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Zusammenfassung

Diese Arbeit befasst sich mit der Anwendung von passivierenden Kontakten, genau-
er gesagt POLO-Kontakten, welche durch ihre hervorragende passivierende Wirkung
die Selektivitat der Ladungstrager an den Metallkontakten und so die Effizienz von
Solarzellen tiber das heutzutage iibliche Niveau hinaus steigern konnen. Diese poly-Si
basierten Kontakte, zumeinst TOPCon genannt, etablieren sich zurzeit in der indus-
triellen Solarzellenfertigung. Allerdings gibt es noch einige offene Fragen beziiglich

ihrer Funktionsweise und der optimalen Herstellung.

Der erste Teil der Arbeit ist auf die sogenannte POLO2-IBC Zelle fokussiert, mit der,
unter Mitarbeit der Autorin dieser Arbeit, 2018 ein Rekordwirkungsgrad von 26.1 %
fiir p-Typ Material erzielt werden konnte. Mit einer Fliche von 4 cm? und sehr kom-
plexen Strukturierungsprozessen ist diese riickseitig kontaktierte Zelle zwar keine
industriell relevante Zelle, sie zeigt aber das grofle Potenzial der POLO-Kontakte.
Eine Besonderheit dieser Zelle ist die durchgangigen Schichten von diinnem Oxid
und dariiberliegendem poly-Si, welche den sogenannten ,poly-Si on oxide“ (PO-
LO) Kontakt bilden. Die elektronensammelnden und l6chersammelnden Kontakte,
die durch Dotierung mittels Ionenimplantation hergestellt werden, sind nur durch

schmale intrinsische POLO-Bereiche voneinander getrennt.

Ein umfassendes Monitoring des Herstellungsprozesses und eine Simulationsstudie
zeigen, dass das Potenzial dieses Zelltyps mit 26.1 % noch nicht ganzlich ausgeschopft
ist. Der Vergleich mit einem hochohmigen Basismaterial zeigt dartiber hinaus die
deutlich hohere Anfélligkeit der Passivierung bei abnehmender Dotierung, so dass
trotz hoherer intrinsischer Rekombination das verwendete 1.3 {2 cm-Material als bes-

ser geeignet identifiziert wird.

Die Trennung der p™ und n* Kontakt durch den undotierten Bereich erweist sich
als elegante Losung, die jedoch nur unter bestimmten Voraussetzungen funktioniert.
Die Diffusion von Dotierstoffen aus den n*- und p*-Bereichen in den intrinsischen
Bereich verbessert die dort ansonsten schlechte Passivierqualitéit. Gleichzeitig nimmt
damit jedoch der nicht gewollte Rekombinationsstrom zwischen den Kontakten zu,
sodass die Wahl der geeigneten Breite von imenser Bedeutung ist. Durch das ge-
wonnene Verstandnis der Funktionsweise sind im Weiteren auch weniger aufwendige

Strukturierungen denkbar.
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Um den Sprung von der Laborzelle zur industriellen Anwendung zu schaffen, ist
jedoch die Stabilitdt gegen iiber dem Feuerschritt zur Kontaktformierung mit den
géngigen Siebdruckpasten unerlésslich. Obwohl die POLO-Kontakte alleine durch
ihren Herstellungsprozess beweisen, dass sie hohen Temperaturen mit guter Passi-
vierqualitat standhalten, fithrt das Feuern ohne Deckschicht zu einer Verschlech-
terung. Im zweiten Teil dieser Arbeit kann gezeigt werden, dass dieses Verhalten
vermutlich auf die um zwei GroBenordnungen gréferen Aufheiz- und Abkiihlraten
in Kombination mit thermischen Spannungen zurtickzufithren ist und dass der De-
gradation mithilfe von wasserstoffreichen dielektrischen Schichten entgegengewirkt
werden kann. Zu viel Wasserstoff kann sich hier jedoch negativen auswirken. Fiir
die typischen Feuertemperaturen von um die 800 °C zeigt ein Stapel aus Al,O3/SiNy
auf dem POLO-Kontakt die besten Ergebnisse.

Im letzten Abschnitt der Arbeit kann der Einsatz eines n*POLO-Kontaktes in einer
siebgedruckten, sogenannten POLO-IBC Zelle mit einer Effizienz von 23.92 % erfolg-
reich demonstriert werden. Dabei kommt die hervorragende Passivierqualitdt von
0.2 fA/em? der n*POLO-Kontakte zum Tragen, die mittels der AlyO3/SiN, Schich-
ten erhalten werden kann. Insgesamt hat diese Arbeit dazu beigetragen, passivieren-
de Kontakte von hocheffizienten POLO?-IBC-Laborzellen auf das vielversprechende
industrietaugliche POLO-IBC-Zellenkonzept zu iibertragen.

iv



Abstract

This work deals with the application of passivating contacts, specifically POLO con-
tacts, which can increase the selectivity of the charge carriers at the metal contacts
and thus the efficiency due to their excellent passivating effect. These poly-Si based
contacts, also called TOPCon, are just establishing themselves in industrial solar
cell manufacturing. However, there are still some open questions regarding their

operation and optimal fabrication.

The first part of the paper is focused on the so-called POLO?-IBC cell, with which
Felix Hasse’s team, with the collaboration of the author of this thesis, was able
to achieve a record efficiency of 26.1 % for p-type material in 2018. With an area

2 and very complex patterning processes, this back-contacted record cell is

of 4cm
not an industrially relevant cell, but it demonstrates the great potential of POLO
contacts. A distinctive feature of this cell is the continuous layers of thin oxide
and overlying poly-Si that form the so-called ,poly-Si on oxide* (POLO) junctions.
The electron-collecting and hole-collecting contacts, fabricated by doping via ion

implantation, are separated only by narrow intrinsic POLO regions.

Extensive monitoring of the fabrication process and a simulation study show that the
potential of this cell type with 26.1 % has not yet been fully exploited. Furthermore,
the comparison with a high resistivity base material shows the significantly higher
susceptibility of the passivation quality with decreasing doping concentration, so
that despite higher intrinsic recombination, the used 1.3 {2 cm material is identified

as more suitable.

Separating the p™ and n' contact through the undoped region proves to be an el-
egant solution, which, however, only works under certain conditions. Diffusion of
dopants from the n* and p* regions into the intrinsic region improves the otherwise
poor passivation quality there. At the same time, however, this increases the un-
wanted recombination current between the contacts, so the choice of the appropriate
width is of immense importance. With the understanding of the working principle

gained, less complex structuring is conceivable in the future.

However, in order to make the leap from the laboratory cell to industrial application,
stability against the firing step for contact formation with common screen printing

pastes is essential. Although the POLO contacts prove by their manufacturing pro-



cess alone that they can withstand high temperatures with very good passivation
quality, firing without a capping layer leads to deterioration of the passivation qual-
ity. In the second experimental part of this work, it is shown that this behavior is
probably due to the two orders of magnitude higher heating and cooling rates in
combination with thermal stresses. However, the degradation can be counteracted
with the help of hydrogen rich dielectric layers. Nevertheless, it is shown, that too
much hydrogen can also have a negative effect here. For typical firing temperatures
of around 800 °C, a stack of Al;O3/SiNy layers yields the best results.

In the last section of this work, the use of a ntPOLO contact in a screen-printed
POLO-IBC cell can be successfully demonstrated with an efficiency of 23.92 %. The
excellent passivation quality of 0.2fA /em?, which can be obtained using Al,O3/SiNy
stack to cap the ntPOLO junction, plays an important role here. Overall, this
work has helped to transfer passivating contacts from high-efficiency POLO?-IBC
laboratory cells to the promising POLO-IBC cell concept suitable for industrial

applications.

Schlagworter: Passivierende Kontakte, polykristallines Silizium, POLO-Kontakte,

Riickkontaktsolarzellen, Feuerstabilitat

Keywords: passivating contacts, polycrystalline silicon, POLO contacts,

IBC solar cells, firing stability
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1 Introduction

Already in 1824, J. Fourier [1] explained the greenhouse effect of the global atmo-
sphere and found out that different gases in the atmosphere warm the climate. In
1860, Tyndall [2] discovered that mainly water vapor and CO, are responsible for
this effect. From the end of the 19" century, human influence on the earth’s tem-
perature was discussed, and the first calculations on the correlation between the
CO4 concentration and the global temperature were made [3], |[4]. However, at that
time, a temperature increase of 2°C that would be induced by a doubling of the
CO4 concentration in the atmosphere, as calculated by G. S. Callendar in 1938, was

mainly associated with positive expectations, e.g., the prevention of another ice age.

About 20 years later, scientific evidence solidified that human-made climate change
and the resulting temperature rise threaten the very foundations of human life [5],
[6]. Moreover, the latest Intergovernmental Panel on Climate Change (IPCC) report
from 2022 clarifies that ,,Any further delay in concerted global action will miss a brief
and rapidly closing window to secure a liveable future“[7]. In particular, so-called
tipping points that make climate change impacts irreversible at certain points of
global warming [8] make short-term action urgently necessary. Therefore, the entire

energy, industry, and agriculture sectors must be decarbonized as quickly as possible.

Fortunately, the primary conditions for this major transition are in place, as tech-
nologies that enable power and heat generation from renewable sources are available
on an industrial scale. The two most important technologies for the transition are
solar and wind energy. After Russel Ohl had laid the foundation in 1939 with the
discovery of the pn-junction [9], the cornerstone for solar energy was laid in 1953
at Bell Company when Chapin, Fuller, and Pearson |10] developed the first silicon-
based solar cell, which had an efficiency of 6 %. Over the years, knowledge of the
harmful effects of fossil fuels has expanded the application of photovoltaics (PV) be-

yond island systems in remote locations and space travel to an available renewable
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energy source, providing an essential building block for the transition of the energy

system to renewable energy sources.

Today, silicon solar cells dominate the world’s PV market, and more than 770 GW
of PV capacity are installed worldwide |11]. This breakthrough has been possible
because the average efficiencies of PV modules have increased significantly over the
last ten years from 15% to over 20% and, at the same time, module prices have
dropped by 93 % to about 0.20 € per Weak today [12]. As a result, ground-mounted
PV systems achieved a levelized cost of electricity (LCOE) of fewer than six cents
per kWh in Germany in 2021, making them the cheapest form of on-site electricity

generation. Nevertheless, substantial efforts are still needed.

Studies, which consider the necessary development in Germany, indicate that an
increase of the PV capacity from today 59 GW to 200 to 550 GW is necessary to
become climate neutral by 2045 [13]. To not exceed the German CO, budget for
meeting the 1.5°C path, an even more significant increase to 590 GW by 2035 is
needed [14].

The current leading technology in PV are passivated emitter and rear cells (PERC),
which made tremendous improvements in the last decade but are finally reaching
their efficiency limit. However, as the next step in the evolutionary improvement of
silicon solar cells, using poly-Si on oxide (POLO) junctions has become a promising
approach [15], [16]. A continued efficiency increase will further reduce the LCOE

and thus further increase its commercial viability.

This thesis analyzes the integration of POLO passivating contacts in an inter-
digitated back-contact solar cell with a world record certified efficiency of 26.1 %
for p-type cells in great detail. Moreover, the next step to implement them into
industrial-relevant solar cell concepts is supported by analyzing the stability of these
contacts toward a ,firing“ step. This short high temperate process is needed for the
industrial metallization technique of screen printing, which is currently applied to
over 90 % of the silicon solar cell market share [17]. Finally, the successful appli-
cation of an n*POLO junction in a screen-printed POLO-IBC cell with 23.92 % is

shown and analyzed.



1.1 Outline

1.1 Outline

This work consists of the three main experimental Chapters 4, 5, and 6, supple-
mented by a theoretical introduction and a description of the characterization meth-

ods used.

Chapter [2] briefly presents the working principle of solar cells and passivating
contacts focusing and poly-Si on oxide junctions. Moreover, it gives an overview
of the current state-of-the-art efficiencies reached by implementing POLO junctions
into solar cells and improving the firing stability by applying hydrogen-containing
capping layers.

Chapter [3] introduces the primary measurement methods used in this work.

Chapter 4] presents an investigation of process-induced degradation and intrinsic
loss channels of POLO2-IBC cells. Furthermore, the working principle of separating

the two poly-Si contact polarities by an intrinsic poly-Si gap region is investigated.

Chapter 5] investigates the firing stability of POLO junctions, which is essential for
successfully transferring POLO junctions into industrial solar cells. The degradation
of uncapped POLO junctions and the firing stability improvement using different

hydrogen-containing capping layers are analyzed.

