LeTID in Cz-Si:Ga depends
critically on both FT and vpanq, which we attribute to the content of available hy-
drogen within the silicon bulk. Increasing F'T" increases the in-diffusion of hydrogen
into the silicon bulk from the SiN,:H layers on the wafer surfaces [66, 90]. Helmich
et al. showed in Ref. [90] that AlO, layers serve as a diffusion barrier for hydrogen.
However, the AlO, layer is essential to provide excellent surface passivation for our
wafers, resulting in measured effective lifetimes of up to 2500 s after firing. For
an AlO, thickness of 10 nm, however, hydrogen is still detectable in both FZ-Si:B
and Cz-Si:B after firing at an FT of 765°C [103]. Since we do not vary the AlO,
thickness during our lifetime experiments, we do not expect an impact of the barrier
function on our experiments.

The dependence of N . on vpanq is likely due to the different cooling ramps after

max

the peak firing temperature FT'. Figure 5.11 shows the N dependence on the

max
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Figure 5.11: Dependence of the maximum effective LeTID defect concentration N

max

on the cooling ramp of the fast-firing step. (a) Firing profile measured on the wafer
surfaces of 1Qcm Cz-Si:Ga wafers (W = 150um) at different band velocities vhand
between 2.8 m/min and 7.2m/min and a measured peak firing temperature F'T of
~740°C. The inset shows a magnification of the cooling ramps after F'T. (b) Gradient
of the linear fits shown in Fig. 5.10(b) ANiax/A9 versus the cooling ramp of the fast-
firing step shown in (a).

cooling ramp for the data depicted in Fig. 5.10(b). In Figure 5.11(a), the firing
profiles measured on the examined wafers are depicted. The inset shows the cooling
ramp after F'T. The cooling ramp used in Fig. 5.11(b) is given by the gradient of
the fast-firing temperature 47/a¢ between 700 °C and 600 °C (cf. Fig. 5.11(a)). Both
diffusivity and solubility of hydrogen are known to decrease with decreasing tem-
perature [104, 105], significantly increasing the impact of the higher temperatures
>600°C on the diffusion length of hydrogen in silicon [106, 107]. Figure 5.11(b)
shows the gradient of the linear fits depicted in Fig. 5.10(b) ANax/As versus the
cooling ramp. The gradient ANmax/A9 has an apparent s-shape and increases sig-
nificantly for cooling ramps between 50°C/s and 70°C/s. The hypothesis is that
a slower cooling ramp results in more hydrogen diffusion to hydrogen sinks, from
which it is no longer available for defect formation under illumination. At faster
cooling ramps, however, both diffusivity and solubility in silicon decrease very fast
after F'T, quenching the hydrogen within the bulk [101, 102]. We chose the gradient
ANnax/a9 to represent the LeTID extent in Fig. 5.11(b). Note, however, that using
the N .. values at a fixed temperature ¥ during illumination would result in a sim-
ilar s-shape with increasing cooling ramps. Our results are in agreement with the
literature regarding the impact of the cooling ramp on LeTID in mec-Si [101, 102]
and FZ-Si [108].

Figure 5.12 shows the impact of the composition (related to the refractive index
n) of the SiN,:H layer on the extent of LeTID. Whereas Fig. 5.12(a) shows N, .
as a function of the temperature ¥4 during illumination for three different refractive
indices n of the hydrogen-rich SiN,:H on Cz-Si:Ga, Fig. 5.12(b) shows the impact of
the SiN,:H composition for FZ-Si:B at lower temperatures than for Cz-Si:Ga. We
decided to use lower temperatures — and as a consequence also a reduced illumina-
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Figure 5.12: Maximum effective LeTID defect concentration N .. as a function of the

max

temperature & during illumination for variations of the refractive index n of hydrogen-
rich SiN,:H layers deposited on both wafer surfaces for (a) Cz-Si:Ga and (b) FZ-Si:B
after firing at a peak temperature of 750 °C. The lines are linear fits to the measured
data within the respective applicable temperature ranges.

tion intensity of 0.25suns — because of the significantly lower maximum of N} (9)
for FZ-Si:B, which peaks already at 90°C (see Fig. 5.12(b)). Halogen lamp illumina-
tion at 1sun itself would cause a temperature of 70 °C on the wafer surface, whereas
illumination at 0.25suns leads to only 35°C.

Both the absolute N/, for each applied ¥ and the slope of the linear fits of N (D)
increase for Cz-Si:Ga (Fig. 5.12(a)) with increasing n. These results are in agree-
ment with the assumption that hydrogen is an essential part of the LeTID defect.
The hydrogen content in the silicon bulk has been shown to increase over the ex-
amined range of the refractive index after fast-firing treatment [88]. However, we
do not observe the same kind of increasing behavior with increasing n for FZ-Si:B
in Fig. 5.12(b). This difference to the otherwise similar degradation behavior in Cz-
Si:Ga indicates a second participant in the defect reaction besides hydrogen, which
limits N} .. in FZ-Si:B. Float-zone silicon has in general a significantly reduced
amount of impurities compared to Cz-Si. This includes non-metallic impurities such
as oxygen as well as metallic impurities such as 3d transition metals. We will discuss
the dependence of the hydrogen content on the composition of the SiN,:H layer in
Section 5.5.

In order to determine the uncertainty for the maximum defect concentrations N .
in Figs. 5.10 and 5.12, we generate and fit 10,000 ensembles of random deviations
from the lifetime data measured on single samples using a normal distribution. We
assume a standard deviation (10) of 2% for the original lifetime measurements as
exemplarily shown in Fig. 5.2(a). Thereby, each lifetime measurement already rep-
resents an averaged value over five measurements using the WCT-120 built-in aver-
aging. This assumption is in agreement with the general uncertainty of the lifetime
measurement using PCD measurements as reported by McIntosh and Sinton [109].
Furthermore, a standard deviation for each illumination interval of 2s is used to

determine AN} .. We assume £2°C for the temperature in Figs. 5.10 and 5.12.
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5.5 Impact of compositional variations of SiN,:H on
the hydrogen content within the silicon bulk

In the previous section, we have shown that the extent of LeTID in Cz-Si:Ga de-
pends critically on the peak firing temperature F'T and the band velocity vpanq of
the fast-firing step. Furthermore, the composition of hydrogen-rich SiN,:H layers
has a significant impact on the extent of LeTID as well. All three influencing factors
are in agreement with an increasing amount of hydrogen available for defect reac-
tions within the silicon bulk. In this section, we will look at the connection between
hydrogen in the silicon bulk and the composition of SiN,:H layers on both Cz-Si:Ga
and, as a reference, on FZ-Si:B.

Hydrogen from hydrogen-rich SiN,:H layers diffuses during the fast-firing step into
the silicon bulk, where it can interact with defects and sometimes passivates deep-
level impurities [103, 110, 111]. However, hydrogen is also believed to play an im-
portant role in the LeTID defect reaction mechanism observed in mec-Si:B, FZ-Si:B,
and possibly even on P-doped n-type silicon [19, 88, 99-101, 112]. After firing, the
hydrogen within the silicon bulk mainly consists of hydrogen dimers Hy [113], which
dissociate during annealing (e.g., at 160 °C) and can then passivate dopant atoms (in
B-doped Si) [114]. To measure the resulting resistivity changes of silicon samples,
Walter et al. [115] proposed a method using the eddy-current technique employed
within the WCT-120 lifetime tester from Sinton Instruments. Although the chuck of
the setup is temperature controlled, the sample temperature for each measurement
has to be recorded and the resistivity is extrapolated to a fixed temperature of 25°C.
The saturation value of the resistivity change is a measure of the hydrogen content
within the silicon bulk. For boron-doped silicon a detailed defect model exists [113],
which allows to determine the total hydrogen concentration from the base resistiv-
ity of the wafer and its change upon annealing. According to the model, in case
of boron-only doping, this change is caused by the formation of hydrogen-boron
pairs (HB pairs) [115]. Several studies have shown this consistently on FZ-Si:B
[88, 90, 115, 116] and Cz-Si:B [103]. Experiments conducted on Cz-Si:Ga showed
qualitatively comparable, but quantitatively smaller changes in resistivity during
annealing compared to FZ-Si:B [117, 118].

In this section, we present measurements of the resistivity changes upon annealing
at temperatures >160 °C on both FZ-Si:B and Cz-Si:Ga samples coated with SiN,:H
layers of different compositions, i.e., with refractive indices n of 2.07, 2.24, and 2.37.
The samples were processed in parallel to the lifetime samples with the variation of
n presented in Section 5.4, but without an AlO, passivation layer underneath the
SiN,:H layers.

Figure 5.13 shows the changes in the specific resistivities Ap versus the annealing
time ¢ of FZ-Si:B samples for three refractive indices n of the SiN, layers of 2.07,
2.24, and 2.37 after fast-firing at 750°C and 6.8 m/min. A non-fired sample with
n = 2.37 is shown as a reference (green diamonds). Whereas the non-fired sample
shows no increase of Ap for 2000 h of annealing, the resistivities of the fired samples
saturate within 100 to 200h at 160 °C due to the formation of HB pairs. Further-
more, the extent of Ap increases with increasing n, which directly correlates to the
hydrogen content available for HB formation within the silicon bulk. Afterwards,
under prolonged annealing at the slightly higher temperatures of 180°C (for 100 h)
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Figure 5.13: Measured changes of the specific resistivity Ap of FZ-Si:B samples fired
under the same conditions (750°C, 6.8 m/min) as a function of time during dark
annealing at 160 °C (for 565 h), 180 °C (for the next 100h after annealing at 160 °C),
and 200 °C (for the last 1400h). SiN,:H films of three different refractive indices n
(2.07, 2.24, 2.37) were deposited prior to firing. One non-fired sample is not showing
any relevant change in Ap.

and 200 °C (for 1400 h), Ap decreases drastically, which is attributed to a dissocia-
tion of the HB pairs [113, 114, 119].

Figure 5.14 shows the measured Ap change for Cz-Si:Ga under prolonged anneal-
ing at 200°C (Fig. 5.14(a)) and subsequently at 250°C (Fig. 5.14(b)). Please note
that a higher temperature was required for the Cz-Si:Ga compared to the FZ-Si:B
material in order to observe a sufficiently large change in Ap (dark annealing ex-
periments at 160 °C and 180 °C did not lead to sufficiently large changes within the
Ap measurement uncertainty). Nonetheless, small changes at annealing tempera-
ture of 160 °C and 180 °C were observed, which is reflected in the non-zero starting
values in Fig. 5.14(a). At 200°C dark annealing temperature, however, a significant
increase of Ap occurs, as can be seen in Fig. 5.14(a). The lines in Fig. 5.14(a) are
exponential rise-to-maximum fits of the available data, where the saturation value,
however, cannot be precisely extracted, because due to time restrictions we had to
stop our annealing experiment after 3000 h. Importantly, the non-fired reference
(green diamonds, Fig. 5.14(a)) shows no increase in Ap.

Please note that the formation of HGa pairs in the fired samples is only one possible
explanation for the increase in resistivity. In the literature, there are also reports of
a hydrogen-enhanced thermal donor formation in oxygen-rich Cz-Si [120-123] which
could also explain why the non-fired sample shows no increase in Ap. In particular,
Stein et al. [122] reported an activation energy of (1.5 £ 0.2) eV, determined in a
temperature interval between 350°C and 400°C, and a thermal donor formation
rate of up to 2 x 10" cm™2h~'. An extrapolation of this formation rate to 200 °C
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Figure 5.14: Resistivity change Ap versus the anneal time ¢ at (a) 200°C and sub-
sequently at (b) 250°C for variations of the refractive index n of the SiN,:H layers
for Cz-Si:Ga samples, which were fired at 750°C. The solid lines are exponential
rise-to-maximum fits. Note that the measurements in (a) start at non-zero values be-
cause before annealing the samples at 200 °C, annealing at 160 °C (565h) and 180°C
(100h) did not lead to sufficiently large changes in Ap.

yields a rate of 4 x 10 em™3h~!, which is of the same order of magnitude as the
formation rates of the fits in Fig. 5.14(a). However, it is questionable if the applied
extrapolation of the literature data is allowed over such a large temperature range.
Furthermore, the uncertainty of such an extrapolation is at least one order of mag-
nitude. The formation of thermal donors in the literature was typically examined
at temperatures around 400 °C, which is why it is difficult to compare it directly
with our experiments. Nevertheless, we can conclude that the observed resistivity
changes are caused by the fast-firing step and it is likely that they are caused by
hydrogen diffusion into the silicon bulk.

Due to an obvious time limitation of the experiment, 200 °C are not suitable to as-
sess the saturation value of the observed Ap increase. Therefore, the temperature
was increased subsequently to 250 °C for 2000 h, as shown in Fig. 5.14(b). The solid
lines are again exponential rise-to-maximum fits. At 250 °C, however, the additional
increase of Ap observed for the fired samples is mirrored by the non-fired sample
(green diamonds, Fig. 5.14(b)), which makes the involvement of hydrogen unlikely.
Thermal donors could be the cause of this continued increase, although the temper-
ature is rather low for the formation of the same [124, 125].

Nevertheless, the increase in Ap in Fig. 5.14(a) suggests an increasing hydrogen con-
tent with increasing refractive index n of the SiN,:H layers, in agreement with our
experiments on FZ-Si:B (Fig. 5.13). However, the Ap increase for Cz-Si:Ga shown in
Fig. 5.14(a) is two orders of magnitude slower compared to the Ap increase observed
on FZ-Si:B (Fig. 5.13). To our knowledge, resistivity changes upon dark-annealing
were not reported before over such a long period of time.

Please note that we compare not only a change of the doping element (boron versus
gallium) but also the silicon material (FZ-Si versus Cz-Si). Helmich et al. [103] did a
comparative study on FZ-Si:B and Cz-Si:B and observed no significant dependence
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of the HB pair formation rate on the kind of silicon material. Furthermore, Acker
et al. [117] did a comparative study on FZ-Si:B and Cz-Si:Ga as well and observed
an even faster increase in resistivity for Cz-Si:Ga (10h at 160°C) than for FZ-Si:B
(100 h at 160°C). This relatively fast increase of the resistivity in Cz-Si:Ga was also
reported by Simon et al. [118] at the slightly different conditions of 180°C (~1h).
Note that within the same timescale, we only observed fluctuations in the resistivity
change (not shown here). These fluctuations, however, did result in the non-zero
starting values in Fig. 5.14(a). Both mentioned studies [117, 118] did not continue
their respective experiments for thousands of hours to observe differences on very
large timescales.

In conclusion, the observed increase in Ap during dark annealing (see Fig. 5.14(a))
in combination with the increasing extent of LeTID observed on fired Cz-Si:Ga sam-
ples with increasing refractive index n of the SiN, films present during firing (see
Fig. 5.12(a)) clearly suggest an involvement of hydrogen in the observed LeTID
defect mechanism in Cz-Si:Ga.

5.6 Activation energies of LeTID mechanisms

An experimentally extracted activation energy E of a defect reaction typically re-
flects an apparent activation energy. Measurements at different temperatures usually
represent a superposition of different defect reactions at different temperatures. In
particular, as mentioned in Section 5.3, activation and deactivation of the responsible
defect are parallel processes, which influence not only the extent of degradation at
higher temperatures but have an impact on the apparent degradation rate constant
Raeq as well. In order to determine the apparent activation energy s of the LeTID
effect in Cz-Si:Ga, we measure the degradation rate constant R4es as a function of
absolute temperature 7" and fit the Arrhenius law

FE
Rgeg = ko X exp (_kB_/;) (5.5)

to the measured data, kg being the Boltzmann constant and ky a presumably
temperature-independent pre-factor.

Figure 5.15 shows the Arrhenius plot for the comparative measurements of LeTID
in Cz-Si:Ga and FZ-Si:B as discussed in detail in Section 5.3. We plot Rges versus
the inverse absolute temperature 1/7. The temperatures & in °C are depicted at the
top for easy reference. Note that Rges saturates for FZ-Si:B below 90 °C, hence we
excluded the low temperature data from the fit. The deviations from the Arrhenius
law of the Cz-Si:Ga samples are minimal, which is why we use the complete data set
in the temperature range from 90°C to 140°C. We will discuss this behavior later
within this section.

We obtain activation energies of Ex ¢.ca = (0.58 £0.04) eV and Fy pzp = (0.57 £
0.02)eV. These values are identical within the respective measurement uncer-
tainty ranges. However, the temperature-independent pre-factor ky differs by a
factor of almost 2: kocuca = (1.37 £ 0.07) x 10°h~! for Cz-Si:Ga and korzp =
(2.09 £ 0.07) x 10°h~! for FZ-Si:B. The difference in ky and therefore the much
faster degradation observed in FZ-Si:B compared to Cz-Si:Ga can probably be ex-
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Figure 5.15: Arrhenius plot of the degradation rate constants R4es over the inverse
temperature 1/T for Cz-Si:Ga (black circles) and FZ-Si:B (red squares). The lines
are Arrhenius fits following Eq. (5.5) of the complete set of temperatures 9 ranging
from 90 °C to 140 °C for Cz-Si:Ga and a limited set of ¥ ranging from 90 °C to 120°C
for FZ-Si:B.

plained by the higher carrier lifetime in FZ-Si in general due to a significantly reduced
amount of impurities present. The higher lifetime results in a higher excess carrier
concentration An under the same illumination conditions (i.e., 1sun) and hence a
higher formation rate of the responsible defect. The dependence on the illumination
intensity I will be discussed in Section 5.7.

Figure 5.16 shows the activation energy Ea for the variation of the refractive index
n, as discussed in Section 5.4. Figure 5.16(a) shows the Arrhenius plots exemplarily
for Cz-Si:Ga. For temperatures ¥ during illumination below ~100°C, a saturation
of the degradation rate constant R4eg is observed, the low temperature data is hence
excluded from the fit. In Fig. 5.15, this saturation was only apparent for FZ-Si:B,
but we observe it in both materials Cz-Si:Ga and FZ-Si:B. There hence seems to
be a physical mechanism behind it, which we have not identified so far. We mea-
sure the lifetime after few and fixed time intervals between illumination periods,
leading to a high sensitivity to individually measured values especially for the low
temperatures, where the magnitude of degradation is relatively small. This is also
reflected in the measurement uncertainty of Rgeg, which is particularly large at 80 °C
in Fig. 5.16(a).

Figure 5.16(b) shows the extracted apparent activation energies 5 for both Cz-
Si:Ga (closed pink diamonds) and FZ-Si:B (closed green triangles) samples versus
the refractive index n of the SiN, layers. The activation energies of samples from
a different batch determined in Fig. 5.15 are added for reference as open symbols.
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index n for both Cz-Si:Ga (pink diamonds) and FZ-Si:B (green triangles).

The average value of Ex over varying n is (0.58 £+ 0.08) eV for the Cz-Si:Ga and
(0.50 £ 0.08) eV for FZ-Si:B wafers. Hence, E, is constant within the relatively
large /4 measurement uncertainty.

Figure 5.17 shows the extracted apparent activation energy Ea versus the peak fir-
ing temperature F'T (Fig. 5.17(a)) and the band velocity vpana (Fig. 5.17(b)) of the
fast-firing step. There might be a weak increase of E, with increasing F7T and
Upand- Lhis apparent increase is, however, well within the uncertainty range of the
data points. The determined uncertainties are, especially for the high F'T and vpang
values, close to 0.1eV. All determined F, values shown in Figs. 5.16(b) and 5.17 lie
hence within the range of (0.55 £ 0.10) eV. Our results suggest that a single defect
mechanism is responsible for the LeTID effect examined in both materials, Cz-Si:Ga
and FZ-Si:B.

Our experimentally determined E values are at the lower end of reported acti-
vation energies for LeTID effects on different silicon materials in the literature.
On multicrystalline silicon, Bredemeier et al. [74] reported Ex = (0.94 £ 0.06) eV,
whereas Vargas et al. [126] reported Ex = (1.08£0.05) eV. Graf et al. [67] reported
Ex = (0.80 £0.12) eV for FZ-Si:B. Jafari et al. [127] and Lin et al. [128] reported
values of Fy = (0.74 £ 0.10)eV and Ex = (0.90 £ 0.05) eV, respectively, on Cz-
Si:Ga materials. It has to be noted that both studies on Cz-Si:Ga do not report
a pronounced temperature dependence of the LeTID extent. The reason for these
apparent contradictions is not clarified so far, but might be related to differences in
the sample preparation or in the purity levels of the Cz-Si:Ga materials investigated
in the different studies.

The uncertainties of Rge, exemplarily shown in Fig. 5.16(a) were determined in the
same way as described for the maximum defect concentration N}, in Section 5.4

max

with an ensemble of random variations of the original lifetime measurements us-
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Figure 5.17: Apparent activation energies Fa versus parameter variation within the
lifetime sample processing of Cz-Si:Ga. (a) Apparent activation energy Ea versus
peak firing temperature FT and (b) Ea versus band velocity vpang of the fast-firing
step.

ing a normal distribution. We calculate the uncertainty ranges for the apparent
activation energy F, following the publication by Reed [129] taking into account
the uncertainty for both Rg4e, and the temperature 7' (i.e., 2K). Using this “linear
least-square fits with errors in both coordinates” by Reed to determine uncertainties
for the exponential Arrhenius law already includes an important assumption. Since
the data has to be linearized to apply the procedure published in Ref. [129], the
data is weighted in a least-square-fit routine with the logarithm base e giving the
lower temperatures ¥ a higher weight than the higher temperatures. In general,
this assumption is valid because with increasing temperature the LeTID effect is
accelerating, leading to less data points in the lifetime degradation with increasing
temperature (cf. Fig. 5.2) and therefore a larger uncertainty. Furthermore, as al-
ready mentioned in Section 5.3, the deactivation under prolonged illumination is a
parallel process, which is of major importance especially at higher temperatures.
We combine the logarithmic weighting of our R4e, data to use a linear least-square
fit with two additional least-square fits of the exponential Arrhenius law in Eq. (5.5).
First, under simple exclusion of the highest temperature data at 160 °C (where de-
activation already takes place) and, second, under weighting the data with their
standard deviations. Following this procedure, we determine the mean values and
uncertainties for £y in Figs 5.16(b) and 5.17. This is the reason why we name our
E5 value apparent activation energy.

5.7 lllumination intensity dependence of LeTID

In this section, we examine the impact of the illumination intensity Ij; on the degra-
dation dynamics at a fixed degradation temperature of 100°C, while [;; is varied
between 0.1 and 1sun. Figure 5.18 shows both the maximum defect concentrations
N} . (Fig. 5.18(a)) and the degradation rate constants Rges (Fig. 5.18(b)).

max
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Figure 5.18: (a) Maximum defect concentration N} . and (b) degradation rate con-
stant Rgeg plotted versus the illumination intensity Iiy for Cz-Si:Ga (black circles) and
FZ-Si:B (red squares). The temperature applied during the degradation is 100 °C for
both sample types. The data in (b) are fitted using a linear regression.

As clearly visible in Fig. 5.18(a), for illumination intensities I above 0.25suns,
N; . does not depend on the intensity . The increased N}, . at [;; = 0.1suns in
the case of the Cz-Si:Ga sample was not observed on the FZ-Si:B material. This,
however, could be related to the higher effective lifetime in FZ-Si:B in general, which
leads to a higher excess carrier concentration An than in Cz-Si:Ga under the same
illumination conditions. A shift of the increasing N . in FZ-Si:B to lower intensities
than I = 0.1suns is therefore possible. Another explanation could be an impact
of the permanent deactivation of the defect at elevated temperatures for higher illu-
mination intensities. A delayed onset at lower illumination intensities could explain
the higher maximum defect concentration N . value, since both the activation and
deactivation of the defect are most likely independent and parallel processes. How-
ever, a general dependence of the maximum defect concentration on the illumination
intensity is not observed.

As can be seen in Fig. 5.18(b), the degradation rate constant Rge, increases lin-
early with the illumination intensity [ between 0.1 and 1suns. The solid lines in

Fig. 5.18(b) show linear fits using the equation:
Rdeg =a X Iﬂ] —+ b. (56)

The slopes a are determined to be acsca = (15 4+ 2)h™'suns™ and apzp = (41 £
8)h~tsuns™!. The y-intercept is bcpga = (0.9 £ 0.8)h™! and bpzp = (6 £5)h~L.
As we mentioned briefly at the end of Section 5.3, carrier injection is a necessary
requirement for the defect activation. Naturally, the intercept with the y-axis, b,
should therefore be zero. However, we have not collected any data at illumination
intensities lower than 0.1 suns, where possible deviations from the linear correlation
shown in Fig. 5.18(b) could be visible. We kept b hence fixed at non-zero values.
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5.8 Permanent defect deactivation

Apart from the aforementioned temporary (non-permanent) deactivation of the re-
sponsible defect by low-temperature illumination (cf. Section 5.3), our experiments
show that also a permanent deactivation is possible. Whereas the temporary de-
activation requires illumination near room temperature (e.g., 0.5suns, ~44°C, see
Figs. 5.3, 5.4, and 5.6), the permanent defect deactivation requires a prolonged il-
lumination at high intensity and elevated temperatures (e.g., 1sun, 135°C). In
Fig. 5.19, several defect activation and (temporary) deactivation cycles are shown
for a Cz-Si:Ga sample interrupted by a permanent deactivation step (leading to a
lifetime regeneration).

First, the lifetime is cycled between the active and in-active defect state six times by
changing the conditions the sample is exposed to between 135 °C and 1 sun and 44 °C
and 0.5suns (Fig. 5.19(a)). After each defect activation at elevated temperature, the
exposure to illumination at lower temperature leads to a complete deactivation of
the defect. The sample is then exposed for approximately 4 hours to illumination
at 135°C, which leads to a slow recovery of the lifetime (regeneration, Fig. 5.19(b)).
A subsequent cycling between both illumination conditions shows that the mini-
mum lifetime now equals the lifetime value after prolonged illumination at 135°C
(Fig. 5.19(c)). This observation clearly supports that a permanent defect deactiva-
tion (leading to a lifetime regeneration) is possible.