Chapter [6] demonstrates the implementation of n*POLO contacts into industry-
relevant POLO-IBC solar cells. Moreover, comparing simulations and measurements

of cells with varying parameters gives inside into further pathways for improvement.






2 Theory and State-of-the-Art

This chapter starts with a short introduction to the working principle of solar cells
and their current-voltage characteristic. Subsequently, it focuses on passivating
contacts and, in particular, discusses poly-Si on oxide junctions denoted POLO
junctions in the following. First, the group of passivating contacts is classified. Then
their mode of operation and historical development are briefly described. Finally,

an overview of the current state of research is given.

2.1 Working principle of solar cells

Generally, a solar cell is a semiconductor device that converts thermal energy from
incident light into electrical energy. The absorption of light and the associated
conversion of thermal energy into chemical energy initially creates excess electrons
and holes, which in turn can be extracted from the solar cell to a greater or lesser

extent in the form of electrical energy, depending on the efficiency of the solar cell.

For a semiconductor in thermal equilibrium, the occupation probability for holes and
electrons of a state with energy E can be described by the Fermi-Dirac distribution.
Under the condition that F — Er > 3kgT, the electron and hole concentration (ng

and pg) in equilibrium can be approximated by the Boltzmann distribution, which

results in
Fr — F
ng = Ncexp (F C) for electrons and (2.1)
kgT
Eyv — F
po = Ny exp (V F) for holes, (2.2)
kT

where N¢ and Ny are the effective state densities of the conduction and valence

band, Er is the Fermi energy, kg is the Boltzmann constant and 7' the temperature.
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Combining equations [2.1] and 2.2 gives

FEyv — F
nopo = NcNy exp (\;BTC> =n;, (2.3)

(2.4)

where n; is the intrinsic charge carrier concentration of ~ 1 x 10° cm™3 for silicon
at 300 K, which is a material property, however, slightly influenced by temperature
and doping density due to band gap narrowing [18], [19]. From equations and
it follows that the product of the equilibrium electron and hole densities depends
only on the band gap Ey — Fc = Eg and thus remains constant independent of the
doping.

If a semiconductor is illuminated, it is thus brought out of thermal equilibrium with
its environment. Photons with energies above the band gap generate additional free
charge carriers in the semiconductor. The additional electrons An in the conduction
band and holes Ap in the valence band lead to a splitting of the Fermi level Ex into
two quasi-Fermi levels. The quasi-Fermi level of the holes Eg, moves closer to the
valence band as the hole concentration p increases, and the quasi-Fermi level of
the electrons Er, moves closer to the conduction band due to an increased electron
concentration n. The distribution of these free electrons and holes can also be

described by means of the Fermi-Dirac, respectively Boltzmann statistic:

EFn - EC

= An = N, EmLLE— 2.5
n=ng+ An Cexp( kT ) ( )

Eyv—F
p = po + Ap = Ny exp (V Fp) : (2.6)

kgT

From the conservation of charge carriers, it follows that An = Ap and thus
Er, — F
np = (ng + An)(po + An) = n? exp <FnkTFp) , (2.7)
B

with Ep, — Epp, = AEp = ¢Vimpl, Where ¢ is the elementary charge and Vi, is the

implied voltage.

How many free charge carriers generated by illumination with a generation rate G
can be extracted from a solar cell depends on how many can be extracted before

recombining. The J-V characteristic thus results from generation rate G minus
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recombination rate R of the free charge carriers. This gives

J(V) = @/’_G/—QWR((]V), (2.8)

chn

where W is the thickness of the solar cell, and Jge, is the photo-generated current
density. Furthermore, it is assumed here that V' = Vi, which means that the

implied voltage can be extracted completely.

The recombination of charge carriers in silicon solar cells is induced by different
processes, which additionally depend on the quasi-Fermi level splitting. In general,
however, the recombination rate can be described by R = TA—Z, where 7.¢ is the

effective charge carrier lifetime, i.e., the mean time until their recombination.

Under the condition that An = Ap << N,, which corresponds to a low-level

injection condition in a p-type doped material, it follows that

exp </jB‘;) — 1] : (2.9)

Assuming an ideal solar cell under low-level injection conditions, with constant 7.g

77,2

An ~ —
nNA

and a spatially uniform quasi-Fermi level splitting across the absorber, this results

in
JV)=J dni2 [e (3 > 1} (2.10)
gen q N Xp k T Y :
Ji
01

where Jy; is the recombination current density (prefactor). This J-V characteristic
corresponds to the simplest, ideal form of a solar cell J-V characteristic; the so-
called one-diode model. However, the recombination rate R has different individual
components due to different recombination mechanisms. The effective lifetime 7.4

is thus defined as
1 1 1 1
— = + + ,
Teff Tintr TSRH Tsurf
——————

Thulk

(2.11)

where the intrinsic lifetime 7, is determined by two intrinsic recombination paths
in crystalline silicon, band-to-band, also called radiative recombination and Auger
recombination [20], [21]. The Shockley-Read-Hall (SRH) lifetime 7sgny depends on

recombination over defect states present in the bulk of the measured sample, and 7yt
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is the lifetime due to SRH recombination at the surface. Contrary to the intrinsic
recombination mechanisms, SRH recombination can be prevented by the passivation
of the existing defect states. In particular, the passivation of the defect-rich surfaces

and interfaces to the contacts is of special importance.

If one considers the individual recombination mechanisms in detail, different so-

called ideality factors m result, which enter in the J-V characteristic as follows.

TV = Jyon — Jon [exp (mqk:‘; T) - 1} (2.12)

The radiative recombination involves one electron and one hole, and the recombi-

nation rate is given by

n
Ryag = Rra,d,O n12 (229 - 1>
n

e
= Rrad,O |:eXp <IjBCT) - 1:| ;

which gives an ideality factor of m = 1.

(2.13)

For Auger recombination, the three charge carriers involved result in different ideal-
ity factors for high and low-level injection. SRH recombination involves defect states
in the bulk or at the surface, and here, too, an ideality factor deviates between high-

and low-level injection conditions. The corresponding ideality factors are listed in
Table .11

Table 2.1: Ideality factors of different recombination mechanisms.

Ideality factor

Recombination type Low-level injection High-level injection

Radiative recombination 1 1
Auger recombination 1 2/3
SRH recombination 1 2

To account for these further recombination mechanisms, a two-diode model is often
used to describe actual solar cells, which takes into account a second recombination

current density with mo and Jys:

rec = -1 —1]. 2.14
Jrec(V) = Jn {exp (mlkrBT + Joo |exp kT ( )
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Another difference between an ideal and a real solar cell is that a series resistance R,
> 0, and a shunt resistance Ry, < oo have to be considered. The J-V characteristic
of the double diode model thus as well includes Ry and Rgy:

o oV +JR)\ _
J(V) = Jgen J()l [exp ( mlk’BT 1

— Jna [exp <M> - 1] VR (2.15)

mokgT Ry,

Measuring the J-V characteristic of solar cells makes it possible to obtain informa-
tion about the solar cell performance. In addition to the output at the maximum
power point (MPP) and the efficiency 1 of energy conversion, values such as the
short circuit current Jy., the open-circuit voltage V. and the fill factor FF', as well
as shunt and series resistance Ry, and R, provide information about different loss

mechanisms of the measured solar cell.

The most important parameters for interpreting the J-V characteristic are given in

the following.

e The short-circuit current density J is the maximum current, which flows
in the external circuit when the solar cell is short-circuited. Its value gives,

among others, information about the optical properties of the solar cell.

o The open circuit voltage V. is the maximum voltage available from a so-
lar cell when operated at open circuit condition, i.e., J(V) = 0. From this

condition, it follows that :

nkBT Jen
Ve = In (g + 1) . 2.16
. 7o (2.16)

Voc is a measure of the recombination behavior of the solar cell and is typically

given for an illumination of one sun.

The implied open-circuit voltage iV, refers to the separation of the quasi-Fermi

levels under a fixed illumination and J(V') = 0, which can be written as iV,

= ’“BTT In(-5*) (see equation } and determined from lifetime measurements
i,eff

at an injection condition corresponding to 1 sun illumination.

e The maximum power point MPP characterizes the optimal operating point
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at which the maximum power is extracted from the solar cell,

Prpp = Jmpp Vinpp- (2‘17)

The fill factor F'F is defined as the ratio of the maximum power Pypp from
the solar cell to the product of V. and J.,

Jvpp Varpp
FFP=—+8—/—. 2.18
JOCV;C ( )

The efficiency 7 is defined as the ratio of power output from the solar cell to

power input P,
o Pout o JSC‘/:DCFF

R P
Under STC P, = 100 mW /cm?.

(2.19)

The series resistance R; is caused by the ohmic resistance of the semicon-
ductor material, the contact resistance between the semiconductor and the

metal contacts, and the ohmic resistance in the contacts.

The shunt resistance Ry, is caused by local disturbances of the pn junction

and short circuits, for example, at the edge of the solar cell.

2.2 Selectivity

To extract the charge carriers, solar cells need two contact types, one of which mainly

extracting the electrons and the other primarily the holes. The major challenge in

solar cell optimization is to passivate these contacts as well as possible and make

them selectively accessible for one charge carrier type without significant resistive

losses.

The currents of charge carriers within the semiconductor are given by

10

0

Jy = pan %EFH (2.20)
0

Jp = ppp %EFP, (2.21)



2.2 Selectivity

are thus driven by the gradients in quasi-Fermi energy and are also proportional
to the conductivity. Therefore, the enhancement of a selective current toward the
contacts implemented inside the cell is possible by changing the mobilities fu,, £,
and the charge carrier concentrations (n, p) in the vicinity of the contacts [22]. The
simplest and, therefore, the standard solution is to implement a pn junction through

doping.

These desired differences between the efficient transport of one charge carrier and the
blocking of the other can be expressed by the ratio of the majority carrier resistance
pm to the minority carrier resistance pn,. Brendel and Peibst [23] suggested this

figure of merit, called selectivity S:

Pm
S =—. 2.22
PM ( )

For the case of diode-like contacts, as is the case with the samples studied in this
work, pp, is derived from the slope of the voltage-dependent recombination current
at V' = 0 and thus is described by

kgT

= 2.23
P chJO ( )

and py is determined by the resistive loss for majority charge carriers over the

passivating junction to the metal contact pe,

pa = ? (2.24)
This yields the selectivity
kgT
S = , 2.25
qJope (2:25)

which is quantified by the two relatively easy measurable parameters, contact resis-
tance p. and recombination current density Jy. Both must be reduced to increase
the conversion efficiency. Thus, this figure of merit allows a direct comparison of S

of different contact schemes with a single number.
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2.3 Working principle of passivating contacts

The POLO junctions belong to the group of so-called passivating contacts, which
in recent times particularly have contributed to efficiency improvements [24]—26]
beyond cells with classical diffused pn junctions. The classical dopant-diffused crys-
talline silicon (c-Si) solar cells use strong doping of the near-surface layer of the c-Si
wafer for contact selectivity. This high doping reduces the density and, thus, the
conductivity of one of the charge carrier types (electrons or holes) at the interface
to the metal contacts [22]. This prevents most but not all of the respective minority
charge carriers from reaching the recombination sites at the interfaces. However,
there are some limitations to this passivation method. The parasitic free-carrier
absorption (FCA) increases with doping density and thus induces a loss in the
generated current. Moreover, the Auger recombination of generated excess charge
carriers in the doped c-Si region also increases with increasing doping levels. These

two effects eventually lead to a limitation of dopant-diffused c¢-Si cells.

However, good passivation is needed because an unpassivated direct contact between
metal and ¢-Si absorber leads to severe recombination losses due to the high defect
density at the metal/c-Si interface. Thus, the c¢-Si is not directly metalized when
using passivating contacts, but a passivating layer is inserted between the absorber
and the metal layer. For this purpose, silicon dioxide or amorphous silicon, which

are well-established for surface passivation, are typically used.

To achieve good contact passivation, however, the applied layers do not only need
to passivate the c-Si surface but also prevent the minority charge carriers from
reaching the highly defective metal interface. At the same time, the majority of
charge carriers must reach these contacts with as low as possible resistive losses.
This charge carrier separation can be achieved in several ways. Here doping of, for
example, an additional poly-Si (POLO junctions) or a-Si (heterojunctions) layer is
used to create a pn or high-low junction to the absorber. At the same time, research
is being done on so-called dopant-free contacts, which apply metal oxides such as
titanium oxide TiOy [27], [28], molybdenum oxide MoOy [29], [30] and tungsten
oxide WOy [30], [31] or organic materials as PEDOT:PSS [32]-]34].