Please note, however, that the prolonged illumination at 135°C in Fig. 5.19(b) ap-
parently does not lead to a complete permanent defect deactivation. A temperature
dependence of the permanent deactivation is a possible explanation. However, we
have not collected enough data on the regeneration behavior to state this as a fact.
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Figure 5.19: Repeated activation/deactivation cycles of the degradation effect in Cz-
Si:Ga interrupted by a permanent deactivation step (Regeneration) under prolonged
illumination at elevated temperature (i.e., 135°C). The dashed line serve as guide to
the eye.
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5.9 Spatially-resolved lifetime measurements

We examine the degradation on an M2-sized (156.75 mmx 156.75 mm, pseudo square)
wafer spatially-resolved with a photoconductance-calibrated photoluminescence (PL)
setup at 25°C at a laser wavelength of 808 nm. The PL setup and its operating prin-
ciple are introduced in Section 3.2.

The PL measurements are conducted in the initial state after processing, in the
fully degraded states after illumination at 1 sun and temperatures 9 of 80 °C, 100 °C,
120°C, and 140°C, and after (temporary) deactivation at ~44°C and 0.5 suns. The
degradation at all four temperatures ¥ is conducted on the same Cz-Si:Ga wafer to
better compare the results. As we have shown in Section 5.3, the LeTID defect ac-
tivation is completely reversible by applying different illumination temperatures 9.
The degraded state is determined by frequent lifetime measurements via PCD at the
center position of the wafer in between illumination, analogously to the experiments
before in this chapter. The PCD lifetime measurements are shown in Fig. 5.20(a) at
a fixed excess carrier concentration of An = 10 cm™3. In Fig. 5.20(b), the corre-
sponding effective defect concentration Nj(¢) is shown, as calculated via Eq. (5.1).
Whereas the dashed lines in Fig. 5.20(a) serve as guide to the eye, the lines in
Fig. 5.20(b) are exponential rise-to-maximum fits using Eq. (5.2).

The temperature-dependent degradation behavior of the Cz-Si:Ga wafer is clearly
visible in Fig. 5.20. Furthermore, it is apparent that the PL measurement at a
laser wavelength of 808 nm is sufficient to partially reset the LeTID defect activa-
tion. Each PL measurement included a total of 100s of illumination at various laser
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Figure 5.20: (a) Effective lifetime Tog(t) at An = 10 cm™3 using PCD and (b)
the corresponding effective defect concentration Nj(¢) measured on the same Cz-
Si:Ga wafer illuminated at 1sun at temperatures ranging from 80 °C to 140°C (open
symbols). The PCD data is measured at the center position of the wafer. The
lifetime is measured spatially-resolved using PL before and after degradation at each
temperature 9. After PL measurement the activated defect is partially recovered by
the PL laser (closed symbols). The remaining defect centers are deactivated by low-
temperature-illumination at ~44°C and 0.5 suns before increasing the temperature.
The dashed lines in (a) serve as guide to the eye, the lines in (b) are exponential
rise-to-maximum fits using Eq. (5.2).
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intensities (cf. Section 3.2). The impact of the PL measurement on the observed
LeTID effect will be discussed together with the spatially resolved analysis of N (¢)
later in this section.

Figure 5.21 shows the spatially-resolved lifetime at An = 10 cm ™2 after degrada-
tion at different temperatures. Note that the lower edge of approximately 1 cm of the
pseudo-squared wafer (M2) is not visible in the images. In Fig. 5.21(a), the initial
lifetime is shown before starting the degradation at elevated temperatures ranging
from 80°C to 140°C. The lifetime is relatively homogeneous over the wafer with
lifetimes close to 2000 ps, the highest lifetime above 2000 ps is localized in a u-shape
around the center of the wafer. The lifetime is decreasing towards the edges within
1 to 2cm. Figure 5.21(b) shows the lifetime after degradation for 1h at 80°C and
1sun. Whereas the general features of the lifetime distribution remain the same, the
lifetime is reduced throughout the wafer compared to the initial state in Fig. 5.21(a).
The relative distribution of the degraded lifetime changes after illumination at tem-
peratures higher than 80°C. This is shown exemplarily after degradation for 6 min
at 140°C and 1sun in Fig. 5.21(c). The highest lifetime is now located in a strip
in the upper center instead of a u-shaped area around the center. In addition, five
localized points of higher lifetime are visible. To examine the spatial distribution
of the defect responsible for LeTID quantitatively, the effective defect concentration
N} is calculated pixelwise using the definition in Eq. (5.1). The corresponding anal-
ysis is shown in Fig. 5.22 for degradation at 1sun and (a) 80°C for 1h, (b) 100°C
for 21 min, (c) 120°C for 12min, and (d) 140°C for 6 min. The scaling of N} was
chosen logarithmically for better visibility of the different features throughout the
four images.

In general, Vj increases towards the edges. The shape of this increase is explicitly
not rotationally symmetric to the center of the wafer but has a rectangular shape
and the difference between the lowest and highest N is in the range of one order of
magnitude for each of the four degradation conditions. It is, however, important to
note that the determined /Nj at the center of the wafer using PL is lower by a factor
3 to 5 compared to Nj determined using PCD beforehand. This discrepancy can be
attributed completely to a partial deactivation of the responsible LeTID defect by

(a) Intitial state 0 (b) Degraded at 80 °C 0 (c) Degraded at 140 °C
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Figure 5.21: Spatially-resolved lifetime at An = 10'® cm™3 of an M2-sized Cz-Si:Ga
wafer after degradation at different temperatures. (a) Initial state before starting the
illumination at elevated temperatures, (b) degraded state after illumination for 1h at
80°C and 1sun, and (c) after illumination for 6 min at 140°C and 1sun. The lower
edge of approximately 1cm of the pseudo-squared wafer (M2) is not visible in the
images.
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Figure 5.22: Spatially-resolved effective defect concentration Nj at An = 10'° cm™
after degradation at 1 sun and (a) 80°C, (b) 100°C, (c) 120 °C, and 140 °C determined
on the same wafer. The scaling of V] was chosen logarithmically for better visibility
of the different features throughout the four images. The lower edge of approximately
1cm of the pseudo-squared wafer (M2) is not visible in the images.

the PL laser at a wavelength of 808 nm, which we are able to show by comparing
PCD measurements before and after PL (cf. Fig. 5.20, open and closed symbols).
The partial defect deactivation by the PL laser is similar to the temporary recovery
by illumination at ~44°C and 0.5suns typical for LeTID in Cz-Si:Ga. We did not
observe any additional changes of the deactivated defect state by the PL laser.

It is important to assess if and how this significant impact of the PL measurement
on the defect concentration Nj also influences the spatial distribution of Nj shown
in Fig. 5.22. There are four possible influencing factors, which will be discussed in
detail in the following:

(1) Determination of the fully degraded state via PCD at the center position of
the wafer only,

(2) Intensity distribution of the PL laser over the wafer area,

(3) Impact of the absolute lifetime on the resulting excess carrier concentration
An at a given intensity of the PL laser and thus the intensity within the



5 LeTID in gallium-doped Czochralski-silicon

measurement sequence necessary to obtain An = 10'% em =2 for any given spot
on the wafer,

(4) Impact of the absolute lifetime on the resulting An at a given intensity of the
PL laser assuming a An-dependence of the deactivation rate constant Rge.

(1) As stated at the beginning of this section, the PCD lifetime measurements to
determine when the fully degraded state is reached are conducted at the center po-
sition of the wafer (cf. Fig. 5.20). We do not expect any spatial variations of the
temperature on the wafer, the spatial variation of the illumination intensity, how-
ever, can be up to £0.1suns with the highest intensity localized near the center of
the wafer. The impact of the illumination intensity on the maximum degradation
extent around the intensity of 1sun is negligible and has been discussed in Section
5.7. However, a lower intensity at the edges of the wafer leads to slower and there-
fore possibly incomplete degradation at the time of the PL measurement (cf. Section
5.7). Furthermore, since the dependence of the degradation rate constant Rge, on
the intensity is likely a dependence on the excess carrier concentration An, a lower
lifetime results in a lower Rqey and hence incomplete degradation at the wafer edges.
However, the impact would be diametrical to the actually observed increase of Nj
towards the edges, since the center of the wafer is evidently in the fully degraded
state (cf. Fig. 5.20).

(2) We showed in Section 5.3 that a low temperature illumination (i.e., at ~44 °C and
0.5sun) deactivates the LeTID defect temporarily (cf. Figs. 5.4 and 5.6). The PL
laser at 808 nm does in fact the same. The laser beam is widened and distributed over
the measuring area by means of a homogenizer (Focuslight, Off-Axis Beam Shaper
10S000292) to excite the sample. Fig. 5.23(a) shows a typical intensity profile as
depicted in the corresponding data sheet [130]. It does depict a rectangular shape,
which would indeed result in a decreasing defect concentration Nj towards the edges.
However, as exemplarily shown for the y-direction in Fig. 5.23(b), the homogeneous
area of highest intensity covers an area of approximately 190 mm x 170 mm and
thus encompasses our entire M2-sized (156.75mm x 156.75 mm) wafer. According
to the manufacturer, inhomogeneity for each axis within this area is less than 7.5%
(integrated over the other axis) [130]. Furthermore, Fig. 5.23(b) shows that the
inhomogeneity is noise-like and does not decrease continuously towards the edges.
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Figure 5.23: (a) Typical intensity profile formed by the laser homogenizer (Off-Axis
Beam Shaper, 105000292). (b) Intensity cross section of the y-direction. Picture and
graph adapted from [130].
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Therefore, we do not expect this noise-like variation of the laser intensity of less
than 7.5% over the wafer area to produce a rectangular shape of increasing defect
concentration N} (cf. Fig. 5.22) by up to one order of magnitude between center
and edge of the wafer.

(3) A higher lifetime results in a higher excess carrier concentration An at a fixed
intensity of the PL laser. Since the lifetime is calculated on the basis of An un-
der steady-state conditions, the lifetime directly affects the PL intensity necessary
to determine the spatially-resolved lifetime at An = 10 cm™. To measure the
injection-dependent lifetime, the laser power is varied systematically (from 50 to
0.5 W) to generate a step-wise decreasing PL intensity. Areas of higher lifetime
mean an earlier stage within the PL measurement and thus a lower impact of the
parasitic defect deactivation by the PL laser. As shown in Fig. 5.21, the lifetime
decreases generally towards the edges of the wafer. Under the premise of a homoge-
neous defect concentration Nj we would therefore expect a higher Nj at the center
of the wafer than at the edges.

(4) It has been shown that the kinetics of LeTID on me-Si depend on An [74, 75].
In Section 5.7, we have shown that the apparent degradation rate constant Rgeg
increases linearly with the illumination intensity on our Cz-Si:Ga material. It is
only logical to assume a similar correlation for the temporary deactivation under
illumination at low temperatures or, equivalently, under illumination with the PL
laser. Higher lifetimes towards the center of the wafer result in a higher An, which
would result in a faster deactivation and hence a lower Nj after the PL measure-
ment. However, Nj in Fig. 5.22 does not reflect the general lifetime distribution
of the initial state before degradation shown in Fig. 5.21(a), as we would expect
under the premise of a homogeneous defect concentration NVj. Hence, the presumed
An-dependence of the deactivation rate constant Ry, would only amplify an already
existing inhomogeneity of Nj.

Because of the reasoning in (1)—(4), we conclude that the rectangular shape of N
in Fig. 5.22 has a physical cause of unknown origin and is not generated by our
measurement method. We do not expect the Czochralski method to have a domi-
nant impact on the rectangular Nj distribution either, because any impact of the
crystal growth process would be rotationally symmetric. There is also no correlation
between Nj and the thickness W of the wafer, which is relatively homogeneous over
the wafer area with W = (150410) pm. Possible causes could therefore be related to
furnace- or cleaning steps or the deposition of the dielectric layers during processing.
The five distinct spots of lower Nj visible in Fig. 5.22 besides the decrease towards
the edges are related to supporting points of the conveyor belt within the firing
furnace (a sixth spot on the right was probably not connected sufficiently). The
connection leads to a better heat dissipation and thus likely to a lower peak temper-
ature F'T of the supported points of the wafer during the firing step. This locally
reduced Nj is in agreement with our results in Section 5.4 regarding the impact of
FT on the maximum degradation extent N*

max

5.10 Conclusions and model

In this chapter, we have examined degradation phenomena in Cz-Si:Ga material and
compared it with FZ-Si:B as the most defect-lean solar cell material available to-
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day. We performed a series of carrier lifetime experiments at elevated temperatures
between 50°C and 160°C and illumination intensities ranging from 0.1 to 1sun.
We observed very similar temperature-dependent degradation effects in Cz-Si:Ga
and FZ-Si:B wafers. This is particularly interesting since Cz-Si:Ga is expected to
become the most commonly used material in industrial solar cell production in the
near future. On basis of our experimental results, we summarize the defect char-
acteristics in a state model for LeTID in both Cz-Si:Ga and FZ-Si:B as shown in
Fig. 5.24.

The degradation is caused by illumination at elevated temperatures and fast-firing
is a necessary trigger for LeTID to occur. The extent of degradation is strongly
dependent on the applied temperature during illumination, with higher tempera-
tures leading to a stronger degradation. The equilibrium state establishing itself
between activated (state B) and deactivated (A) state of the defect is dependent
on the temperature and the activation and deactivation are reversible processes. A
complete (temporary) deactivation of the defect is possible at ~44°C and 0.5 suns.
A similar behavior at low temperatures has bee reported for LeTID in mc-Si solar
cells as well, however, with time constants at least one order of magnitude slower.
The maximum effective defect concentration N seems to be inhomogeneous over

max
the wafer area with an apparent rectangular increase of N} . by around one order
of magnitude toward the edges, which could be inflated, however, by an impact of
our measurement method via PL. This indicates a certain influence of cleaning or
furnace steps in the processing rather than manufacturing processes of the Cz- and
FZ-material alone. For the latter, a central symmetry would be expected for Cz-

Si:Ga. However, N . is in general also one order of magnitude smaller on FZ-Si

State R
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L (Recombination-inactive) )

Fast-firing ¢

[

~

Temporary

Degradation
recovery

Regeneration

= /

Figure 5.24: State model of the LeTID defect in Cz-Si:Ga and FZ-Si:B based on the
experimental results presented in this chapter. Fast-firing is a necessary trigger for
LeTID to occur (reservoir state R <> defect state A). The defect activation (defect
state A > B) is reversible and the equilibrium state between the defect states A and
B is dependent on the temperature during illumination, since we do not observe a
significant dependence on the illumination intensity aside from the formation rate
constant. Through prolonged illumination at elevated temperatures a passivation of
the defect is possible (defect state B — C).
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material than on identically processed Cz-Si, which is likely related to the amount
of impurities present in both materials due to the manufacturing process.

Both the extent of LeTID on Cz-Si:Ga at any given temperature between 80 and
160°C and the dependence on the applied temperature increase significantly with
increasing peak firing temperature F'T" and band velocity vpa,q of the fast-firing pro-
cess applied. The latter is likely related to the cooling ramp after the peak firing
temperature. However, no LeTID was observed at a measured peak firing temper-
ature of 630°C. With increasing refractive index of the silicon nitride passivation
layers between n = 2.07 and 2.37, the LeTID effect in Cz-Si:Ga increases. These
results are in agreement with previous studies on LeTID in B-doped multicrystalline
and float zone silicon. Hydrogen, which diffuses into the silicon bulk during the fast-
firing step, is hence a likely participant in the defect reaction responsible for LeTID
in Cz-Si:Ga.

On the FZ-Si:B samples, which show similar temperature-dependent degradation
behavior, however, no increase of N . is observed with increasing refractive index
n of the SiN,, layers deposited prior to fast-firing. Parallel experiments to determine
the hydrogen content in both Cz-Si:Ga and FZ-Si:B samples with different refractive
indices n of the silicon nitride passivation layer indicate more hydrogen in-diffusion
into the silicon bulk with increasing n between 2.07 and 2.37. Since we noted no
dependence on the composition of the SiN, layer for our degradation experiments
on FZ-Si:B, our results support the hypothesis of a second participant in the defect
reaction of LeTID besides hydrogen, which limits the maximum defect concentration
N oy for FZ-Si. FZ-Si is known to have a significantly reduced amount of impuri-
ties compared to Cz-Si due to the different manufacturing processes. Therefore, we
expect a reservoir of defect precursors to be present before processing of the mate-
rials (state R). More experiments are necessary on Cz-Si:Ga regarding the possible
formation of HGa defects to quantitatively extract the hydrogen content within the
silicon bulk.

After conducting a thorough uncertainty analysis, we determined the apparent ac-
tivation energy E of the LeTID effects in both materials and for all parameter
variations to be in the range of (0.55 £ 0.10) eV. We conclude that most likely a
specific defect mechanism is responsible for the LeTID effect examined in this study.
The examined activation energy is significantly lower than reported in the literature
for LeTID on mc-Si material, which are in the range of 1eV. We hence conclude
that the detailed defect physics is different in fired Cz-Si:Ga and FZ-Si:B, although
hydrogen is most likely involved in all these degradation effects.

We observe no significant impact of the illumination intensity on N, .. Impor-
tantly, a permanent deactivation (state C) can be achieved by applying prolonged
illumination at elevated temperatures (>135°C) and light intensities around 1 sun.






6 Light- and elevated-temperature-
induced degradation in poly-Si on
oxide backjunction solar cells

6.1 Introduction

Light-induced lifetime degradation effects are frequently observed in many silicon-
based materials for solar cell production. The most prominent one is the boron-
oxygen (BO) defect activated under illumination in boron-doped Czochralski-grown
silicon (Cz-Si) [6-8, 93]. Another degradation effect is the so called "light- and
elevated-temperature-induced lifetime degradation” (LeTID) first observed on block-
cast multicrystalline silicon (me-Si) [10, 11, 94]. Unlike the BO-related degradation,
LeTID requires a previous fast-firing step at a high peak temperature [14, 66, 95].
LeTID-type effects have been reported in boron-doped Cz-Si [15, 16, 67|, in float-zone
silicon (FZ-Si) [17, 19, 67] and in n-type Cz-Si [69]. Gallium has been dominating
the p-type mono-Si market for only a couple of years. According to data of the
International Technology Roadmap for PV, boron as dopant for p-type material dis-
appears in 2023 [22]. This is due to the absence of BO-related lifetime degradation.
Several publications showed the significantly more stable performance of Ga-doped
solar cells in comparison to B-doped solar cells[23, 97, 98, 131, 132]. However, there
are also recent studies reporting lifetime instabilities on Ga-doped Cz-Si wafer mate-
rials [96-98, 127, 128, 133], and most recently performance degradation of Ga-doped
PERC modules [132].

In Chapter 5, we showed that the temperature, at which the light-induced degra-
dation is performed, has a strong impact on the extent of bulk lifetime degradation
in Ga~-doped Cz-Si. With increasing temperature the extent of degradation is also
increasing. In Section 5.3, we demonstrated that illumination of 1 cm Ga-doped
Cz-Si wafers performed at 140 °C may result in lifetimes in the fully degraded state
T4 of around ~500 ps (initial lifetime Ty was ~2300 ps), after a fast-firing step is ap-
plied at a measured peak temperature of 750 °C and a band velocity of 6.8 m/min.
Compared to degradation performed at 90°C (tq = 1300 ps), this corresponds to an
increase of the corresponding effective defect concentration N} (cf. Eq. (5.1)) by a
factor of 5. The reported lifetimes were measured at an excess carrier concentration
of An = 10 ecm 3.

In this chapter, we examine whether the LeTID effect observed on Ga-doped Cz-Si
wafers is also the cause of the existing but small instabilities observed in solar cells
made on Ga-doped Cz-Si wafers. We fabricate poly-Si on oxide (POLO) backjunc-
tion (BJ) solar cells [53, 54] and perform degradation experiments at an illumination
intensity of 1sun at temperatures ranging from 80 °C to 160 °C.
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6.2 Experimental details

Figure 6.1 shows the cell structure of a POLO BJ cell, as developed at ISFH [53, 54].
The process sequence starts with an industrial gallium-doped p-type Cz-Si wafer (M2
size) with a resistivity of 0.8 Q2cm. An (according to ellipsometry measurements)
1.6 nm-thick interfacial silicon oxide layer grown wet-chemically in de-ionized water
with diluted ozone is capped by 200nm of an in-situ phosphorous-doped poly-Si
layer deposited by low-pressure chemical vapor deposition (LPCVD). During a high-
temperature step at 840 °C in a quartz-tube furnace, the interfacial oxide layer breaks
up and forms the POLO contact [25, 26, 134-136]. Simultaneously, 150 nm-thick
oxide layers grow on poly-Si layers on both surfaces. The oxide layer on the cell
front side is then completely removed. A subsequent KOH-based solution textures
the front side, while the poly-Si layer at the cell rear side is protected by the thick
oxide layer. We then deposit a stack consisting of 10 nm aluminum oxide (AlO,)
and 80nm or 60nm silicon nitride (SiN,) with a refractive index of n = 2.05 on
the cell front and rear sides, respectively. At the cell front, we locally open the
dielectric stack by a laser to form contact openings. The contacts are realized by
aluminum-paste screen printing at the front side and silver-paste screen printing at
the rear side followed by a fast-firing process at a set-peak temperature of 810°C
and a band velocity of 6 m/min in an industrial conveyor belt furnace (centrotherm
international, DO-FF-8.600-300).

After processing, the finished solar cells are illuminated by 1sun light intensity
(100 mW cm™?2) using a halogen lamp on a hotplate at elevated temperatures between
80°C and 160°C. We measure the illumination intensity with a calibrated reference
silicon solar cell. The lateral variation of the illumination intensity is less than
40.1 suns, while the temperature during the illumination time is constant within a
range of £2°C. Depending on the experiment, the cells are either (i) illuminated
at the above conditions for up to 1400 h (long-term stability test) or (ii) illuminated
at a reduced intensity of 0.5suns for ~15min, resulting in a recovery of the cell
parameters after degradation. The cell temperature during this low-temperature

SiN

y

AlO,

p+

Ga-doped Si

Figure 6.1: Schematic of the cross section of the POLO backjunction solar cell [53, 54]
on Ga-~doped Cz-Si.
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illumination step is (44 £ 4) °C, as induced by the radiative heating of the halogen
lamps.

The IV measurements are performed under AM1.5G illumination at 25°C using a
LOANA system from pv-tools [61]. Details on the measurement technique can be
found in Section 3.4.2.

6.3 Long-term stability test at increased temperature

Figure 6.2 shows the evolution of the measured cell parameters energy conversion ef-
ficiency n (Fig. 6.2(a)), open-circuit voltage V;. (Fig. 6.2(b)), fill factor FF' together
with the pseudo fill factor pFF (Fig. 6.2(c)), and the short-circuit current density
Jse (Fig. 6.2(d)) under one-sun illumination at 80°C for up to 1400 h.

The efficiency 1 decreases from 22.10% to 21.95% within 10h of one-sun illumina-
tion (Fig. 6.2(a)), before a recovery of 1 slightly up above the initial efficiency of
22.10% is observed. The maximum degradation extent amounts to ~ 0.7% relative.
Although some degradation is observable, the extent of degradation is very small,
in particular when compared to solar cells made on B-doped Cz-Si wafers, where
degradation extents of up to 10%;,¢ have been reported [23]. The small LeTID effect
visible in Fig. 6.2(a) has its cause in all three parameters shown in Fig. 6.2 (b—d),
which are V., FF, and Js.. The extent of degradation, however, is only slightly
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Figure 6.2: Long-term one-sun illumination of a POLO BJ solar cell on Ga-doped
Cz-Si at 80°C for 1400 h. Shown are the measured parameters (a) energy conversion
efficiency 1, (b) open-circuit voltage Vo, (c) fill factor FF together with the pseudo
fill factor pFF, and (d) short-circuit current density Jy. versus the illumination time
t (open symbols). In addition, the initial values measured directly after fast-firing are
shown (closed symbols). Before the experiment starts, the solar cell is illuminated
at 0.5suns for 15 min, increasing the efficiency from its initial value (slightly below
22.0%) to 22.1%.
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larger than the initial improvement under illumination at 0.5suns at ~44°C for
15min before increasing the temperature. Whether this is because an additional
light-induced defect is activated or the presumed LeTID defect state after fast-firing
is already activated and is deactivated again during low-temperature illumination
(cf. Section 5.3) remains to be clarified, though lifetime experiments indicate the
first option is more likely.

The short-circuit current density (Fig. 6.2(d)) of BJ solar cells is quite sensitive to
the bulk lifetime. Minority charge-carriers generated primarily at the front side of
the BJ solar cell have to diffuse to the rear side, where they are collected. A more
pronounced decrease in Jy. is therefore expected for the activation of a bulk de-
fect in back-junction solar cells compared to a conventional front-junction cell. The
observed decrease in FF' (Fig. 6.2(c), black circles) could be due to the activation
of a bulk defect resulting in a pronounced injection dependence of the bulk lifetime
thereby increasing the ideality factor nigea [65]. Please refer to Section 3.4.2 and [65]
for more details regarding n;qe1. In the following, we will limit the discussion to the
FF value. To exclude any influence of the series and contact resistances, the pseudo
fill factor pFF' is also shown in Fig. 6.2(c) (blue triangles). The pFF is extracted
from the Jg-V,e measurement implemented in the LOANA tool [137, 138]. Indeed,
less scattering of the data is visible while the general evolution of FF' and pFF are
the same. We have verified on reference samples that no degradation of the surface
passivation occurs during the illuminated annealing treatments due to the relatively
low firing temperature applied. Besides, the time constants of surface-related degra-
dation are significantly larger than all time constants observed in the present study
[139, 140].