Another aspect that needs to be considered is optical loss due to free carrier absorp-
tion. Doped poly-Si and especially doped a-Si layers lead to increasing losses in J.

with increasing layer thickness when applied to the front side of the cells. In the

12



2.4 Poly-Si on oxide junctions

case of a-Si, additional transparent conductive oxide (TCO) layers are usually used
in conjunction with a very thin doped a-Si layer to reduce reflection and provide
lateral conductivity. However, this implies the necessity for using rare and expensive

materials.

2.4 Poly-Si on oxide junctions

Poly-Si on oxide junctions has been an active field of research in ¢-Si photovoltaics
since 2013 due to their promising properties. However, they were applied already
in 1975 when they were investigated in the field of bipolar junction transistors [35].
In 1980, the first promising experiments with poly-Si junctions in silicon solar cells
were done [36], [37]. However, the breakthrough which provoked active international
research was only initiated in 2013 through the work of Rémer et al. [38] and Feld-
mann et al.[39]. Since then, many researchers have been working on understanding
and optimizing POLO junctions and bringing them into industrial production. This
process has been picking up speed in recent years, [16], [40]-[46] so that POLO
junctions are now a promising candidate to be brought into large-scale industrial
production in the next few years. Companies are already ramping up corresponding
production lines [47]-]49].

2.4.1 Processing

As the name implies, POLO junctions consist of a thin interfacial oxide with a
poly-Si layer on top. Various methods, such as wet-chemical oxides [38], [50]—[53],
thermal oxide growth [54]-[56] and plasma oxides [57], [58] have proven suitable for
the preparation of the interfacial oxide. The targeted SiO, thicknesses are typically

in the range of 1 to 3nm.

Also, for the deposition of the a-Si or a-Si:C layer, which is later crystallized to
poly-Si, different methods such as low-pressure chemical vapor deposition (LPCVD)
[52]-[54], [59], [60], atmospheric pressure chemical vapor deposition (APCVD) [61],
plasma-enhanced chemical vapor deposition (PECVD) [39], [52], [60], [62] and even
sputtering can be used [63], [64]. The high-level doping can either be introduced

directly during deposition (in situ) or afterward by ion implantation or diffusion

13
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(ex-situ). The poly-Si thickness is typically between 20 nm and several 100 nm.

The deposition is followed by an annealing step at a temperature between 800 to
1050 °C. The optimum annealing temperature is determined by factors such as the
oxide thickness and stability. During annealing, rearrangement processes occur at
the SiOy/c-Si interface [56], [65], which, depending on the oxide properties and the
temperature, can anneal defects at the interface, present after a-Si deposition, or
introduce new defects, and also lead to the formation of pinholes inside the oxide
layer [66], [67]. A-Si layers are crystallized during this process, while a-Si:C layers
used by ISE and EPFL [68], [69] mainly stay amorphous. Also, forming poly-Si/SiOy
contacts during a single firing step instead of a long high-temperature anneal followed

by hydrogenation has shown to achieve good passivating quality [70].

The transport efficiency of the majority carriers to the metal contacts through the
POLO junction and its dominant mechanism is significantly influenced by the oxide
properties and the annealing parameters. The two occurring mechanisms for carrier
transport are tunneling and the transport through local pinholes in the interfacial
oxide. Depending on the oxide thickness, stability, and the annealing temperature,
one or the other mechanism predominates [66], [71]-[73]. However, both mecha-

nisms, tunneling, and pinholes enable high junction selectivity [73].

Moreover, the annealing process influences the density of defect states Dj at the
SiOy/c-Si interface. At the same time, diffusion of dopants (especially strong for
boron) from the poly-Si into the wafer occurs, leading to the interface’s passivation.
In the case of an annealing temperature too low for a specific oxide, the contact
resistance would stay too high. Furthermore, defects and dangling bonds present
at the interface after a-Si deposition would also not sufficiently be annealed, and
not enough passivation due to in-diffused doping would be generated. However,
suppose the opposite case of a too-high temperature; the in-diffusion would be too
strong. Thus the advantage over the PERC cell of a lower doping density at the
¢-Si surface would be lost due to massive in-diffusion of dopants from the poly-Si.
Moreover, after annealing at a certain temperature, the interfacial oxide is no longer
sufficiently intact, leading to an increased number of recombination sites at the
interface to the highly defective poly-Si. In general, for optimizing the selectivity
of POLO junctions, the choice of the oxide and the corresponding adjustment of
the annealing process is crucial. If this process is optimized, excellent J; values
can be achieved directly after annealing. With n-type POLO junctions (n"POLO)
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and p-type POLO junctions (pTPOLO) Jy values of down to (0.5 + 0.3) fA/cm? and
(3.3 4 0.7) fA/cm? respectively can be reached [60], [74]-[76].

Since SiO, films have long been used for surface passivation of solar cells, it was
well known that introduced hydrogen can reduce the defect density at the ¢-Si/SiOy
interface by passivating dangling bonds [77]. For this purpose, hydrogen-containing
layers like Al;O3 and SiNy can be used, which in combination with annealing at
400 to 450°C or a firing step, release hydrogen, which diffuses to the SiO, inter-
face. This method has also been shown to improve the passivation quality of poly-Si
junctions. In various experiments, hydrogen was introduced into poly-Si junctions
by depositing a hydrogen-rich layer such as SiNy [59], |78]-[80] or Al,O3 [81], [82]
and subsequent annealing at about 400 °C or a firing step. Improved J, values have
been achieved for both n*POLO and pTPOLO junctions. The n™POLO, however,
showed slightly worse .Jy values after firing, in contrast to the p*POLO junctions,
which benefit from both annealing and firing. The better the interface is passi-
vated beforehand, the less improvement the hydrogen treatment brings. However,

in particular, less stable wet-chemical oxides benefit strongly from this treatment.

2.4.2 Application in back contact solar cells

As mentioned before, applying POLO junctions on the front side of the cells results
in significant losses due to FCA. An approach to, nevertheless, replace both contact
polarities with POLO junctions are therefore interdigitated back-contacted (IBC)

solar cells, where both contacts are placed on the rear side of the cell.

Various groups have thus developed IBC cell concepts with POLO junctions [28],
[41], [43], [83]-[86]. A challenge that arises from the one-sided contacting is the struc-
turing of the rear side and the separation of the n*POLO and p™POLO junctions.
If the contacts are in direct contact, strong recombination occurs, as evidenced by
low V.., shunt resistances Ry, and F'F' values [38], [83], [85], [86]. Therefore, differ-
ent concepts were implemented, separating the contacts by a trench or an intrinsic
poly-Si region. Local doping of the poly-Si was implemented by photolithography
[28], [85], [86] or masked ion implantation [84]. At ISFH, Haase et al. [25] were
able to set a world record for p-type cells at an efficiency of 26.1%. The author of
this thesis was involved in this work, and in chapter 4] of this thesis, the correspond-

ing cells and their working principle are deeply investigated. The focus here is on
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understanding the working principle of contact separation by an intrinsic poly-Si

region.

2.4.3 From laboratory to industrial solar cells

The PERC technology currently dominates the solar cell market. Cells with a p-type
base, a phosphor emitter on the front side, and local alloyed Al p*-type (Al-p™)
contacts on the rear side have the largest share. The comparatively simple process
flow and the constant progress in efficiency improvements are its recipes for success.
In 2020, PERC had a market share of 80 % [87]. However, the potential is predicted
to be exhausted in the next few years due to enhanced recombination in the emitter

region.

In order to successfully step in here and implement the advantages of POLO junc-
tions, a simple process flow is essential. A possible concept for this is a both-side
contacted cell concept, in which a POLO junction only replaces the contact on the
rear. The so-called tunnel oxide passivated contact (TOPCon) cell is a common
cell concept with n"POLO junctions. This cell is an n-type cell with a n*"POLO
junction on the rear and boron diffused emitter on the front side [39], [88], which
is already transferred to industrially more relevant cells by various research groups
[78], [89], [90]. In the meantime, companies are even exceeding 25 % on full area

cells with fired screen-printed metallization [15], [16].

In order to transfer the successful concept of the POLO?-IBC cell to an industrially
relevant cell concept, some adaptations are necessary [91]. One goal of the thus
developed POLO-IBC concept [92], [93] is to remain as close as possible to the
manufacturing process of the PERC technology, which will make a conversion of
the process lines more straightforward, cost-effective, and therefore attractive. Thus
POLO-IBC cells use a p-type wafer, and the Al-p™ contacts of the PERC cell are also
maintained. For the POLO-IBC structure, emitter fingers with n™POLO junctions
are inserted between the Al-p' fingers. Thus the limiting phosphor emitter on the
front side is replaced by a n*POLO passivating contact on the rear. The POLO-
IBC cells thus exploit the high selectivity of a large-area n™POLO junction and a
small-area Al-p™ contact. The latter is a standard process for PERC cells [94] and
can be cost-effectively formed during the metallization process, avoiding expensive

Ag metallization.
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Figure 2.1: Schematic drawing of the POLO-IBC cell structure.

However, the transition to screen-printed metallization is only possible because
POLO junctions are more stable at higher temperatures than, for example, silicon
heterojunction (SHJ) solar cells. Unlike SHJ technologies, these contacts can with-
stand temperatures exceeding 300 °C. This enables metallization by screen printing
and firing at high temperatures, which is the established manufacturing process in
industrial silicon solar cell production with a market share of 98 %[17]. This fea-
ture thus makes TOPCon and other cell concepts like POLO-IBC and POLO-BJ

especially attractive.

2.4.4 Firing stability

The advantage of POLO junctions and similar junction schemes compared to other
competitors is their thermal stability which facilitates compatibility with standard
mainstream high-temperature screen-print metallization [92], [95], mandatory for a
cost-efficient industrial-relevant metalization. This short high-temperature ,firing*
process step typically uses temperatures between 700 °C and 900 °C and is needed

for the printed metal paste to form a contact to the solar cell.

However, several groups have reported degradation of the passivation quality in
metalized and also non-metalized regions for ntPOLO junctions after firing 78|,
[95], [96]. Therefore, optimizing the metal pastes to avoid the metal spiking through
the POLO junction [60], [95], [97] became a field of research. Although no issue
might have been expected from firing since the thermal budget of the previously
performed anneal is significantly higher than that of the firing step, the former

results showed that firing indeed could harm the passivation quality of especially
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nTPOLO junctions. Thus the mitigation of firing-induced degradation on the non-

metalized regions also moved into research focus [58], [78], [96], |98]—-[109].

Researchers from ECN (78], [96] showed that with a SiNy capping layer as a hydrogen
source Jy values increased from 2 fA /cm? before firing to 4 to 20 fA /cm? after firing.
Using a stack of Al,O3/SiNy or even Al,O3/SiNy/AlyOs, the passivation quality
after firing was improved to about 1fA/cm?. These investigations showed that the
hydrogenation of the interface is highly important to maintaining the excellent pas-
sivation of n"POLO junctions after firing and that there is potential here to enhance
the performance of POLO junctions further. Thus, since 2020, several papers [100]—
[103] have been published dealing with the impact of hydrogen-containing capping
layers on the firing stability. One of the first [100] and two others have been gener-
ated as part of this work. In the meantime, it has become apparent that the firing
stability of POLO junctions depends on various factors, including the oxide growth
method [104], [109], the poly-Si deposition method (PECVD, LPCVD) [58], [109]
and the doping type of the poly-Si layers [60], [96], [98], [101], [110]. In addition,
besides the POLO junctions themselves, the choice of the capping layer is of crucial
importance. As already shown by Mewe et al. [96], Al,O3/SiNy stacks seem to work
particularly well. However, since the additional deposition of an Al,O3 layer is an
expensive process from an industrial point of view, the optimization of passivation
with a single layer of SiNy is an aim of the research. Besides the variation of the
SiNy deposition equipment and techniques [104], [109], which leads to significant
differences, also the variation of the refractive index shows to influence the achieved
passivation quality [102], [109], [111].

An in-depth analysis of the firing stability of LPCVD deposited n™POLO junctions
is done in chapter [5| of this work. On the one hand, the question is raised why
the passivation quality deteriorates at all due to firing. On the other hand, the
reason why different hydrogen capping layers achieve significantly different results

after firing is inquired.
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methods

3.1 Current-voltage measurements

To make J-V characteristics comparable, standard test conditions (STC) have been
specified that prescribe an AMG1.5 spectrum with an irradiance of 100 mW /cm?
under vertical illumination and a temperature of 25°C. The J-V characteristics
shown in this work are measured using the LOANA solar cell characterization system
from pvtools. Here instead of an AMG1.5 spectrum, an infrared LED array is used,

calibrated before each series of measurements using a reference cell measured under
STC at ISFH CalTeC.