However, changes of the surrounding conditions that have a non-neglectable impact
on the IV measurement cannot be ignored during long-term measurements, most
prominently the cell temperature 1. The parameter mostly affected by changes in
temperature T is the open-circuit voltage V.. Thereby the most relevant effects —
beside the temperature dependence of V,. itself as shown in Eq. (3.16) — are the
pronounced temperature dependence of n; and of the band gap, which decreases
with increasing temperature (empirically described by Varshni [62]). In the relevant
temperature range around 300 K, the V. measurement has an almost linear depen-
dence on T" with % ~ —2mV /°C. This has been discussed in detail e.g., by Green
[141] or Loper et al. [63].

Figure 6.3 shows (a) the cell temperature 7' during the IV measurements together
with (b) the implementation of a temperature correction of the V. evolution of
Fig. 6.2(b). The initial drop of V,. from 710mV to below 708 mV within 1min
of illumination(Fig. 6.3(b), black circles) coincides with an increase of T" by 0.7°C
(Fig. 6.3(a)). A second strong deviation from the overall V,. evolution is visible after
900 h of illumination. The V. value increases for a single measurement by 3mV to
713.2mV before dropping again after 1400 h of illumination. This time, it coincides
with a rather significant drop in temperature during the IV measurement by almost
2°C. The cause of this pronounced temperature change is difficult to understand
in retrospect but possibly caused by changes in the environment or an insufficient
warm-up of the measuring table (chuck). The blue inverse triangles in Fig. 6.3(b)
represent an extrapolation of the V,. measurement to 25°C under the assumption
of a linear impact of % = —2mV/°C. Both the initial improvement of V,. under



79
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Figure 6.3: Impact of the cell temperature T' during IV measurement on the V.
measurement. (a) Cell temperature T of the Ga-doped POLO BJ cell during the IV
measurements. (b) V,. measurements already shown in Fig. 6.2(b) together with a
temperature-corrected V,,. extrapolated to 25°C.

illumination at 0.5 suns for 15 min and the fast drop under illumination at 80 °C and
1sun are significantly reduced by the post processing. No significant degradation
is evident in V. for 1400 h, the overall trend, however, shows an improvement of
around 2mV.

While the impact of T on the short-circuit current is caused by the decreasing band
gap with increasing T, the fill factor depends on a range of cell parameters, includ-
ing current and voltage operating levels [141]. However, the impact of T' on both
the FF and the J,. measurement is significantly lower than on the V. measurement
[141]. Furthermore, the more pronounced temperature fluctuations after 1 min and
900h (cf. Fig. 6.3(a)), whose impact on the V. measurement was discussed in the
last paragraph, are neither visible in the F'F' measurement (Fig. 6.2(c)) nor the mea-
surement of Ji. (Fig. 6.2(d)), making the cell temperature 7" an unlikely cause of
the observed fluctuations in both parameters.

In summary, we observe a small degradation of the conversion efficiency n of ~
0.7%er under illumination at 80°C and 1sun within 10h followed by a recovery of
1N up above the initial efficiency within 100 h. The LeTID effect has its cause in
FF and Js.. Changes in V. are caused by slight instabilities of the temperature T’
during the IV measurements.

6.4 Temperature-dependent degradation on cell level

In a second step, we examine if the observed small LeTID effect shown in Section 6.3
has a temperature-dependent component and can be attributed to the temperature-
dependent LeTID effect in Ga-doped Cz-Si lifetime samples, which we examined in
detail in Chapter 5. Figure 6.4 shows a variation of the temperature ¥ during illu-
mination between 80°C and 160°C at an illumination intensity of 1sun. To make
comparisons easier, the relative changes of the four cell parameters are depicted in-
stead of the absolute values. Moreover, the data at 3 = 80°C is the same as shown
in Fig. 6.2. Here, for the sake of clarity, we focus the discussion to the relative
data shown in Fig. 6.4. Figure 6.4(a) clearly shows that there is a dependence of
the degradation extent on 3. Whereas at 80 °C the maximum decrease in conver-
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sion efficiency is only 0.15%,us, the decrease at 140°C is 0.4%,ps. This corresponds
to an increase in the relative degradation extent from 0.7%ge to 2% as shown in
Fig. 6.4(a). The maximum extent of relative degradation increases approximately
linearly with increasing ¥ between 80 °C and 140°C. For temperatures larger than
140°C, the relative degradation decreases again, as can be seen in Fig. 6.4(a) (pink
diamonds).

The cause of the degradation can be found in all three parameters shown in the
Figs. 6.4(b) to 6.4(d). However, the pronounced temperature dependence is caused
by the fill factor and the short-circuit current density changes. Whereas FF' de-
grades by 0.4%;,q at 80°C, this maximum degradation increases to 1%, at 140°C.
Jse 1s reduced by 0.3%;e in the degraded state at 80 °C compared to its initial value.
This degradation increases to 0.6%,q at 140°C. Due to relatively small V. changes
in comparison with the scattering of the measurement data, no dependence of the
Ve degradation on ¥ is visible in the data. This also does not change by conduct-
ing a temperature correction of the V. measurement, as describe in the previous
section in Fig. 6.3. Figure 6.5 shows (a) the cell temperature 7' during the IV mea-
surements of the temperature variation (denoted by ¥) under illumination and (b)
the temperature-corrected relative V,. changes. No temperature-dependent degra-
dation of V. is observable due to scattering of the data even after the temperature-
dependent data is extrapolated to 25°C. A possible explanation why the LeTID
effect observed on Ga-doped POLO BJ solar cells is not visible in V,. will be given
in Section 6.5.

To exclude any influence of series and contact resistances on the temperature-
dependent degradation of the fill factor FF in Fig. 6.4(c), the pseudo fill factor
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Figure 6.4: Temperature-dependent light-induced degradation of Ga-doped Cz-Si
POLO BJ solar cells at 1sun light intensity and temperatures ranging from 80°C
to 160 °C. Shown are the relative changes in the measured cell parameters (a) energy
conversion efficiency 1, (b) open-circuit voltage Vi, (c) fill factor FF, and (d) short-
circuit current density Js. versus the illumination time t.
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Figure 6.5: Impact of the cell temperature T' during IV measurement on the V.
measurement shown in Fig. 6.4(b). (a) Cell temperature T of the Ga-doped POLO
BJ cell during the IV measurements of the temperature variation (denoted by 9)
under illumination. (b) Relative V5. change extrapolated to 25°C. No temperature-
dependent degradation is observable due to scattering of the data.

pFF is shown in Fig. 6.6(a). In Fig. 6.6(b) the relative changes are shown analo-
gously to the representation in Fig. 6.4(c). Both Fig. 6.6(a) and Fig. 6.6(b) confirm
the independence of the observed degradation on the series resistance. The degra-
dation extent of pFF increases from 0.5%.q at 80°C to 1.2%,q at 120°C, before
a saturation (140°C) followed by a decrease (160 °C) of the maximum degradation
extent can be observed in Fig. 6.6(b).

Note that the degradation data recorded in the temperature range from 100°C to
160°C in Fig 6.4 were actually all measured on the same solar cell. After com-
plete one-sun degradation at different temperatures (100°C to 160°C), the cell is
illuminated at a lower intensity of 0.5suns, which corresponds to an illumination
temperature of ~44°C without active heating of the cell. All four parameters 7,
Voe, FF, and Jg. increase again and reach values comparable with the ones before
degradation. Afterwards, a degradation at elevated temperature is again possible.
The (temporary) recovery takes about 15 to 30 min at 0.5suns and ~44°C. De-
tails on the mechanism of temporary recovery at low temperatures, which we only
mentioned here briefly, can be found in Section 5.3. In summary, the LeTID effect
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Figure 6.6: Temperature-dependent light-induced degradation of the pseudo fill factor
pFF of Ga~-doped Cz-Si POLO BJ solar cells at 1 sun light intensity and temperatures
ranging from 80 to 160°C. Shown are (a) the absolute changes and (b) the relative
changes versus the illumination time t.
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observed in this section is very similar to the temperature-dependent LeTID effect
which we characterized on Ga-doped Cz-Si lifetime samples in Chapter 5.

6.5 Ga-doped Cz-Si lifetime reference sample

The measurements on solar cells show very similar behavior as our lifetime measure-
ments performed on Ga-doped Cz-Si wafers in Chapter 5, which is a clear indication
that the activation of a bulk defect is responsible for the observed LeTID effect.
Figure 6.7 shows the corresponding lifetime measurements performed on a reference
Ga-doped Cz-Si wafer with passivated surfaces processed in parallel to the POLO
BJ cells (one-sun illumination at 80°C to 160°C). The sample corresponds to a
solar cell without metalization on the front and rear side. The lifetimes are mea-
sured by the photoconductance decay (PCD) method at ~30°C using a WCT-120
lifetime tester from Sinton Instruments, the operating principle of which is explained
in detail in Section 3.1.

Carrier lifetimes measured at an excess carrier concentration of An = 10® cm=2 are
shown in Fig. 6.7(a). After each degradation experiment at constant 9, the defect
is deactivated at 0.5suns at 44°C before increasing the temperature for the next
degradation experiment. The temperature dependence of the degradation extent is
clearly visible. The effective defect concentration which can be extracted from the
lifetime data according to Eq. (5.1) increases by a factor of ~5 between degradation
at 80°C and 140°C. As we have shown in Section 5.4, the firing parameters have a
significant impact on the extent of degradation. However, the extent of degradation
shown in Fig. 6.7 is significantly less pronounced than what we would have expected
from our results presented in Section 5.4. If put into perspective with the results
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Figure 6.7: Lifetime degradation of a Ga-doped Cz-Si wafer (cell without metalization)
during one-sun illumination. Shown is (a) the lifetime degradation at temperatures
ranging from 80 to 160°C at one-sun illumination and (b) the injection-dependent
lifetimes before degradation (initial, cyan hexagons) and after degradation for 30 min
at 80 °C (black circles) and 4 min at 140 °C (red squares).
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shown in Fig. 5.10, the extent of degradation is comparable to the FT = 680°C
data in Fig. 5.10(a) or the vpana = 3.8 m/min data in Fig. 5.10(b). However, the
firing parameter applied in this chapter were F'T = 790°C and vpapng = 6.0 m/min.
Note, that the measured peak firing temperature F'T in this chapter is much closer
to the set-peak temperature of 810 °C than in the previous chapters due the the tex-
tured front surface, which enables a more efficient heat transfer. The cooling ramp
calculated analogously to Fig. 5.11 amounts to 74 °C/s, which puts our lifetime ref-
erence sample at the right end of Fig. 5.11(b). Hence, we would expect maximum
degradation. An important difference, however, that has to be taken into account
is the sample structure with poly-Si on the rear of our lifetime reference sample
instead of a symmetrical stack of AlO, and SiN, on both wafer surfaces as applied
in Section 5.4. Poly-Si is known to has an impurity gettering effect [142-145]. To
exactly reveal the causes for the differences between the different lifetime structures
in the present chapter and Chapter 5, more specific experiments are required.
Figure 6.7(b) shows the injection-dependent lifetimes before degradation (initial,
cyan hexagons) and after degradation for 30 min at 80°C (black circles) and 4 min
at 140°C (red squares) for our reference lifetime sample. In addition, the approxi-
mate excess carrier concentrations are shown for the maximum power point (MPP)
Anypp and under open-circuit conditions Any,,,,. (black lines). Whereas the differ-
ence between the degradation at 80°C and 140°C is clearly visible at Anypp, it is
almost non-existent at the much higher Any, .. This explains why the temperature
dependence of the defect activation is clearly visible in FF (Fig. 6.4(c)) and pFF
(Fig. 6.6), whereas V. shows mainly scattering (Fig. 6.4(b)).

6.6 Permanent defect deactivation and absolute
improvement on device level

A long-term-stable improvement of the cell performance by up to 0.2%ay,s is possible
by prolonged illumination at elevated temperatures (e.g., at 140°C and 1sun for
5h). Figure 6.8 shows several consecutive defect activation/deactivation cycles on
the same solar cell. The experiment has been conducted similarly to that presented
in Section 5.8. However, for the sake of clarity and unlike in Figs. 6.2 and 6.4, in
Fig. 6.8 only the respective highest and lowest values of each cycle are shown instead
of the full degradation curves. The x-axes do show the progress of the experiment
from the left to the right by numbering the respective deactivation and activation
step consecutively. Each of the four subplots (a—d) in Fig. 6.8 for n, V,., FF, and
Jse is separated into 3 stages (1-3) analogously to Fig. 5.19.

The first stage (1) includes three consecutive cycles of defect deactivation (black
circles, upper axis) at ~44°C and 0.5 suns and defect activation (red squares, lower
axis) at 140°C and 1sun. It shows the reversibility of the degradation effect un-
der constant defect activation conditions. Please note, however, that the decreasing
trend of the degraded FF in Fig. 6.8(c,1) has no significance. The reason is simply
that we chose to display the respective lowest values of the conversion efficiency
without taking the scattering in the F'F' measurement into account.

Stage (2) of each subplot (a—d) in Fig. 6.8 shows the state after a prolonged illu-
mination at 140°C and 1sun for 5h. According to our results on Ga-doped Cz-Si
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Figure 6.8: (1) Reversibility of a Ga~-doped Cz-Si POLO BJ solar cell through consecu-
tive activation (140 °C, 1 sun, 12 min) and deactivation (44 °C, 0.5 suns, 15 min) cycles,
(2) regeneration through prolonged illumination at elevated temperatures (140°C,
1sun, 5h), and (3) test of the stability of the regeneration at 80 and 140 °C. Shown
are the measured cell parameters (a) energy conversion efficiency 1, (b) open-circuit
voltage Vi, (¢) fill factor FF, and (d) short-circuit current density Jg.

lifetime samples presented in Section 5.8, this treatment results in a permanent de-
fect deactivation which corresponds to a permanent regeneration of the bulk lifetime.
The conversion efficiency n in Fig. 6.8(a,2) reaches a value of 22.10%. To test the
stability of the regenerated solar cell, we apply in stage (3) another defect deacti-
vation/activation cycle, starting with the low-temperature illumination at 0.5 suns
and 44°C (deactivation). The conversion efficiency n improves further to 22.16%,
which is an improvement of 0.2%.,s compared to the initial n of 21.96% at the very
beginning of the experiment. This general improvement is visible in the black circles
in Fig. 6.8(a) and can be attributed to an increase of both V,. (Fig. 6.8(b)) and Js.
(Fig. 6.8(d)). A similar improvement of the cell performance has been reported on
Ga-doped Cz-Si PERC solar cells by means of a two-step bias treatment [146].
Subsequently, in stage (3) of Fig. 6.8, the stability of the regenerated cell is tested in
a two-step increase of the temperature, first to 80°C, then to 140°C at a constant
illumination intensity of 1sun (red squares). A significantly reduced degradation
of only 0.15%as after illumination at 140°C and 1suns is now observed, which is
halved compared to the degradation before the regeneration step was applied. Even
after maximum degradation at 140 °C an efficiency of 22.0% is obtained. The rege-
neration treatment can hence be regarded as highly effective and the results are in
agreement with our experiment on lifetime samples presented in Section 5.8.
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6.7 Conclusions

In this chapter, we have performed illumination experiments at elevated tempera-
tures between 80 °C and 160 °C and 1sun halogen lamp intensity on POLO BJ cells
with Ga-doped Cz-Si base. These solar cells were shown to be relatively stable re-
garding light-induced degradation, which we have demonstrated through long-term
illumination at 80°C for 1400h. We observed, however, a slight degradation of
the cell performance, the extent of which increases with increasing temperature.
Whereas at 80°C the degradation in energy conversion efficiency is 0.15%aps, the
degradation extent is increased to 0.4%aps under illumination at 140°C. This cor-
responds to an increase in the relative degradation extent from 0.7%.q at 80°C
to 2% at 140°C. For temperatures larger than 140°C, the degradation extent
decreases again. Through illumination at low temperatures and illumination inten-
sities (i.e., at 44°C and 0.5suns) — quite common conditions during operation in
the field — the degradation effect can be temporarily reversed. Interestingly, the
temperature-dependent degradation of the energy conversion efficiency can be as-
cribed to a reduction of the short-circuit current density J. and the fill factor FF,
whereas we do not observe any significant temperature-dependent degradation of
the open-circuit voltage V.. This could be explained by the injection dependence
of the lifetime of the activated defect, resulting in a more severe degradation of the
lifetime for excess carrier concentrations at the maximum-power-point than under
open-circuit conditions. Jy. is also quite sensitive to the bulk lifetime due to the
structure of a BJ solar cell with the collection of the minority carriers (i.e., electrons
in our cell) at the rear side of the solar cell. Measurements on a lifetime sample
processed in parallel to the solar cells (corresponding to a cell without metaliza-
tion on the front and rear sides) and the similarities of the degradation trends to
the temperature dependence of degradation examined in detail in Chapter 5 clearly
indicate that the activation of a bulk defect is responsible for the observed LeTID
effect on the Ga-doped Cz-Si solar cells. We ascribed this effect to hydrogen, which
diffuses into the silicon bulk during the firing step.

Through prolonged illumination at elevated temperatures (e.g., at 140°C and 1 sun
for 5h), an improvement of the energy conversion efficiency by up to 0.2%,,s due
to an absolute increase of both the open-circuit voltage and the short-circuit cur-
rent density was observed. During this treatment, a partial permanent deactivation
of the defect responsible for degradation takes places, though degradation can still
occur after regeneration with half the degradation extent as observed before per-
manent deactivation. Stable solar cell efficiencies above 22% were measured after
regeneration, meaning that within the uncertainty range of the efficiency measure-
ment, the developed cells on Ga-doped Cz-Si can be classified long-term stable after
regeneration.






7 Degradation and regeneration of
poly-Si on oxide surface passivation
quality

7.1 Introduction

Polycrystalline silicon on oxide (POLO) layers have attracted great attention in
recent years in the field of photovoltaic research, although first proposals to use them
in solar cell production are much older [24]. Highly doped polycrystalline silicon
(poly-Si) layers on passivating interfacial silicon oxide represent an advanced method
to realize carrier-selective passivated contacts in high-efficiency silicon solar cells. It
combines excellent passivation quality with saturation current densities (Jy) down
to 0.6 fA/cm?, as reported on planar test structures [25, 26], in combination with
very low contact resistivities (0.6 mQ cm? on n* POLO junctions) [27]. Outstanding
energy conversion efficiencies of 26.1% for interdigitated back-contact solar cells [147]
and 25.8% for double-side-contacted solar cells have already been reported [148].
Fast-firing or, as we call it in this chapter, Rapid thermal annealing (RTA) of POLO
is highly relevant for the implementation of poly-Si-based passivating contacts into
industrial-type solar cells with screen-printed and fired contacts [149, 150]. This
chapter deals with possible instabilities of the silicon bulk as well as the poly-Si-
passivated surface that might be caused by an industrial-type firing step, which is
already known to cause a series of other mostly bulk-related defects [13, 16]. So far,
however, there are only a few studies dealing with the degradation and regeneration
of the silicon surface passivation, e.g. by Sperber et al. [29] for dielectric passivation
layers and by Yang et al. [151] regarding poly-Si-based surface passivation after a
fast-firing step has been applied. In the latter publication [151], the authors report
degradation of phosphorus-doped poly-Si surface passivation upon illumination at
above 150°C and an improvement of surface passivation at temperatures above
250 °C upon illumination or dark annealing.

In this chapter, we examine carrier lifetime instabilities due to changes in in-situ
phosphorus-doped POLO passivation layers during illumination and annealing in
the dark at different temperatures on both boron-doped and phosphorus-doped Cz-
Si wafers. We will examine similar samples but with different thermal histories which
affects also the structure of the poly-Si layer.

7.2 Experimental details

Symmetrical lifetime samples were processed on random-pyramid-textured 1.7 Q2 cm
boron-doped p-type Cz-Si and 5.0 {2 cm phosphorus-doped n-type Cz-Si wafers with
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a wet-chemically ozone-grown interfacial silicon oxide layer (~1.6nm thick) and
150nm (on p-type wafers) or 50nm (on n-type wafers) in-situ doped nt poly-Si
layers on top deposited by low-pressure chemical vapor deposition (centrotherm in-
ternational, E1200 LPCVD furnace). Please note that in fact amorphous silicon
(a-Si) layers are deposited during LPCVD, which are crystallized to poly-Si layers
in a high-temperature (HT) step performed at ~900°C for ~30min in a nitrogen
atmosphere. If not explicitly mentioned, this HT step is omitted in this study,
pursuing the “firing only” approach as presented e.g. by Ingenito et al. [149]. The
lifetime samples were capped by 10 nm AlQO,, films used as a possible hydrogen source
for interface passivation [152, 153] deposited using plasma-assisted atomic layer de-
position (Oxford Instruments, FlexAl). Both p- and n-type wafers were exposed
afterwards to a low-temperature annealing step at 425°C (15 min). The entire stack
therefore consists of ¢-Si/SiO, /poly-Si/AlO,. The p-type silicon wafers received a
fast-firing treatment (referred to as rapid thermal annealing, RTA) at 800°C set-
peak temperature and a belt speed of 7m/min in an industrial conveyor-belt firing
furnace (centrotherm international, DO-FF-8.600-300). The n-type silicon wafers
were subdivided into four different groups and exposed to different temperature
steps: (a) RTA at 800 °C set-peak temperature at a belt speed of 7m/min (referred
to as RTA-samples), (b) a HT step at 900°C for 30 min in a quartz-tube furnace
performed directly after LPCVD a-Si deposition, and (¢) a high-temperature step
at 860 °C for 30 min after a-Si deposition plus an RTA step at 800°C at a belt speed
of 7Tm/min (HT+RTA). The n-type silicon wafers, which received no additional
treatment in addition to the low-temperature annealing step at 425°C for 15 min,
serve as a reference ((d), annealed). After sample processing, we applied two differ-
ent experimental conditions: (i) Exposure to a 100 mW /cm? (1sun) halogen-lamp
illumination at a temperature of 185°C, and (ii) dark-annealing at three different
temperatures (200°C, 300°C, and 400°C) on a hot-plate in ambient environment.
Most of the samples annealed in the dark were subsequently illuminated at 80°C
and 1sun. A summary of the experimental conditions is shown in Table 7.1.

For our experiments, the processed wafers are cut into 5cm x 5cm samples using

Table 7.1: Diagram of the conducted experiments sorted by wafer material and thermal
history defining the samples. All samples are passivated by n™ poly-Si on ozone-grown
interfacial oxide. The HT step is carried out directly after deposition of a-Si, which
is crystallized to poly-Si in the process. The additional capping layers of AlO, serve
as a possible hydrogen source for interface passivation.

Wafer Wafer preparation (thermal history) Hot plate treatments & duration
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a laser. The effective carrier lifetime T.g(t) is measured as a function of the excess
carrier concentration An by the photoconductance decay (PCD) method at ~30°C
using a WCT-120 lifetime tester from Sinton Instruments, the operating principle
of which is explained in detail in Section 3.1. The Tz evolution of the p-type sam-
ples is analyzed at different An values between 2 x 10 em™ and 3 x 10*% cm™3
to discriminate between bulk and surface recombination. The effective carrier life-
time of the n-type samples is analyzed at a fixed excess carrier concentration of
An = 1 x 10 ecm=3. In addition, the entire injection dependence is examined at
selected points in time. The saturation current density .Jy — representing the sur-
face passivation quality — is determined for all samples using the Kane and Swanson
approach [45], explained in more detail in Section 2.4.

7.3 POLO passivation quality on fired p-type silicon

In Fig. 7.1, the lifetime evolution of 1.7 cm boron-doped p-type Cz-Si samples is
depicted for different An values to display the recombination properties at various
injection conditions.
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Figure 7.1: Effective carrier lifetime T.g of poly-Si-passivated p-type Cz-Si samples
extracted at different excess carrier concentrations An shown as a function of the
cumulative exposure time t to illumination or dark annealing. The sample shown
in (a) is illuminated at 1sun at 185°C and the sample in (b) is annealed in the
dark at 200°C. The graphs (c¢) and (d) show the change of the saturation current
density Jy, extracted from the injection-dependent lifetime at high injection densities
(> 1016 cm~3) using the Kane and Swanson method [45]. Whereas the dashed lines
in (a) and (b) serve as guide to the eye, the dashed lines in (c) and (d) represent the
initial Jy value in order to illustrate the improvement in Jy beyond the initial state
through prolonged annealing.
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Fig. 7.1(a) shows the effective lifetime T.q as a function of the cumulative exposure
time ¢ to 1sun at 185°C. At low injection levels, two consecutive degradation and re-
generation cycles can be observed on different timescales, whereas at the higher injec-
tion level of An = 3x 10 cm ™3 only one degradation /regeneration cycle is observed.
The initial fast degradation (visible in the low-injection curves) is completed after
0.01h and its full regeneration after 0.1h. This very fast degradation/regeneration
cycle can be attributed to the boron-oxygen (BO) defect known from literature
[9, 23, 71]. The subsequent second degradation process reaches a minimum lifetime
value after ~30h for all injection levels. The relatively flat injection-level depen-
dence of the lifetime in the degraded state at low injection levels (Figs. 7.1(a) and
7.1(b): degraded lifetimes at An = 2 x 101 cm™ and An = 1 x 10 em™ are
almost identical) and the fact that at high injection levels the degradation is most
pronounced points toward a degradation in the surface passivation quality. This is
supported by the evolution of the saturation current density .Jy which increases by
a factor of ~4.4, as shown in the Figures 7.1(c) and 7.1(d). Jy was extracted at
injection densities larger than 1 x 10'® cm™. Continuing the illumination at 185°C
(Fig. 7.1(a)) leads to a complete regeneration of the surface passivation, saturat-
ing at significantly lower .Jy values than in the initial state. In Fig. 7.1(b), Teg
is shown for a sample after annealing at 200°C in the dark. The initial lifetime
degradation /regeneration associated with the BO bulk defect is not observed in the
dark annealing experiment, which is consistent with the well-known fact that the
BO defect activation needs electron injection (e.g., by illumination). Interestingly,
the second degradation and regeneration cycle occurs in the same way in the dark
and under illumination. We thus conclude that the second surface-related degrada-
tion /regeneration cycle is a purely thermal process. From a practical point of view,
our results demonstrate that a simple low-temperature anneal in the dark is suffi-
cient to cure the fired poly-Si surface passivation and to obtain Jy values <10 fA /cm?
after firing.