3.2 Quasi-steady-state photoconductance and

photoconductance decay techniques

Determining the effective minority charge carrier lifetime 7.¢ (from here briefly "life-
time") as a function of the excess charge carrier density An is an essential method
for evaluating the quality of unmetalized solar cell precursors, which can be quickly
done with the Sinton Instruments WCT-120 lifetime tester [112]. This device deter-
mines the time-dependent conductivity of the tested samples averaged over an area
of approx. 250 mm? using an inductively coupled coil below the sample, as can be

seen in Figure 3.1}

Under the conditions of a homogeneous photogeneration of excess charge carriers

and a small recombination activity at the surface, the photogenerated conductance
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Figure 3.1: Schematic drawing of the WCT-120 setup used in this work. This
figure is taken from [113].
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is given by
Ao = qW (fy + ftp) Anayg, (3.1)

where W is the sample thickness and p, and p,, are the electron and hole mobilities.
Thus, to determine An, the only required quantities are the thickness of the sample
W and the base doping Nq.p, Which is required to calculate the electron and hole
mobilities [114].

To determine the lifetime, one can use two different methods or a combination of
these two depending on the absolute value of the lifetime. One method is the Quasi-
Steady-State Photoconductance (QSSPC) measurement, during which a flashlight
illuminates the sample with a long decay time of approximately 2.1 ms, which gen-
erates excess charge carriers in the sample. The time-dependent illumination in-
tensity is monitored via a calibrated reference solar cell while the coil monitors the
illumination-induced photoconductance of the sample under test. To obtain the ef-
fective lifetime 7.4, additionally, to the time-resolved An, the generation rate G(t)
is needed.

_An 0An

=G -, (3.2)

R(t)

The generation rate G(t) is given by the photogenerated current density Jye, de-
termined by the reference solar cell (see Figure and the optical factor fo,; ac-

counting for the optical properties of the sample. Inserting these into equation [3.2]
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yields:
An
Teff,QSSPC = Jgenfopt - AN (33)
qW ot
For the case that 7o < tqecay the term 6?—[‘ can be neglected. However, the

equation [3.3] is applied in the full form for intermediate lifetimes.

The second method, the photoconductance decay method (PCD), is a transient tech-
nique and works with the decay in conductivity of a sample after illumination with
a short flash. When the decay time of the illumination about 30 s is significantly
shorter than the effective lifetime, the generation rate can be neglected, which yields
the following simplified equation:

An
Teff PCD — — RINR (34)

ot
This equation is independent of the optical properties of the measured sample. How-

ever, to full fill the condition of a lifetime 7o >> fdecay, in this work, this method is

only used when 7.4 > 800 ps.

Recombination current density

The recombination at the surface 7y, is typically quantified by a surface recombi-

nation current density Jy defined by

WA
Jrec,surf = 1 n = <]O (np - 1) . (35)

2
Tsurf ni,eﬂC

For samples where the surface region is always in low injection due to, e.g., highly
doped poly-Si contacts with in-diffusion of dopants, as in this work, the surface
recombination current density Jy can be extracted from the 7.z (An) data obtained
by the QSSPC or PCD measurements with the method of Kane and Swanson [115].

For this method Jj is approximated as follows:

qwni%eff
7—surf(]\fdop + An) ‘

Jo = (3.6)
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To obtain Jy the slope over An of the equation

1 1 1 2 Naoy + A
Teft Tintr TSRH

3.7
qVI/ni2,eﬂC ( )
is evaluated in high injection, where 7ggy is injection independent and An+ Ny
can be approximated by An. If a linear relationship between i — ﬁ(An) is

obtained, Jy can be determined.

In this work, the described simplifying approach is applied, using corrected lifetimes
provided by the Sinton lifetime tester spreadsheet, taking into account an injection-
dependent n; e [116], [117] due to bandgap narrowing in the base substrate [11§]
and applying the model for 7, by Richter et al. [20]. To meet the applied as-
sumptions, this method is only applied to either high-quality float-Zone material or
high impedance Czochralski (Cz) grown material (20 2 cm), leading to high injection

conditions being reached during the lifetime measurement.

Surface recombination velocity

Apart from the recombination current density Jy an additional parameter called the
effective surface recombination velocity (Ser) is used to specify the surface recom-
bination. Seg is defined as the recombination rate Ry (number of charge carriers
recombining at the surface [cm™2s7!]) per excess charge carrier density An [cm™]
at the surface, which gives a unit of cm/s. Enhanced recombination at the surface
reduces An at the surface, and thus a gradient towards the surface develops. This
gradient, in turn, leads to a diffusion of minority charge carriers toward the surface.
The diffusion constant of the minority carriers is thus limiting the recombination at

the surface. The surface recombination velocity Seg can be expressed as

Seff:\/D<1— ! )tan[w\/W<l— ! >] (3.8)
Teff  Thulk 2V 2 \Teg  Touk

[119] where D is the minority charge carrier diffusion constant.
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3.3 Infrared lifetime mapping

Infrared lifetime mapping is used for measuring the spatially resolved effective carrier
lifetime, which, in contrast to QSSPC and PCD measurements, can also be applied
to structured and metalized samples. Figure [3.2] shows the setup required for an

ILM measurement.

IR
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4-5 um

I:I LED array

930

/\ free lcarrier / "

\E}‘ emission .({/

Al mirror T T T T San}ple Tsample = 70 °C
\ va

\

Heating plate, T,

Figure 3.2: Schematic drawing of the ILM setup used in this work.

In silicon, free charge carriers can absorb and emit radiation with energy below the
bandgap. During this process, the charge carriers change between two states within
a continuous band of allowed energy states. The absorption coefficient for the FCA,
oy is directly proportional to the density of free charge carriers An as only one type
of charge carrier (either an electron in the conduction band or a hole in the valence
band) is involved,

age X An. (3.9)

According to the law of detailed balance and Kirchhoffs law, they have to emit the
same amount of power they absorb at thermal equilibrium. Therefore in equilibrium
the absorption coefficient has to be equal to the emission coefficients (. = €g). The
linear dependence of the free carrier emission (FCE) and FCA on An is the basis

for a quantitative determination of the charge carrier density from measurements of

FCE and FCA [120].
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Figure 3.3: Sketch of IR radiation paths in the setup used, taken from [121].

For the ILM measurement, an infrared (IR) mirror is placed between the heating
plate and the sample in the setup used in this work, which is shown in Figure [3.2
Thus, the measured signal only consists of the IR radiation emitted by the sample
and a background signal that is emitted above the sample and reflected at the
sample’s surface or the IR mirror (see Figure . The sample is heated to 70 °C,
enhancing the FCE in the sample and thus improving the signal-to-noise ratio to the
surroundings. A modulated LED array with a wavelength of 930 nm illuminates the
sample to generate excess charge carriers using a step-like illumination function with
a period length of 25 ms. The sample’s time- and spatial-resolved FCE is measured
with an IR camera during an integration time of 400 us. A schematic generation

rate G(t) and An(t) during one measurement period are shown in Figure [3.4]

1*image 2™ image 3"image 4" image

-
o

excess carrier
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Figure 3.4: Schematic of the generation rate G(t) excess carrier density An (t) and
image acquisition during one measurement period of length 7', taken from [122].
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As the FCE is proportional to the density of free charge carriers, the signal is a
spatially resolved measure of the excess charge carrier density An, which is described

by the continuity equation

L an(t) = - Ant)

3.10
dt Teff ( )

Assuming a mono exponential rise and decay it develops as follows after switching

on and off the illumination:

[1—exp(—:H)] 0<t<T/2
lexp(-=12)] T/2<t<T.

Teff

An(t) = GTegt (3.11)

To determine An and 7.g from the measured signal, either a calibration is necessary,
or the dynamic ILM method must be applied as it is done in this work. The dynamic
ILM measurement uses the time-dependence of the charge carrier density An after
switching on/off the excitation light to derive 7. Therefore, four images are taken
during one illumination period, as shown in Figure . The first image (S7) is taken
shortly after switching on the illumination, the second (S5) after steady-state under
illumination is reached, the third (S3) immediately after the illumination is switched
off, and the fourth (S4) after the steady-state without illumination is reached. The
carrier lifetime can then be derived from the ratio of the steady-state signal (S3)
under illumination and the signal directly after switching on or off the excitation

source (57 or S3). The fourth image (S4) is used to subtract the background signal.

Moreover, the setup applies a lock-in analysis technique to reduce the signal-to-noise
ratio. For this purpose, all four images are needed. Therefore, cosine-correlated and

sine-correlated images are calculated using the four measured images:
Ssin = 52 - 84 (312)

Seos = S1 — Ss. (3.13)

which are used to compute a phase image according to lock-in theory [123, Chap-
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ter 2.2]:
® = arctan (SC°S> (3.14)
Ssin
tint
Zfint - 27—eff |:1 - eXP(_Tff):l
= arctan A T dt. (3.15)
tint — 2Tef {exp(—lh_ i:f) — exp(—w)]

This gives an expression that only depends on the known integration time %,
lock-in period time 7" and the effective lifetime 7.¢. Using this expression, a look-up
table is generated, which allows determining 7.¢ for every pixel in the phase image
and thus generating a lifetime image without further information about the sample.
Moreover, an injection-dependent measurement of 7.g(An) is possible by varying

the illumination intensity.

In addition to the advantages mentioned above of the dynamic ILM method, some
disadvantages must be considered. On the one hand, blurring occurs due to the dif-
fusion of charge carriers and internal optical reflections. Especially areas with low
lifetimes are thus overestimated |121]. Another factor that can lead to an overesti-
mation of the lifetime are injection-dependent lifetimes since the assumption that is
made of a mono-exponential development of An assumes an injection-independent
lifetime. In low-injection, where injection-dependent lifetimes occur due to SRH
recombination, it essentially averages back out as both the rising signal as well as
the falling signal are affected [121} p. 69-74]. In the case of a high-injection condi-
tion where the Auger recombination provides for an injection dependency, a severe
overestimation of the lifetime by the dynamic ILM method was shown by Herlufsen
[124, p. 84-87]. However, for highly doped wafer material (1.5 cm), according to

Herlufsen, this effect only occurs for injection levels above 1 x 107 cm™3.

Implied pseudo-J-V data

To compare the process-induced degradation with J-V values of finalized solar cells
as in Section[4.2] it is helpful to calculate implied J-V parameters from the measured
lifetimes. For this purpose, An can be computed using the reflectivity R at 930 nm

and the sample thickness I, the illumination intensity /,,s in suns and the photon
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3.4 Time-resolved photoluminescence

flux ¢ , e
An = S““SIf/( —R) (3.16)

With this, the recombination current density J... can be calculated using the ex-

pression
WA
Jree = L2201 (3.17)
Teff
With the implied open-circuit voltages iV, calculated from
A+ A Nuy)
n® + An(—— + Nqop) + 1
kg T kg T P !
iV, =B ("f) B Nd"g (3.18)
q n; q n;

and assuming a reasonable Jy. value, as determined by J-V or Ji.-V,. measurements
on optical identical samples, the respective iV, at one sun, the implied pseudo-F'F'
(ipF'F') and implied pseudo-efficiency ipn can be determined. The same procedure

is used for the 7eg(An) curves determined with PCD and QSSPC measurements.

3.4 Time-resolved photoluminescence

Photoluminescence (PL) measurement methods make use of the radiative band-
to-band recombination mechanism in semiconductors. The radiative band-to-band
recombination describes the direct recombination of an electron from the conduction
band with a hole from the valence band. The energy difference between the electron
and the hole is emitted as a photon of corresponding energy, which can be detected
by a camera. Since the process simultaneously involves both electrons and holes, the
recombination rate depends on both types of charge carriers. Thus, the radiative

recombination rate is [125] :

Ryaq o< np o< AnNgep, + An? (3.19)

Time-Resolved Photoluminescence (TRPL) is a method for studying the decay of
An after an excitation pulse. In this work, the samples are excited by a mode-locked
Titanium-sapphire laser with 80 MHz pulse rate and a wavelength of 780 nm. The

spot size is adjusted to about 1mm for optimal signal yield. The streak camera
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mechanism uses a multiplier-channel plate (MCP). An electric field alternating with
a high frequency deflects the electrons generated by the MCP and a charge-coupled
device (CCD) detects them using a phosphorescent filter enabling picosecond time
resolution. The resulting time-resolved signal Spy, of the excitation and decay process
can be fitted by an exponential decay function according to equation [3.10|which gives

the following expression for the decay of An after an excitation pulse

t
An(t) = G Te exp (—) (3.20)
Teff
and thus Sp;, = Aexp (—2t> , (3.21)
Teff

where A is the amplitude. If multiple lifetime components are involved, they can be

fitted by a sum of exponential functions.