Although the results of only one experiment are shown here, similar p-type silicon
wafers were exposed to higher firing temperatures (up to 880°C set-peak temper-
ature) and/or other furnace belt speeds (4m/min to 7m/min) and show compa-
rable results. Furthermore, the surface-related degradation/regeneration of POLO
passivated silicon after firing occurs independent of the base material on 1.02cm
gallium-doped Cz-Si and 2.8 2 cm boron-doped FZ-Si as well. The use of thermally-
instead of wet-chemically-grown silicon oxide also results in comparable degradation
with Jy increasing by a factor as high as 6.

A surface-related degradation/regeneration effect is also observed on the exam-
ined 5.0 €2 cm phosphorus-doped n-type Cz-Si material. The Jy values extracted at
An > 8x 10" em™ change by a factor of ~2.7 from 49 fA /cm? to 132 fA /em? during
degradation under 1sun at 185°C. Because of the significantly lower degradation
and regeneration rate (by a factor of ~6) of the surface-related effect on the exam-
ined n-type material, the experiment with the n-type Cz-Si samples was aborted and
the results are not shown in this section. Instead, the effect is characterized further
at higher temperatures in the Sections 7.4 and 7.5.
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7.4 Impact of thermal history on POLO degradation/
regeneration on p- and n-type silicon

Different types of lifetime samples of p- and n-type Cz-Si wafers were annealed
in the dark at 300°C (Fig. 7.2(a)) and illuminated afterwards at 1sun and 80°C
(Fig. 7.2(b)) to compare the evolution of the surface passivation quality under ac-
celerated conditions. The fired boron-doped Cz-Si sample (“p-type, RTA”, black
circles) is cut from the same wafer as the samples discussed in Section 7.3.

The surface-related degradation/regeneration cycle visible in Fig. 7.2(a) is clearly
accelerated compared to Fig. 7.1(b) using the increased dark annealing temperature
of 300°C. In addition, the extent of the lifetime degradation is much smaller at
the higher annealing temperature as is the increase in Jy by a factor of only ~1.5
(Fig. 7.2(c), black circles). The saturated level of Jy after prolonged annealing, how-
ever, is comparable to the results obtained in Section 7.3, i.e. <10 fA /cm?.

A similar, most likely surface-related effect can be observed on phosphorus-doped
n-type Cz-Si samples fired at the same conditions as the p-type samples (Fig. 7.2(a),
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Figure 7.2: Effective carrier lifetime T.g extracted at An = 1x10'° cm™
of the cumulative exposure times ¢ to dark annealing and illumination for p- and n-type
Cz-Sisamples. (a) Five lifetime samples with different thermal history annealed in the
dark at 300°C. (b) The same lifetime samples are subsequently illuminated at 1sun
and 80°C. The dashed lines in (a) and (b) serve as guide to the eye. The graphs (c)
and (d) show the simultaneous change of the saturation current densities Jy, extracted
from the injection-dependent lifetime at high injection densities (> 1 x 106 cm=2 for
p-type, > 8 x 105 ecm™3 for n-type Cz-Si samples). The symbols and colors used
match the corresponding graphs in (a) and (b). The dashed lines represent the initial
Jo values to illustrate (c) the improvement under prolonged annealing and (d) the
stability of the surface passivation quality under illumination.
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“n-type RTA”, blue inverse triangles). The saturation current density .Jy increases by
a factor of ~1.7 (Fig. 7.2(c), blue inverse triangles, extracted at An > 8 x 10 cm™3)
during degradation of the lifetime within the first hour of dark annealing. After the
degradation, a regeneration of the lifetime to a level higher than the initial value is
visible in Fig. 7.2(a). At 300°C, the regeneration takes ~20h and the saturated .Jy
value after regeneration amounts to 19 fA /em?, an improvement by a factor of ~2.5
compared to the initial state. Since the thermally activated surface-related effect is
not only accelerated but also considerably reduced in its extent at higher annealing
temperatures for both p- and n-type silicon samples, the observed surface-related
degradation and regeneration are parallel processes.

The same experiment is conducted for similar n-type silicon samples with different
thermal histories. Whereas one sample in Fig. 7.2(a) received the high-temperature
step at 900 °C for 30 min (“n-type, HT”, green triangles), which is commonly used to
crystallize the deposited a-Si layers to poly-Si layers [154], another sample was only
annealed at 425 °C for 15 min without any further annealing step (“n-type, annealed”,
red squares). Neither of the two samples shows a degradation of the lifetime as ob-
served for the fired samples. Please note, however, that for the HT sample a slight
improvement in Jy from 25fA /cm? to 21 fA /cm? is observed, whereas Jy for the an-
nealed sample remains stable at 13 fA /cm? (both not shown in Fig. 7.2). Finally, the
last sample shown in Fig. 7.2(a) received both an HT treatment and a subsequent
RTA step (“n-type, HT+RTA”, pink diamonds). The same degradation of the surface
passivation quality as for all other fired samples is visible. The saturation current
density increases by a factor of ~1.9 (Fig. 7.2(c), pink diamonds). The subsequent
regeneration results in a significantly higher lifetime caused by an improvement of
the surface passivation quality by a factor of more than 5 to Jy = 7fA/cm? com-
pared to the initial state after firing. The RTA and the HT+RTA samples show a
very similar behavior of the surface-related degradation effect. Note, however, that
for the RTA sample the ‘poly-Si’ layer is mostly in its amorphous state because the
thermal budget is not sufficient to fully crystallize the a-Si layer during the ultra-fast
thermal step. Therefore, since the structure of the poly-Si is very different for both
samples, we assume that hydrogen passivation of the dangling bonds at the Si-SiO,,
interface is responsible for the observed interface-related effects. There have been
similar reports by Sperber et al. for dielectric passivation layers [30] and by Yang et
al. for poly-Si passivation layers [151].

A subsequent illumination of all samples at 1sun and 80°C serves to test the sta-
bility of the surface passivation quality. The results are shown in Fig. 7.2(b). The
lifetime values of the n-type samples remain fully stable up to the maximum ap-
plied illumination time of around 1000h (as do the corresponding J, values, see
Fig. 7.2(d)). The p-type Cz-Si sample, however, degrades in agreement with the
bulk-related activation of the BO defect. The Jy value after completion of the ex-
periment is 7fA /cm?. Please note that no subsequent regeneration of the lifetime is
observed within the duration of the experiment (almost 2000h at 80°C) as would
have been expected for samples without prolonged annealing in the dark beforehand
(analogously to the fast initial degradation/regeneration cycle in Fig. 7.1(a)). How-
ever, we were able to deactivate the BO defect again by dark annealing at 200°C
for 10 min [6, 155]. The injection dependent lifetime afterwards is virtually identical
to the lifetime measured before illumination. We conclude that the surface-related
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improvement is not affected by the additional dark anneal.

7.5 Effect of increased dark annealing temperature

The surface passivation quality improves for fired p- and n-type Cz-Si samples and so
does the lifetime over a broad injection range under prolonged annealing at elevated
temperatures. Furthermore, the surface passivation depends on the thermal history
of the sample, as we have shown in Section 7.4. To examine the improvement of
the surface passivation quality in more detail, the dark annealing temperature was
increased to 400°C. The measured lifetime evolutions are shown in Fig. 7.3(a).

The surface-related degradation discussed in Sections 7.3 and 7.4 is not visible any-
more at the higher annealing temperature of 400 °C. The focus of this experiment,
however, is on the improvement of the surface passivation quality. Indeed, we ob-
serve an increase of the lifetime, for some samples (RTA and HT) even beyond the
level already observed in Section 7.4. There is also a significant improvement visible
for the HT-sample (green triangles), which was not observed at 300°C annealing
temperature and is possibly related to the early termination of the experiment. The
increasing lifetime during annealing can be attributed to a further improvement

5000 S5——rrrrm — T —TT 5000 ,,, Rl e e e e R
Dark Anneal at 400 °C /Z:Z(a) 7 Vg)
4000 a7 4000 | ZK V'VVVW’V_WV'V
HT / As/ ° \9\\0 ok
g 3000 %El- B-g /éa’ - 3000 F, HT+RTA J
= = E— B8g
—= S8 gma-
:":‘ & / / ’V/f Annealed :“z’ i Pﬂ
£ 2000 f_.~ A £ 2000  Anneaed ;
8 / kS
3 HT+RTA / / 3
\® / lllumination at 80 °C, 1 sun
0/ 5 An=10"cm?® An=10" cm™
e Textured 5 Q cm n-type Cz-Si Textured 5 Q cm n-type Cz-Si
1000 .~ with SiO,/n-type poly-Si coating _| 1000 with SiO,/n-type poly-Si coating]
Y;)() L1l 11 vl L1 |(’() PEERETTT AR ETIT IR TTTT B AR A T B SR RIT |
0 10" 10° 0 101 100 10! 102 103
50 - ((L\I T Illllll T T 1 llllll T T l: 50 :1_5
& 40 FP N o T An=8x10"cm” ©3 &E 40 F An =8x10" cm™
§ a0f &N 3 8 30F
L 20F N Vwx i £ 2¢f
5 10 E-TTEE NN a4 = 10f
0 -|()() L1l AR EET M 0 iﬁ
0 101 10° 0 101 10° 10! 102 103
Annealing time ¢ [h] lllumination time ¢ [h]

Figure 7.3: Effective carrier lifetime Tog extracted at An = 1x10'° cm ™3 as a function

of the cumulative exposure times ¢ to dark annealing and illumination. (a) Four
n-type lifetime samples with different thermal history are annealed in the dark at
400°C. (b) The same lifetime samples are subsequently illuminated at 1sun and
80°C. The graphs (c) and (d) show the simultaneous change of the saturation current
density Jy, extracted from the injection-dependent lifetime at high injection densities
(8 x 10'5 cm™3). The symbols and colors used match the corresponding graphs in (a)
and (b). The dashed lines serve as guide to the eye.
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of the surface passivation quality probably due to a further hydrogenation of the
Si-Si0O, interface. This is represented by an additional reduction of the saturation
current density Jy by a factor of ~2 compared to Section 7.4. For all examined sam-
ples, Jy values in the range between 5 and 8 fA /cm? are obtained. However, neither
the fast improvement of the annealed sample after 3min at 400°C (Fig. 7.3(a), red
squares) nor the small reduction in lifetime of the HT+RTA sample after 10 min
at 400°C (Fig. 7.3(a), pink diamonds) can be attributed to a change of the surface
passivation quality, as shown in Fig. 7.3(c). The cause for these two effects is rather
to be found at low injection levels and will be discussed in Fig. 7.4.

The subsequent illumination at 80 °C shown in Fig. 7.3(b) reveals for most samples a
decrease in lifetime at An = 10" ecm~3. Nevertheless, the lifetime remains stable at
a higher level than obtained in Section 7.4 without any change in the corresponding
Jo values (Fig. 7.3(d)).

Fig. 7.4 shows the injection dependent effective lifetimes of the four n-type samples
shown in Fig. 7.3. For each sample, the initial lifetime after respective processing
(black circles), the highest lifetime (measured at An = 10' cm™2) after annealing
in the dark at 400°C (blue inverse triangles), and the lifetime after illumination at
80°C and 1sun for up to 1000 h (red squares) are shown.

A lifetime improvement over the entire examined injection range is clearly visi-
ble for all samples. The lifetime changes of the sample annealed during processing
(Fig. 7.4(b)) might be explained by an additional iron-gettering effect [142, 156, 157].
The improvement of the fired (RTA, Fig. 7.4(a)), the high-temperature-annealed
(HT, Fig. 7.4(c)), and the sample which received both the HT- and the RTA treat-
ment (Fig. 7.4(d)) can only be understood by a significant improvement of the sur-
face passivation quality. The degradation of the effective lifetime of the HT+RTA
sample after 10 min at 400 °C (Fig. 7.3(a), pink diamonds) is only present at low in-
jection levels. The lifetime at higher injection levels (and consequently Jy) improves
further, as seen in comparison of the blue inverse triangles with the red squares in
Fig. 7.4(d). The slight decrease of the lifetime for almost all samples (Fig. 7.3(b))
under long-term illumination at 80°C is mainly limited to the low injection levels
(compare Fig. 7.4, red squares), which indicates some instabilities in the bulk life-
time of our samples. The high-injection lifetimes and the corresponding J, values
remain unchanged, i.e. the surface passivation quality has reached a stable level.
The improvement of the surface passivation quality can be achieved under illumina-
tion at the same temperature as it was observed during dark annealing, resulting in
the same characteristics as described in this section.