3.5 Fourier-transform infrared spectroscopy

Infrared spectroscopy uses a thermal source to generate infrared light over a wide
range of wavelengths of 2.5 to 25 nm directed through an interferometer onto the
sample under investigation. A beam splitter divides the light beam into two paths:
one with a fixed mirror and the other with a movable mirror. After reflection from
the respective mirrors, both beams interfere with each other, and the resulting beam
passes through the sample. Subsequently, its intensity is measured by a detector, as

shown in Figure [3.5]

During the measurement, the movable mirror is shifted, which leads to a varying
time delay between the two interfering beams. The resulting measured signal thus
is the autocorrelation function of the transmitted signal, which gives the intensity
as a function of the time delay between the interfering beams. Subsequent Fourier
transformation (FT) according to the Wiener-Khinchin-Theorem yields the energy

spectrum, i.e., the intensity as a function of wavenumber 7 = 1/A\.

Light of wavelengths characteristic of a material is absorbed by it. These are wave-
lengths whose frequency corresponds to the resonance frequency, i.e., the vibration
frequency of a molecular vibration mode. Moreover, a prerequisite for excitation by
IR radiation is that the dynamic dipole moment changes during the vibration. As

described by the Beer-Lambert law, the light intensity decreases exponentially when
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3.5 Fourier-transform infrared spectroscopy
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Figure 3.5: Schematic drawing of a Fourier-transform infrared spectroscopy (FTIR)
setup.

traveling through a sample. Therefore, the light intensity can be described as

SFTIR(5> = SIR,O(ﬂ) exp(—oz(z?) W) (322)
Srrir (D) )

Srrir,0(?)

d
and thus a(r) = W :

(3.23)

where « is the absorption coefficient, 7 the wavenumber and W the thickness of the

respective film.

The transmittance T = Sprir/Srrir,o is determined from the ratio of a measurement
with the layer under investigation on a substrate and a measurement of the bare
substrate. The absorption A is then given by A = 1 — T — R, where R is the
reflectance. The wavelengths absorbed in the respective sample thus can be seen as

characteristic peaks in the resulting absorption spectra.

In this work, atomic bonds within silicon nitride films with their characteristic ab-
sorption peaks (see Figure [3.6) are investigated to determine the concentration of
hydrogen-containing bonds and, thereby, the total hydrogen concentration [H] within

29



3 Characterization and simulation methods

Table 3.1: Silicon nitride absorption peak locations and calibration constants c
taken from [126].

Bonds Wave number 7 [em™'] IR absorption cross section K [cm™]

Si-N 880 2.1 x 1016
Si-N 1070 2.1 x 106
Si-H 2200 5.9 x 1016
N-H 3320 8.2 x 106

the film. The concentration of the atomic bonds is determined using [126]
X —Y]=K(X -Y) /a(ﬂ)dﬁ (3.24)

where K is the IR absorption cross-section needed to calibrate the measured areas
under the absorption peaks, given in Table and taken from [126]. The spec-
tra were subjected to background correction, baseline fitting, and deconvolution
of absorption peaks before determining the areas under the absorption peaks. An

example is shown in Figure [3.6]
The hydrogen fraction H in the silicon nitride films is defined as [127]

Si— H] + [N — 1)
B = G AT IN A £S5 =V (3:25)

under the assumption of neglecting [Si-Si|, [N-N], and [H-H] bonds, which holds for

nearly stoichiometric films as measured in this work.

3.6 Time of flight secondary ion mass spectrometry

During Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS), a sample is
bombarded with primary ions (e.g., O5, Cs*, Bi*). This produces charged particles
(secondary ions) that can be separated according to their mass, employing a time-of-
flight mass analysis. As particles of different masses reach different velocities at the
same accelerating voltage, the accelerated particles travel a certain distance in the
analyzer and reach the detector with different time delays. This method achieves

a very high spectral mass resolution and provides an accurate image of the sample
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Figure 3.6: (a) Absorption coefficient « of a ¢-Si sample coated with hydrogen-rich
silicon nitride. The marked absorption peaks related to silicon-nitrogen, silicon-
hydrogen and to nitrogen-hydrogen bonds.(b) Absorption spectrum zoomed-in on
the N-H peak with fitted baseline and absorption peak.

surface and composition. In this work, the ToF-SIMS analyses are performed using
ION-TOF TOF-SIMS V spectrometers.

Lateral and depth-resolved analysis of doping elements in the p™*(i)n™ poly-Si region
in Section [4.3.4] is done at different sample positions in depth profiling mode using
the sputter sources Cs* (at 1keV) and O3 (at 1keV) for negative and positive ion
mode, respectively. The sputter area is set to 220 x 200 pm? and the target area
is set between 80 x 80 pm? up to 150 x 150 um?. For quantification of the B* and
P*/P~ ion intensities, the relative sensitivity factors (RSFs) with respect to the
Sit/Si™ intensity are used. The primary sputter gun is Bit (at 25keV, bunched
mode). For the analysis in Section a 30keV Bi+ beam with a pulsed beam
current of 1pA is used, and sputtering is performed with both 1keV and 3keV
sputter gun energies, and at 10 and 40 A beam current, respectively. The resulting
profiles are quantified using implanted Si standards and thus are not accurate for
the Al,O3 and SiNy layers.
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3 Characterization and simulation methods

3.7 High-frequency capacitance- and

conductance-voltage measurements

By Capacitance-Voltage (C-V) measurements, it is possible to determine various
parameters of semiconductor devices as doping density, interface trap density, and
oxide thickness. In the simplest case of an ideal Schottky diode, the principle is based
on the relationship between the applied voltage and the capacitance of the space
charge region in the semiconductor Cs, determined by its width W corresponding

to a plate capacitor:

ESiEOAC
w7

C, = (3.26)

where €y and eg; are the permittivities of vacuum, and silicon, respectively, and A,
is the contact area. By applying an external voltage, the width of the depletion
region can be manipulated. In reverse bias, the width increases, and accordingly,
the capacitance of the depletion region decreases. The dependence of the depletion
width and the capacitance upon the applied voltage thus provides information on

the semiconductor’s internal characteristics, such as its doping profile.

The samples investigated in this work are POLO junction samples, although in this
case, the oxide is thermally grown and significantly thicker (d,, =10nm) than in
typical POLO junctions. This is necessary to suppress leakage currents through the
oxide, negatively affecting the measurement. Their structure is shown in Figure[5.3]
Due to the thick oxide and the high doping density inside the poly-Si, these samples

can be treated according to the metal oxide semiconductor (MOS) structure theory.

High frequency C-V measurements enable the determination of the interface state
density D at the oxide interface as a function of the energetic position in the
bandgap. A cascade probe station with an Agilent 4294A impedance analyzer is used
for the following measurements. The Dj; is determined by following the conductance
method described by Nicollian et al. [128] and Brews et al. [129]. During the
conductance measurements, a small high-frequency alternating current (AC) voltage
added to the direct current (DC) gate voltage V; moves the band edge alternately
toward and away from the Fermi level leading to a change in surface potential. If
the frequency of the AC voltage is low, the potential changes slowly, and the traps

that move from above to below the Fermi level (or vice versa) can respond directly
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3.7 High-frequency capacitance- and conductance-voltage measurements

with emitting or trapping of charge carriers. However, if the frequency increases,
the traps lag behind, and a difference AFE between the surface energy and the
mean energy of traps develops. Thus an energy loss occurs when a charge carrier is
captured/emitted by a trap with lower/higher energy than the surface energy. This
energy loss can be measured as frequency-dependent parallel conductance Gy, as the
voltage source of the setup supplies the lost energy. Moreover, it can be directly

seen as a frequency dispersion in the C-V curves shown in Figure [3.7(a).
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Figure 3.7: (a) Corrected capacitance C. as a function of voltage V, for samples
measured at different frequencies between 0.5 kHz and 0.5 MHz. The inset shows the
lower part of the curve between depletion and inversion where a frequency dispersion
can be seen. (b) Parallel conductance G, over angular frequency w as a function of
the logarithmic angular frequency for different voltages V,. This figure is adapted

from Figure 4 in Ref. [104].

Figures [3.8(a)-(d) show the corresponding electrical equivalent circuits considered
for the measurement and evaluation. The circuit (a) shows the circuit based on
which the measured admittance Y = Gy, + iwC,, is initially evaluated, (b) shows a
MOS capacitor equivalent circuit including an oxide capacitance C,, and a parallel
conductance element G, accounting for the interface states and (c) additionally to
(b) includes a series resistance element accounting for the series resistance of the
semiconductor (c-Si). Circuit (d) shows an equivalent circuit in strong accumulation,

which is used to determine Ry and Cly.
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3 Characterization and simulation methods

(a) (b) (c) d

Figure 3.8: Electrical equivalent circuits with the resistive and capacitive contribu-
tions of MOS capacitors utilized for measurement and evaluation. (a) Measurement
circuit; (b) equivalent circuit of ideal MOS including effects of Dy and (c) addi-
tionally including the semiconductor series resistance Rg; (d) simplified equivalent
circuit in strong accumulation.

The frequencies used for the high-frequency measurements range of 0.5 to 500 kHz,
and the DC bias voltage is swept from accumulation to inversion condition. In ac-
cumulation, a strong deviation between capacitances with increasing frequency is
observed. However, one constant value corresponding to the oxide capacitance Cyy
is expected for all frequencies. This behavior suggests that the equivalent circuit
models shown in Figure [3.§(a) and (b) are inappropriate for extracting the capaci-
tance from the measured impedance. The measurements are affected by additional
frequency-dependent effects, probably the series resistance Ry of the substrate. Thus
a series resistance Ry, probably induced by the substrate resistance, is included in
the equivalent circuit (see Figure[3.§(c)). To determine Ry, the frequency-dependent
admittance in strong accumulation is determined, where the equivalent circuit can
be simplified as shown in (d) With the thus determined values G, and Ci,

the series resistance Ry (w) and the oxide capacitance Cyy can be calculated [130,
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3.7 High-frequency capacitance- and conductance-voltage measurements

p.222-224]:
Gma
"G e, 2
Gna \*
= 1 . 2
Con cma< +(wma)> (3.28)

With this the corrected capacitance C, and parallel conductance G, corresponding
to the equivalent circuit in Figure (c) are calculated [130, p.224], which are used
for the further evaluation. This correction is applied to all data sets. With the
corrected values G and C., the parallel conductance

Gy w-C% @G,

w0 (Pt (Co— O (3.29)

is calculated. From the peak of the function G,/w versus log(w) (see Figure
the interface state density Dj at one energetic position for each gate voltage can
be determined. To obtain Dy as a function of V;, further G,,/w measurements are
performed with sweeps of frequency from 500 Hz to 0.5 MHz for different fixed gate

voltages in depletion and weak inversion conditions (—0.6 to —0.9V).

The following equation is used to calculate the Dy [130, p.216]

[Gp/wlpeat

Dy = ——pZpeak
" g- A fp(oy)

(3.30)
where fp is a correction factor that accounts for the effect of a spatial non-uniform
surface potential. This variation of the surface potential can be described by a
Gaussian distribution with standard deviation o, around the mean value of the
surface potential 1;. For the calculation of the correction factor fp, the standard
deviation o, of the G}, /w curve is required. Instead of a direct determination via a
Gaussian fit, it can also be deduced from the ratio of G,/w(n - Wpeak)/Gp/w(Wpeak)
where n is chosen to be 5 or 1/5 so that n - wyeqr is within the reliable measurement
range as proposed by Nicollian et al. [128], [130]. The function fp(o;) is calculated
numerically following [130, p.216] and is shown in Figure [3.9]

To determine the position of the Fermi level at each operating point V4, which in-
dicates the position of the interface states in the bandgap, the ¢s—V, relationship
is determined, where ¢ is the surface band bending. For this purpose, the high-
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Figure 3.9: (a) Surface potential fluctuation oy as a function of the Ratio
(G/w[niwpeak}

Clolona] ) (b) Correction factor fp as a function of oy.

frequency method developed by Terman [131] is applied as described by Nicollian
et al. |130]. The capacitance measurements described above are measured at suffi-
ciently high frequencies so that the interface traps do not follow the AC gate voltage.
The Dj; thus does not contribute to the high-frequency capacitance Cyr which can

be described by
C1SCYOX

T Oyt Oy

where Cs is the semiconductor capacitance. Even though the defect states do not

Chr (3.31)

follow the high-frequency AC voltage, they do follow the slow change in V4, which is
swept from accumulation to inversion. In the case of present defects at the interface,
additionally to the depletion layer charge, the occupancy of the defect states has to
be changed with changing voltage, which leads to a stretch-out along the V, axis.
Therefore, any ¢ from a calculated theoretical Cyp(¢s) curve corresponds to V,
at Cup experimental(Ve) = CHF theoretical(¢). Thus the correlation ¢,-V, is calculated
from the comparison between the measured and the theoretical high-frequency C-V

curves, as shown in figure [3.10}

The theoretical high-frequency capacitance is calculated based on the one-dimensional
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Figure 3.10: (a) Theoretical high-frequency capacitance as a function of the band
bending at the SiOy/c-Si interface ¢g and (b) experimental high-frequency capaci-
tance as a function of the applied Voltage V.

Poisson equation (for p-type c-Si):

¢(x)*  plz)

= — 3.32

dzx? €0€ST ( )
q

= s (p(z) = Na — n(x) + niq/Na) (3.33)

q q¢ et q9
= e [NA <exp <_k‘BT> — 1) A (exp (/{:BT> — 1)] (3.34)

The first integration of equation gives the electric filed Fy at the surface:

o (3.35)
dr| _,
2ksT Na qps . | 4P 1 ot qPs . qPs
= | B A - )b 4%y
J coesi KGXP( PR V2 PG
(3.36)

Applying Gauss’ theorem yields the following expression for the total charge density
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in the semiconductor:

Qs = _EOGSiFs(¢s)a (337)

which results in the following equation for the high-frequency capacitance

dQs d
- = —€0€8i

dps dos
2N, s ize s A
= 260631 quj_,A |:l — exXp (:jT) —+ T;\}2ﬁ ([exp <ng> — ].‘| A_’_1>‘| Fs_l (339)
A

TR e () R U )
. -~ s\ Ps s B B .
with A ~ N s » /0 do F3(9) 1,
P\ kst

which is calculated for the known doping concentration N and oxide thickness d,.

Cs =

do
o |X:0 (3.38)

3.8 MarcoPOLO model

Due to high leakage currents, the C-V method described above(3.7|cannot be applied
to samples with thin and, therefore, leaky oxide, as in typical POLO junctions.
Therefore, for these junctions, the MarcoPOLO model by Folchert et al. |73] is used
to determine an upper estimate for the density of defect states Di; max from injection-
dependent lifetime measurements. The MarcoPOLO model is a semi-analytic model
that self-consistently solves the Poisson equation in the poly-Si/SiO,/c-Si structure
to determine the surface band-bending. In this model, the D;; at the SiO/c-Si
interface is treated as a recombination zone, which may also contain a charge that
affects the band bending, as known from the detailed metal-insulator-semiconductor
modeling [132]. This defect density D;, doping density Ngop poly in the poly-Si layer,
maximum doping concentration Ngopc—si in ¢-Si (example in Figure and oxide
thickness d,, are used to consistently characterize the surface recombination and
tunneling currents of electron- and hole-collecting poly-Si/SiOy /c-Si junctions [73],
[133].

The recombination parameter Jys at the maximum of the diffusion profile is cal-
culated using the defect density Dj at the SiO/c-Si interface and the maximum

dopant concentration Ngop c—gi- In addition to this surface recombination, expressed
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by Jos, Auger recombination occurs within the diffused region. The sum of the
two recombination paths is calculated using the software EDNA2 [134]. Therefore,
the calculated surface recombination parameter .Jyo, from the MarcoPOLO model
and the doping concentration determined from measured ECV profiles are used to

calculate the Auger recombination.
For this Dy calculation, the following assumptions are made:
 the defect density is the only interface charge of the junction

« recombination at sites where the oxide is locally broken up (pinholes) [66],
[135] is negligible

« recombination via point defects in the diffusion profiles is negligible.

Under these assumptions, the only remaining recombination pathway is via defect
states at the SiO/c-Si interface, making the resulting Di may values mark the upper
limit for the actual defect density. A detailed explanation and derivation can be
found in Ref.[136].

3.9 Free energy loss analysis

For the simulation of the POLO?IBC and POLO-IBC cells and, in particular, for
the breakdown of its loss channels via a free energy loss analysis (FELA) [137],
the simulation softwares Quokka2 [138], [139] and Quokka3 [140] are used. These
numerically solve the 1D/2D /3D charge carrier transport in a quasi-neutral silicon
device. Therefore the conductive boundaries model [141] accounts for the diffusion
of surface dopants. Near-surface regions are, thus, not modeled in detail but as a
conductive boundary via their sheet resistance and recombination current density.
Employing the conductive boundary model allows simulations on short timescales

with easily measurable cell parameters.

The implemented FELA quantifies the losses due to free energy dissipation in each
loss channel when the cell is operated at the maximum power point. Therefore, the
electrical power is considered a rate of free enthalpy F' since it is free of entropy.
The rate of free enthalpy F' is given by the terminal charge current Jg times the

terminal voltage U. To analyze the local free energy in different parts of the cell, the
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local charge current densities and the local voltages, e.g., the local quasi-Fermi level
splitting, must be considered. The output parameters of the unit cell simulation
performed by the Quokka software are local currents, conductivities, and Fermi
levels. These parameters allow the determination of the rate of loss of free energy
density f in the different parts of the cell due to the recombination and transport
of holes and electrons at the surfaces and in the base. This allows a comparison of
the recombination and transport losses in the same power density units mW /cm?

and thus identifies the main loss channels of the cell.
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4 IBC solar cells with POLO
junctions for both polarities

This chapter describes the fabrication and investigates loss mechanisms of IBC so-
lar cells with POLO junctions for both contact polarities, called POLO2-IBC solar
cell, first presented in reference [83], which have been further optimized [85], [142],
reaching a record efficiency of 26.1% [25]. These losses include degradation oc-
curring during cell manufacturing and electrical losses due to the base doping and
perimeter losses. Moreover, the recombination behavior within the lateral p™(i)n™
junction, created by a nominal intrinsic poly-Si ((¢) poly-Si) region placed between

the n* poly-Si and p* poly-Si fingers on the rear of the cell, is analyzed in depth.

This chapter is based on the peer-reviewed journal papers ,,26.1 %-efficient POLO-
IBC cells: Quantification of electrical and optical loss mechanisms“, by C. Holle-
mann, F. Haase, S. Schéifer, J. Kriigener, R. Brendel, and R. Peibst published in
Progress in Photovoltaics: Research and Applications in 2019 [143] and ,Separating
the two polarities of the POLO contacts of an 26.1 %-efficient IBC solar cell“, by C.
Hollemann, F. Haase, M. Rienacker, V. Barnscheidt, J. Kriigener, N. Folchert, R.
Brendel, S. Richter, S. Grofler, E. Sauter, J. Hiibner, M. Oestreich, and R. Peibst
published in Scientific Reports in 2020 [144].

Section is based on the peer-reviewed paper [143]. Felix Haase and Robby Peibst
developed and optimized the cell process, which was continued to be enhance under
the participation of the author of this thesis. The author of this work performed

the cell monitoring via ILM measurements, its analysis, and the cell simulations.

Section is based on the peer-reviewed paper [144]. The author of this work

performed the PCD measurements and S.g calculation. Nils Folchert simulated the
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4 IBC solar cells with POLO junctions for both polarities

band structure of the (i)POLO junctions. Manuel Stratmann did the selective etch-
ing of the poly-Si, and he and Bettina Wolpensinger took the SEM images. Robby
Peibst did the calculations using the Fischer model. The ToF-SIMS measurements
were performed by Susanne Richter working in the team of Stefan Grofler ,,c-Si-
Defect diagnostics® at Fraunhofer Center for Silicon Photovoltaics. The author
did the analysis of these results and calculated the diffusion coefficients. Annika
Raugewitz did the ECV measurements. Felix Haase did the cell simulation. The
J-V measurements on p*(i)n™ test structures were done by Verena Barnscheidt and
analyzed by her and the author of this work. The author determined the implied
efficiencies of cells with varying (7) poly-Si region width. The time-resolved PL
measurements were done by Eduard Sauter and Jens Hiibner from the group ,,Spin
and charge carrier dynamics of complex semiconductor nanostructures” of Michael
Oestreich at the Institute for Solid-State Physics at Leibniz University Hannover.
The author of this thesis interpreted the results regarding the impact on the working
principle of the IBC cell with (7) poly-Si regions separating the n™ and p™ poly-Si

fingers.

4.1 Cell structure and processing

In this section, the fabrication process of 20mm x 20 mm POLOZ2-IBC cells is de-
scribed. Figure (a) shows the structure of these POLO?-IBC solar cells with an
(7) poly-Si region between the p* poly-Si and n™ poly-Si fingers on the rear side of
the cell. In addition, the processing of test structures with p*(i)n*t POLO junctions
of different (7) poly-Si region widths is described, which are used for the electrical

characterization of the p*(i)n™ junctions.
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Figure 4.1: (a) Schematic illustration of an POLO?IBC solar cell with n* poly-Si
and p* poly-Si contact fingers separated by a nominal intrinsic poly-Si region. (b)

Sketch of a pT(i)n™ test structure. This figure is reprinted from Figure 1 in Ref.
144,

4.1.1 Solar cells

The cell process flow, shown in Figure[£.2] is performed and compared on three wafer
types in this work. These are p-type Float Zone (FZ) wafers with a resistivity of
1.3 cm or 802 cm and n-type Czochralski (Cz) wafers with a resistivity of 2 cm.
The p-type wafers have a thickness of 300 um, and the n-type wafers have a thickness
of 250 pm.

All samples undergo a saw damage etch and a Radio Corporation of America (RCA)
cleaning sequence. Then the process starts with the growth of a wet thermal oxide
which is used as an etching barrier for the adjustment marks that are subsequently
defined by photolithography and etched in KOH. After the oxide is removed in 40%
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4 IBC solar cells with POLO junctions for both polarities

HF and the samples are cleaned again by the RCA cleaning sequence, a thermal
interfacial oxide layer of 2.2 nm-thickness is grown onto the wafer (Figure [£.2(b)).
The oxide is then covered with a 225 nm-thick LPCVD intrinsic a-Si layer (c) grown
at 550 °C. Local doping is achieved by masked ion implantation of boron and phos-
phorous into the a-Si layer on the rear side. Therefore photolithography is used to
generate photoresist implant barriers that guarantee high accuracy and are designed
to leave an intrinsic poly-Si gap between the n™ poly-Si and p* poly-Si fingers (d).
The finger pitches are 300 pm or 450 pm, while the (7) poly-Si gaps have a width of

2

20pm or 30 pm, unless otherwise stated. Seven 4cm? cells are processed on each

wafer.

In a tube furnace, the a-Si is crystallized and its surface oxidized during a high-
temperature wet oxidation step at 900°C for 30 min. During the oxidation, the
thickness of the n™ poly-Si layers decreases to (115 & 10) nm while the p™ poly-Si
thickness decreases to (150 £ 10) nm. A subsequent tube furnace process at 1035 °C
for 1 h under Ny atmosphere breaks up the interfacial oxide layer forming the POLO
contacts followed by an impurity gettering step at 550°C for 1h, also in Ny atmo-
sphere [145], [146] (e).

Hydrogen is introduced to the poly-Si/SiOy/c-Si interface on the rear side via an
80nm thick a-Si:H rich SiNy layer with a refractive index of 2.8 that is deposited
on the rear on top of the oxide and a subsequent annealing step in Ny atmosphere
at 425°C for 30min (f). Afterward, we remove the SiOy on the front side via a
one-side HF process, the poly-Si layer via a KOH etch and texturize the front side
using a KOH-based solution (g). The SiN, layer on the rear is selectively removed
in phosphoric acid (h). We define the contact areas by laser contact openings (LCO)
[25] on the rear side, introduced by a layer-selective laser ablation process [147] with
a wavelength of A = 355 nm and a pulse length of 9 ps that does not compromise the
POLO junction’s passivation quality underneath (i). This laser ablation is followed

by an RCA cleaning sequence.