7.6 Conclusions

In this chapter, we performed a series of carrier lifetime experiments after annealing
at elevated temperatures under illumination and in the dark to examine possible
instabilities of the silicon bulk as well as of the surface passivation quality. Our
samples were symmetrically processed random-pyramid-textured p- and n-type Cz-
Si samples passivated by n poly-Si on interfacial silicon oxide layers. We observed
a lifetime instability on all examined samples after an industrial-type firing step,
which we attribute to a degradation of the surface passivation quality. The satu-
ration current density Jy of 1.7 cm POLO-passivated p-type Cz-Si increased by a
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Figure 7.4: Injection dependent effective lifetime e (An) for the four n-type samples
shown in Fig. 7.3. Each sample has a different defining step during processing: (a)
RTA at 800°C, (b) Anneal at 425°C for 15min, (¢) HT anneal at 900 °C for 30 min,
(d) HT anneal at 860 °C for 30 min followed by an RTA treatment at 800°C. The
initial lifetime (black cycles) represents the state of the samples after processing. Af-
terwards, the samples are annealed in the dark at 400 °C for up to several hours. The
injection dependent lifetime with the highest value measured at An =1 x 101 cm™3
in Fig. 7.3(a) is shown in each case (blue inverse triangles). The red squares represent
the state of the samples after illumination at 80 °C and 1sun for up to 1000 h.

factor of ~4.4 under annealing for 30 h at temperatures around 185°C. Under the
same condition, the Jy value of 5.0 2cm n-type Cz-Si increased by a factor of ~2.7
within 200h. The degradation was followed by a regeneration of the lifetime to a
level beyond the initial state under prolonged annealing for ~1000h. Please note
that we do not expect a change of the junction resistivity by our post-processing
annealing treatments because the temperatures are too low to change the crystal
structure of our poly-Si layers or to increase the in-diffusion of dopant atoms from
the poly-Si layer into the crystalline silicon. We can also exclude an additional
growth of the interfacial oxide layer as we do not expect further oxygen diffusion to
the interface nor that the RTA is sufficient for an additional oxide growth beyond
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the already existing ~1.6 nm SiO,, layers. Therefore, though we did not measure it,
we expect the junction resistivity to be as low as previously published [27].

As the non-fired poly-Si layers show a good stability during annealing, the origin
for the instability in the surface passivation quality for both p- and n-type sili-
con samples was identified to be the firing step, which is attractive to replace the
more time-consuming usual high-temperature treatment and to allow for the im-
plementation of screen-printed and fired contacts. The standard prolonged high-
temperature treatment is performed much closer to a thermal equilibrium situation
than a conveyor-belt furnace process, where in particular the cooling is very fast.
Therefore, the hydrogen passivation of the dangling bonds is most likely in a dif-
ferent configuration after RTA than after a conventional high-temperature process.
Through prolonged annealing after firing, the configuration of the hydrogen passi-
vation at the Si-SiO, interface changes further, which results first in a degradation
and subsequently in an improvement of the surface passivation quality. We showed
that a degradation of the surface passivation quality can also be observed on samples
which received both the HT- and the RTA-treatment. The fact that the structure of
the poly-Si is very different for RTA (mostly a-Si) and HT+RTA (a-Si crystallized
to poly-Si during HT step) samples supports the supposed localization of the surface
degradation/regeneration at the Si-SiO, interface.

Although we have examined the firing-triggered surface degradation/regeneration
in this chapter at relatively high temperatures >185°C, the degradation is observ-
able at low treatment temperatures of 80°C as well, with a correspondingly low
degradation rate constant. The Jy value of POLO-passivated 1.7 €2 cm p-type Cz-Si
increases by a factor of 4 during an anneal at 80°C for 1000 h.

We measured a significant improvement of the surface passivation quality manifest-
ing itself under prolonged annealing for 3h at increased temperatures around 400 °C
for all examined samples which received either HT or RTA treatments. Saturation
current densities Jy between 5 and 8fA are obtained on textured surfaces, which
amounts to an improvement through annealing by up to a factor of 6 for the fired
samples in particular.
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In this thesis, we have examined different carrier lifetime instabilities in crystalline
silicon wafers that are triggered by fast-firing in a conveyor belt furnace. The fast-
firing process is used to form screen-printed and fired contacts on the front and
rear side of industrially produced silicon solar cells. We have examined lifetime in-
stabilities in the bulk of boron- and gallium-doped monocrystalline silicon solar cell
materials. Through variations of processing parameters and by exposing the lifetime
samples to different experimental conditions (i.e., illumination intensities and tem-
peratures during illumination), we were able to identify critical parameters which
affect the extent of bulk lifetime degradation. Hydrogen, which diffuses during the
fast-firing process from hydrogen-rich silicon nitride passivation layers (SiN,:H) into
the silicon bulk, is identified as a key participant in the defect formation of the
observed "light- and elevated-temperature-induced degradation” (LeTID) effect. In
addition, we have examined the impact of LeTID on the solar cell performance of
poly-Si on oxide (POLO) backjunction (BJ) solar cells fabricated on gallium-doped
Czochralski-grown silicon (Cz-Si:Ga). We were among the first to observe thermally-
induced degradation of the surface passivation of phosphorus-doped POLO passiva-
tion layers after fast-firing.

On boron-doped Czochralski-grown silicon (Cz-Si:B) that has been fired in a stan-
dard conveyor belt furnace, we showed that the lifetime under illumination is dom-
inated by the activation of the well-known boron-oxygen (BO) defect. The impact
of LeTID was found to increase, if the amount of hydrogen in Cz-Si:B is increased
by coating the wafers with very silicon-rich SiN, layers (refractive index n of 2.4)
instead of applying SiN, layers with the standard stoichiometry of refractive index
n = 2.05. We determined capture time constant ratios ¢) outside the margin re-
ported for the BO defect in the literature (~ 10), which indicates the increasing
impact of the LeTID defect with a higher @) value (~ 23).

We introduced a method to separate the BO and the LeTID defect formation in
Cz-Si:B through BO defect activation/deactivation cycles by alternating an illu-
mination and a dark annealing (DA) step. Comparing lifetime measurements on
non-fired and fired lifetime samples, we were able to show that, besides the BO
LID, a second degradation effect is indeed occurring in the bulk of fired Cz-Si:B
samples, although the BO LID remains dominant. The LeTID effect occurs not
only at elevated temperatures (80°C, 1sun), but is even more pronounced at low
temperatures (30°C) and low illumination intensities (0.1suns). The LeTID effect
on mc-Si:B, however, seems to be temporarily deactivated by illumination at low
temperatures near room temperature [20, 91]. Furthermore, the time constants (the
inverse of the degradation rate constant Rge,) of LeTID in Cz-Si:B and mc-Si:B
differ by a factor of ~4 with LeTID in mc-Si:B being the slower process. We showed
that the LeTID effect in mc-Si:B, unlike in Cz-Si:B, is strongly influenced by the
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DA steps, as has also been reported by Fung et al. [19], who attributed the increas-
ing of the LeTID-limited lifetime with repeating DA and illumination cycles to a
hydrogen-reservoir state. We observed no such behavior on our Cz-Si:B samples.
Nevertheless, since the LeTID effects on both mc-Si:B and Cz-Si:B are clearly trig-
gered by fast-firing, it is most likely that both degradation effects are hydrogen-
related, however, the detailed defect physics seem to be different.

On both gallium-doped Cz-Si (Cz-Si:Ga) and boron-doped float-zone silicon (FZ-
Si:B) wafers we observed a strongly temperature-dependent degradation of the bulk
lifetime under illumination. The trigger for degradation to occur in both materials
is the fast-firing step. The equilibrium state establishing itself between activated
(recombination-active) and deactivated (recombination-inactive) states of the defect
is dependent on the temperature and the activation and deactivation are reversible
processes. Although the time constants of these LeTID effects in Cz-Si:Ga and
FZ-Si:B differ by at least a factor of 10 from LeTID in mc-Si:B, a temporary de-
activation by illumination at low temperatures near room temperature has been
reported before on me-Si:B [20, 91] and FZ-Si:B [19]. We were the first to observe a
pronounced temperature dependence of LeTID on Cz-Si:Ga wafers and the first to
systematically examine the impact of the temperature over a large range between
~44 and 160 °C on both Cz-Si:Ga and FZ-Si:B.

We identified hydrogen as a participant in the LeTID defect reaction in Cz-Si:Ga.
The peak firing temperature F'T" and the band velocity vpana (related to the cooling
ramp after the firing peak) of the fast-firing process, and the composition of the SiN,,
layers deposited prior to fast-firing are key parameters that determine the amount
of hydrogen available for defect reactions in the bulk of the silicon. We have shown
conclusively throughout this thesis that the LeTID extent in Cz-Si:Ga increases with
FT, vpang, and the refractive index of SiN, layers on the wafer surfaces, as does the
hydrogen content. These results are in agreement with the literature on LeTID in
mc-Si:B and FZ-Si:B. However, we observe no increase of LeTID with increasing re-
fractive index n of the SiN, layers on our reference FZ-Si:B samples. Furthermore,
the maximum effective defect concentration N . is in general one order of mag-
nitude smaller in the defect-lean FZ-Si:B than on identically processed Cz-Si:Ga.
Both results support the hypothesis of a second participant in the defect reaction of
LeTID besides hydrogen.

We were the first to state an (apparent) activation energy E of the LeTID effect in
Cz-Si:Ga of (0.55 £ 0.10) eV, which is significantly lower compared to the E, value
reported for LeTID in me-Si:B (~1eV). It does, however, coincide with the Ex
value determined on our reference FZ-Si:B wafers.

We observed no significant impact of the illumination intensity on N} .. between
0.1suns and 1sun. A partial permanent deactivation can be achieved by apply-
ing prolonged illumination at elevated temperatures (135°C) and light intensities
around 1sun.

We were able to show that the temperature-dependent LeTID effect examined in
detail on Cz-Si:Ga lifetime samples is also the cause of observed degradation of
POLO BJ solar cells fabricated on Cz-Si:Ga. Under one-sun illumination at ele-
vated temperatures between 80 °C and 140 °C, the degradation extent of the energy
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conversion efficiency n was found to increase from 0.15%ps t0 0.4%ps, Which corre-
sponds to a maximum relative degradation extent of 2%, at 140°C and 1sun. At
the typical operation temperatures, POLO BJ cells are remarkably stable regarding
light-induced degradation, which we have demonstrated through long-term illumi-
nation at 80°C for 1400 h. The LeTID effect observed in our POLO BJ cells can
be ascribed mainly to losses in short-circuit current density J. and fill factor FF.
We conclude that the J,. and FF losses are caused by the injection dependence of
the lifetime of the activated bulk defect in conjunction with the structure of a BJ
solar cell, collecting minority carriers at the rear side. The open-circuit voltage V.,
however, shows mainly scattering, which we attribute to the almost non-existent
LeTID at the relatively high excess carrier concentrations An at V..

Through prolonged illumination at elevated temperatures (1sun, 140°C) an im-
provement of the energy conversion efficiency by up to 0.2%.1,s and a partial perma-
nent deactivation of the LeTID defect are possible.

In addition to bulk degradation, we discovered thermally-induced instabilities of
the phosphorus-doped POLO passivation layers after fast-firing. At temperatures
of around 200 °C, a degradation of the saturation current density J, followed by a
regeneration to a level lower than after firing is observable, both under illumination
and in the dark. As non-fired poly-Si on oxide layers show a very good stability at
low Jy values, the trigger of the surface-related degradation is the fast-firing step.
Due to the fact that the structure of the POLO passivation has no impact on the
degradation behavior, we were able to attribute the surface degradation and rege-
neration with high probability to the hydrogen passivation of states at the Si-SiO,
interface.

With increasing treatment temperature after firing (i.e., >200°C) the degradation
extent decreases and vanishes at treatment temperatures of around 400 °C. Degra-
dation and improvement of the surface passivation quality are parallel processes,
which strongly dependent on the treatment temperature after firing.

Looking ahead, to identify the second participant of the LeTID defect reaction a
targeted contamination of Cz-Si:Ga wafers with eligible metallic impurities would
be a promising objective. To examine the electronic properties of LeTID, a system-
atic variation of the doping and hence the hole concentration in the material could
be a worthwhile approach, as could be the examination of LeTID in n-type silicon
materials.

But most importantly, since Cz-Si:Ga and solar cells made thereof seem to be re-
markably stable against LeTID under standard operation temperatures (<80°C),
the long-term stability of solar cells and hence PV modules requires a more de-
tailed examination of degradation of surface passivation layers (POLO and dielectric
passivation layers), especially on textured surfaces, and their impact on solar cell
performance.
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