A 20 nm thick atomically deposited (ALD) Al,O3 layer is deposited to passivate the
front surface, followed by a forming gas annealing step at 425°C for 30 minutes.
The AlyO3 then capped by a plasma-enhanced chemical vapor deposited (PECVD)
54nm thick SiNy layer with n = 1.9 and an 72nm SiOy layer again followed by
an annealing step at 425 °C for 30 min in N2 atmosphere (j). Finally, the rear side

of the cell is metalized by an evaporated aluminum layer covered with a sputtered
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4.1 Cell structure and processing

80nm SiOy layer (k). Again, we use a laser to pattern the SiOy (1), which serves as
an etching mask to separate the metal fingers by a 10s wet-chemical etching step
using a solution of phosphoric, nitric and acetic acid at 70 °C[25] (m).

Moreover, we process some POLO2-IBC cells on 160 pm thick 1.5 cm boron doped
p-type Cz material using a wet-chemical interfacial oxide grown in an ozone-based
solution. This POLO junction with a thinner and less stable oxide requires a lower
annealing and break-up temperature of 860 °C. Apart from the oxidation and the
annealing step, those cells see the same process flow described above. In addition, we
fabricate reference wafers with full-area n-type doped, p-type doped, and intrinsic
POLO contacts using the same front-end process. For further information about

the cell geometry, please refer to Table [4.1]
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B o typecsi [ ALO,
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Bl o poly-Si
(@) (f) SHEEEIE L (k) AAAAAAAAAAAAAAA
B R e Ll
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e e, G g

(c) (h) (m)

Figure 4.2: Schematic cross-sections of the POLO?-IBC solar cell at different steps
during the process sequence.
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4 IBC solar cells with POLO junctions for both polarities

Table 4.1: Input parameters for the solar cell simulations. This table is reprinted
from Table 1 in [143].

Cell name p-1.3 p-80 n-2
Bulk doping type p-type n-type
Bulk Pbulk [Q cm] 1.3 80 2
Bulk Ngop, [cm™?] 1.1 x 10 1.7 x 10" 2.4 x 10%
Cell thickness [pm] 290 240
Photogeneration [mA /cm?| 43.29 43.13
Bulk TSRH,bulk [HIS] 100[145]

Front surface Spons [cm s71] 0.1 to 100

Rear gap S; region [cm s7] 0.1 to 100

nTPOLO junction Jy ,+poro [fA/cm?| 4

ptPOLO junction Jy,+poro [fA/cm?] 10

nTPOLO junction pe,+poro [mcm?] 0.6

pTPOLO junction p.,+poro [mS2 cm?] 0.2

ntPOLO junction width [pm] 270

pTPOLO junction width [pm] 120

Nominal (7)POLO junction width dg,p [pm] 30

Finger pitch [pm] 450

Contact line width [pm] 7

Mobility model Klassen[114]
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4.2 Analysis of loss mechanisms
4.1.2 Test structures

Figure (b) shows the test samples’ structures prepared for the poly-Si p*(i)n™
diode investigation. The preparation starts with a 180 pm-thick n-type Cz Si wafer,
onto which we thermally grow a 100 nm thick oxide to avoid any carrier transport
through the wafer. This is followed by an LPCVD-deposited intrinsic a-Si layer. We
locally implant phosphorous and boron, patterned in two steps by a masking layer
of SiO, patterned by inkjet printed hot melt wax. Since this method leads to wavy
edges, variations of up to 10 pm per edge occur. The resulting structures yield 6 mm
long p*(i)n™ diodes with 1 mm wide p*™ poly-Si and n* poly-Si regions. The width
of the intrinsic region between p* poly-Si and nt poly-Si areas is nominally varied
between dg,, = 0pm and 380 pm. Upon ion implantation, the samples are annealed
under oxidizing atmosphere for 30 min (900 °C plateau), which is followed by 1h
inert annealing at 1050 °C. One-half of the wafers, like the cells, are hydrogenated
by an a-Si:H-rich SiNy layer followed by a 30 min annealing step at 425 °C. Finally,
aluminum is deposited on the samples, and the contacts are separated in a wet-

chemical etch bath with a patterned SiOy layer as an etching barrier.

widths dyqp: 0 - 380 pm

Legend

| ¢-Si base

B o -type c-Si

B poly-Si

width: 1 mm B o type c-Si

lenght: 6 mm - p poly-Si
SiO,

B Aluminum

Figure 4.3: Schematic cross-sections of the pT(i)n™ test structures.

4.2 Analysis of loss mechanisms

To improve solar cell efficiencies, it is essential to monitor the manufacturing pro-
cess. The data obtained from this monitoring helps to identify processes and loss
mechanisms that cause substantial degradation. This section’s main objective is
to investigate degradation during processing in the optimized process flow, which
enabled a record cell with an efficiency of 26.1%, and the influence of the base

material. Furthermore, edge losses and series resistances are quantified, and a Free
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4 IBC solar cells with POLO junctions for both polarities

Energy Loss Analysis (FELA) is carried out. This section is based on the peer-
reviewed paper [143].

4.2.1 Monitoring of cell parameters during processing

Figure [4.5| shows implied and measured J-V parameters after various process steps
for cells processed on three differently doped base materials. To obtain the implied
pseudo-J-V parameters from lifetime measurement results that allow a comparison
of ILM and J-V measurements, we need to estimate a value for J,.. We must
assume that J. decreases during the process, but the extent is, however, difficult
to determine. Therefore, we set the J,. to the value we measure with the masked
J-V measurement on the finalized cell, which provides a lower bound on the actual
Js. values during the process. Table gives an overview of the characterization
methods and the included losses for the various process steps. The first three data
points on the x-axis show the implied pseudo-efficiency after different process steps
until the completion of the cell, which are determined from ILM measurements.
The first data point presents the state after junction formation and hydrogenation
(step f in Figure [4.2)). This state is also where the recombination current densities
of the n*POLO and p™POLO junction are determined on reference wafers for the
simulations shown in section [£.2.3] The second data point shows the state after
contact opening (step j), and the third state is measured after the finalization of
the cell. Those three values are measured while illuminating the entire cell wafer

containing seven 4 cm? cells, i.e., in an unmasked state.

Due to the relatively small active cell area, losses from recombination in the perime-
ter region significantly harm these cells. The perimeter region is illuminated during
measurements without a mask, and charge carriers are also generated outside the
active cell area. When a mask is used to ensure that only the cell area is illuminated,
no charge carriers are generated outside the cell area, and a large gradient of charge
carrier density arises. This gradient induces a carrier flow from the cell area into
the perimeter region. Thus, the charge carrier density inside the cell is reduced,
leading to reduced implied V,. and J values. This effect is described in more detail
in Haase et al. [85]. However, it should be noted here that the cells examined in
that paper were still affected by poorer passivation in the rear perimeter region, in

contrast to the cells in this work, which are passivated by p* poly-Si in the perime-
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4.2 Analysis of loss mechanisms

ter region. To estimate the perimeter losses and isolate them from the loss due to

series resistance implied in the J-V measurements, we perform an unmasked and

masked ILM measurement of the finalized cells and compare them to the masked
Jse-Voe and J-V values. Here, the masked ILM and J,-V,. measurements should
ideally match exactly according to theory. As seen in Figure f.4] the two curves for

the cell on p-type 1.3 €2 cm materials indeed match quite well. In particular, the V.

matches precisely. For the other two materials, a slight overestimation of V. by the

data from ILM can be seen. The possible reasons for that will be discussed in the

following discussion of Figure Overall, however, the comparison shows that the

implied pseudo J-V data from ILM measurements allow a reasonable evaluation of

process-induced degradation.

Table 4.2: Overview of the applied measurement methods in the different monitor-

ing steps.
Process state Characterization Perimeter Excluded
method region losses
after hydrogenation (f) ILM unmasked perimeter loss, Ry
after contact opening (j) ILM unmasked perimeter loss, Ry
finalized cell (m) ILM unmasked perimeter loss, R
finalized cell (m) ILM masked R,
finalized cell (m) Joe-Vie masked R,
finalized cell (m) J-V masked -
(a) p-type 1.3 Q cm (b) p-type 80 Q cm (c) n-type 2 Q cm
10 F— T T T T —F 1 T T T I - T T T T
—_ i JSC g. i Jsc :. i JSC &
“g """"""""" T[T ST T
;_E. : /'I. )’;
-; _ I" /. o/
2 10°F ; E3 a T 7 3
‘g r/’ //. ./
3 %/ masked ILM 4 _/
10°F /' Imeasurement + /"’ -+ /I 3

(Implied) voltage V[V]

1 i 1 | - 1
055 060 065 070 075 055

1 1 1 17 1
060 065 070 075 05
(Implied) voltage V[V]

1 1 1
5 0.60 0.65 0.70 0.75
(Implied) voltage V[V]

Figure 4.4: Implied (pseudo-) and measured J.-V,. curves of finalized cells on (a)
1.3Qcm p-type (b) 80Qcm p-type and (¢) 2Qcm n-type material. The cells are
measured in the ILM setup and in the J-V setup as Ji.-V,. curves both with a mask.
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4.2 Analysis of loss mechanisms

Figure 4.5: (Previous page.) Implied and measured J-V parameters of the three
cells at different stages during the cell process. The ILM measurements are partly
carried out with and without a mask, whereas the J,.-V,. and J-V measurements
are only carried out with a masked perimeter region. The bright symbols in (a.1)
and (a.2) originate from the record cell, which was not measured in every state for
preserving reasons. This figure is reprinted from Figure 2 in |143].

Table 4.3: J-V parameters of the best cells. This table is reprinted from Table 2
in [143].

Cell name p-1.3 p-80 n-2
n (%] 26.1 249 246
Voe [mV] 727 722 723
Jie [em?] 42.6  43.1  42.0
FF [%] 84.3 80.2 81.0
Ry [ cm?] 0.16 0.28 0.01

Ry [MQ cem?] 100 4.8  0.002

The J-V parameters of the best-finalized cell of each group are shown in Table
Figure [4.5(a.1) shows the (implied pseudo-) efficiency and the (implied pseudo-) fill
factor of the 1.3Qcm p-type (p-1.3) cell. For conservation reasons, the best solar
cell, later measured to have a record efficiency of 26.1 %, is not measured in each
state (bright symbols). Therefore, we also show a nominal identical cell (dark sym-
bols) with slightly lower J-V parameters to observe the degradation curve and the
perimeter loss. The implied pseudo efficiency of this cell after hydrogenation is mea-
sured to be 26.5%. It decreases slightly after front side processing, contact opening
and separation and is 26.3% for the finalized cell in the unmasked and 26.0% in
the masked configuration. Thus, the efficiency loss due to perimeter recombination

amounts to 0.3 %ps.

The entire processing of the front side of the cell takes place between the first
ILM measurement ,after hydrogenation* and the second measurement ,after contact
opening®. First, the front side is textured, then contact opening takes place, and
the front side is provided with a double anti-reflection coating. Afterward, the
LCOs are shot into the oxide on the rear side. In [25], a detailed study of different
wavelengths, laser powers, and poly-Si thicknesses was performed for both n- and

pTPOLO junctions. Thus a damage-free LCO process was identified on symmetric
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4 IBC solar cells with POLO junctions for both polarities

test structures with POLO junctions on both sides. On the cell wafers, the front side
is, however, textured and passivated with an AlyO3/SiN, /SiOy stack. Therefore, it
is reasonable to assume that the reason for losses occurring is more likely to be on
the front side of the cell. However, no losses are observed in V. for this step while
the F'F is affected. The subsequent metallization process and primarily the contact
separation, which consists of a laser process and a subsequent wet-chemical etching
step, lead to a degradation in F'F and V.. Here the wet-chemical Al etching step

might have damaged the front side passivation.

The Jg -V, measurement, which also provides the pseudo-efficiency in the masked
state and is performed to verify the method, gives a pseudo efficiency of 25.9 %, which
agrees well with the ILM measurement of 26.0 %. The final J-V measurement gives
an efficiency of 25.8 % resulting in a loss of 0.1 %,y induced by a series resistance of
0.07 Qcm?. After contact opening, the record cell shows an implied pseudo efficiency
of 26.8 %. The completed cell shows a pseudo efficiency of 26.3 % and an efficiency
of 26.1 % resulting from a slightly higher efficiency loss of 0.2 %.ps due to a series
resistance of 0.16 Qcm?. The J-V curve of this cell, measured at ISFH CalTeC, is
shown in Figure [4.0

Figure [4.5(b) shows the J-V parameters of the cell on p-type, 80 2 cm material (p-
80). The implied pseudo efficiency after hydrogenation starts at a higher value of
26.8 %, identical to that of the record cell on 1.3 € cm material after contact opening.
The observed degradation for the p-80 cell of 0.6 %, in efficiency is larger than the
corresponding degradation of the p-1.3 cell (0.2 %aps)-

The implied pseudo efficiency drops to a value of 26.2 % after completed processing,
measured in an unmasked state and 25.6 % in a masked state. This decrease in
implied pseudo-efficiency is mainly due to a loss in the implied pseudo-fill factor,
while the implied open-circuit voltage is less affected. Crosschecking with the Ji.-Vi.
measurement shows differences in the pseudo-efficiencies, the pseudo-fill factors, and
especially in the open-circuit voltages. The pseudo efficiency of 25.3 % determined
with the masked Ji.-V,. measurement is 0.3 %a.ps lower than the value from the
masked ILM measurement. The largest difference occurs with V.. Here, the ILM
measurement overestimates V. by 0.011 V. Overestimation of 7.¢ by the dynamic
ILM method is a known artifact due to injection-dependent lifetimes [121], [124].
The injection level, at which V,. is determined, is >1 x 10* cm™2 for the weakly

doped p-80 material in contrast to the other two materials, which are already in high
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Figure 4.6: Light J-V curve and power in dependence of the voltage of the
POLOZIBC cell measured at the ISO 17025-accredited Calibration and Test Cen-
ter, ISFH CalTeC. The power conversion efficiency of the POLO?-IBC-IBC cell is
(26.10 + 0.31) %. This figure is reprinted from [25].

injection, where the Auger recombination leads to a steep gradient in the lifetime.
Herlufsen [124] p. 84 - 87] has shown that this can lead to a significant overestimation
of the lifetime by the dynamic ILM method. However, this effect was simulated only
for material with Ngo, = 1 x 10'® cm™ where a significant error occurs only for An
> 1 x 107 em™3. It is, however, possible that this effect affects the p-80 material
already for An > 1 x 10 ecm™ and can thus explain the overestimation of the
iV,. values. This overestimation of V. also leads to slightly underestimating the
implied pseudo-fill factor by the ILM method. However, the lifetime and hence
the implied recombination current is not affected at MPP. Compared to the p-1.3
cells, the p-80 cell exhibits a larger efficiency loss of 0.4 %, due to series resistance,
which is 0.27 Q cm?2. Process-induced degradation is also observed for this cell type,
especially in the F'F. As mentioned above, however, the low doping of the base
probably leads to a significant overestimation in V., so a possible degradation might

be superimposed here.

Figure [4.5(c) shows the J-V parameters of the cell on n-type, 2 cm material (n-2).

23



4 IBC solar cells with POLO junctions for both polarities

Again process-induced degradation leads to a decrease of the implied pseudo effi-
ciency from 26.4 % after hydrogenation to 26.0 % after the contact opening. The
decrease of implied pseudo-efficiency during the final process step to 25.1 % is par-
ticularly strong. The two (implied) pseudo-efficiencies measured on the finalized
cell in the masked state by ILM and J.-V,. differ by only about 0.1 %.ps. The se-
ries resistance of 0.01 Q2 cm? causes an efficiency loss that is smaller than 0.1 %ps.
The overall poorer performance of these cells can be attributed to several reasons.
Firstly, the material with 240 pm is thinner than the wafers of the p-type cells with
290 pm. Secondly, the structure of the p™ and nt*POLO on the backside was not
adapted for these cells. Thus, the emitter area fraction is only 27 % instead of 60 %.
Furthermore, last but not least, the metal contacts are separated between the n*
and (7) poly-Si regions independent of the base doping. Therefore, in the case of
the n-type base, the emitter metallization overlaps with the (¢) poly-Si region. In
the case of the n-type base, this leads to shunt currents through the leaky SiO, on
the rear side (Rg, = 1800 cm?). Thus, separating the n™ poly-Si and the intrinsic

poly-Si region would have been advantageous for the n-2 cell to minimize shunting.

4.2.2 Free Energy Loss Analysis

A Free Energy Loss Analysis [137] is carried out to compare the loss mechanisms
found in the previous subsection with recombination and transport loss contributions
to the total energy losses of the cell. Therefore a front surface recombination velocity
Stont and a recombination velocity at the interface between the c¢-Si and the nominal
(7) poly-Si region S egion need to be estimated. On symmetrical precursors with
symmetrical front side passivation (textured and passivated with Al,O3 and SiNy),
Stont values between 0.3 and 2cm/s are measured. On precursors with full-area
(1)POLO junctions, S values of > 100cm/s are measured. However, due to the
actually achieved high efficiencies, S egion must be much smaller in the narrow
(7) poly-Si regions of the cell. An exact determination of the passivation quality in
the narrow (7) poly-Si areas is difficult and will be considered more closely in the

next chapter.

Under the assumption of an excellent passivation Sgon is set to 0.1 cm/s and S; region
to 10 cm/s for the FELA shown in Figure which gives the different loss channel

contribution for the three wafer materials. Since only the unit cell is simulated, edge
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4.2 Analysis of loss mechanisms

losses and possible series resistances due to finger line resistances are not included

here.

bulk electron transport loss
bulk hole transport loss
bulk intrinsic recombination
bulk SRH recombination
n* POLO finger resistive loss
n T POLO contact resistance loss
n*POLO contact recombination p-type 1.3 Q cm
n * POLO finger non-contacted recombination n-type 2 Q cm
p t POLO finger resistive loss p-type 80 Q cm
p *POLO contact resistance loss
p T POLO contact recombination
p * POLO finger non-contacted recombination
front surface recombination

rear gap recombination
0.0 0.1 0.2 03 04 05 06
Loss [Yoabs]

Figure 4.7: FELA analysis of the three cells according to a Quokka simulation
assuming Spone = 0.1 cm/s and S;region = 10 cm/s. The losses due to recombination
and resistance are given in %.ps. This figure is adapted from Figure 3 in [143].

A large part of the loss that limits the cell efficiency is intrinsic bulk recombination
or doping-dependent Auger recombination. The cells on p-1.3 material lose about
0.6 %.ps efficiency compared to 0.4 %ap,s on p-80 material. The loss of n-type cells is in
between with 0.53 %.1s. Rear gap recombination behaves inversely to intrinsic bulk
recombination concerning base doping. Here, the p-1.3 material performs best with
only 0.13 %.ps loss, whereas the p-80 material loses 0.38 %a1s. This severe loss for
the lower doped materials matches the observed higher sensitivity to degradation
during fabrication. Adding up the rear gap recombination and the intrinsic bulk
recombination shows that the p-1.3 has an overall advantage of 0.15 %,1s over the
other two materials. Since this FELA is based on very low Sjegion Values, an even
more significant advantage for more highly doped material can be expected for a

less than excellent passivation.

Other large losses are hole and electron bulk resistive losses. The two p-type base
materials perform very similarly overall. Both losses give a total of 0.34 %,ps. In

the case of the p-1.3 cell, the minority carrier resistivity leads to large losses. In
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4 IBC solar cells with POLO junctions for both polarities

the p-80 case, the ratio between electron and hole-related resistive losses is reversed,
and here the greater losses occur due to majority charge carriers (holes). Thus an
optimization might be possible by slightly increasing the base finger area fraction.
The n-type cell performs about 0.05 %,,s worse than the other two. However, this
can be attributed to the adverse ratio of emitter and base areas, as the doping of
the fingers is not switched due to the changed base doping. An improvement can

thus be expected by swapping the fingers’ polarity.

All in all, the p-1.3 cell performs best. The simulated efficiency potential of the p-1.3
cell is highest with 27.01 % followed by the p-80 cell with an efficiency potential of
26.83 %. The n-2 cell has an efficiency potential of only 26.49 % due to a lower Jg.
value (see Figure[£.8). This can be attributed to the lower cell thickness in addition

to the other effects described above.

4.2.3 Quantification of process-induced degradation and

(/) poly-Si region passivation quality
Unit cell simulations

In the following, simulations of the POLO?IBC cells are performed. For all three
base materials, we simulate efficiency, fill factor, short circuit current density, and
open-circuit voltage of a unit cell as a function of the surface recombination velocity
at the front side Sgont and at the interface between the c-Si bulk and the nominal
(7) poly-Si region at the rear S; yegion. These unit cell simulations based on the pa-
rameters given in Table [4.1| do not account for perimeter recombination as it occurs
on the cell level during the masked J-V measurement. Moreover, a possible impact
of the line resistance of the Al fingers is not included. To enable a comparison
between measurements and simulations, all simulated parameters are corrected by
the perimeter loss. In other words, we subtract the respective perimeter recombina-
tion losses determined from the difference between the masked and unmasked ILM

measurements from the simulated values for each cell separately.

Figure shows the resulting J-V parameters as contour plots as a function of
the front and (7) poly-Si region SRV, which are varied between 0.1 to 100 cm/s.

The three cells show similar performance in the area of Sgont and Siregion 0f 0.1 to
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4.2 Analysis of loss mechanisms

lem/s. All four main J-V parameters decrease with increasing surface recombi-
nation velocity. However, the decrease is less severe for an increasing S; region Since
the (7) poly-Si region covers only 13.3 % of the surface compared to the entire front
surface. In particular, the J,. is greatly reduced by increased front surface recombi-
nation velocity since carriers generated next to the front side recombine there and
do not reach the contacts on the rear anymore. J. of cell n-2 additionally suffers
more from electrical shading since it has only 27 % instead of 60 % of the rear sur-
face covered by an emitter region. With an emitter coverage of 60 %, a simulation
with Sgont = 1em/s and S;region =10 cm/s shows a 0.1 mA cm ™2 higher short circuit
current density. This could be achieved by adjusting the doping pattern, which is

the same here as in the p-type cells.

The open-circuit voltage, fill factor, and consequently, the efficiency decreases more
sharply with increasing surface recombination velocity for the cells with lower bulk-
doping concentration. This is particularly strong for the p-80 cell and a significant
result, indicating the higher vulnerability of cells with a low-doped bulk concerning

surface passivation degradation.
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4.2 Analysis of loss mechanisms

Figure 4.8: (Previous page.) The contour plots show the efficiencies, fill factors,
short-circuit currents, and open-circuit voltages of the three cells as a function of
Stront aNd Siregion. The experimentally determined loss due to perimeter recombi-
nation is subtracted from the unit cell simulation results to enable a comparison
to the experimental data. The dashed white contour lines show the measured J-V
parameters of the finalized cells (including losses from series resistance, perimeter
recombination, and process-induced degradation). The solid white lines show the
implied J-V parameters as determined by ILM in the state after hydrogenation of
the POLO contacts, reduced by the series resistance loss (difference Jy-Vo./J-V)
and the perimeter loss (difference masked/unmasked ILM) for each cell. Conse-
quently, the different positions of the solid and dashed white contour lines originate
from the process-induced degradation of the surface passivation quality. This figure
is reprinted from Figure 4 in Ref. |143].

Comparison to results from process monitoring

In the following, the simulations of the POLO?-IBC cells are compared to the find-
ings obtained through process monitoring. This way, the surface recombination
velocity of the nominal (7) poly-Si region and the increase in front surface recombi-
nation velocity during the back-end processing, i.e., processing of the front side and

rear side metallization, can be quantified.

In addition to the simulation results in Figure |4.8] also measurement results are
marked to enable a direct comparison. To quantify the process-induced degradation
during back-end processing, we need to compare the J-V parameters measured on
finalized, masked cells with the implied pseudo J-V parameters obtained by ILM
after the hydrogenation step (see step (f) in Figure [£.2). Since the latter measure-
ments are performed without a mask, they do not include perimeter recombination
or series resistance losses. We, hence, subtract the perimeter losses (difference un-
masked /masked ILM) and the series resistance losses (difference Js.-Voe and J-V)
from the implied pseudo J-V parameters measured after hydrogenation. The re-
duced implied pseudo J-V parameters at this stage — before any process-induced
degradation — are illustrated as white solid lines in Figure 4.8l The white dashed
lines show the as-measured J-V parameters of the finalized cells. Thus, these two

lines differ only in the process-induced degradation of the surface passivation.

Furthermore, we are using these white contour lines to estimate the surface recom-

bination velocity Sjiegion in the nominal intrinsic region. This value is difficult to
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4 IBC solar cells with POLO junctions for both polarities

access by other means due to the width-dependent doping due to interdiffusion and
the narrow width of 30 pm of the regions. Since each contour line represents numer-
ous Stont aNd Siregion Value combinations, a reference point for Spoy is needed to
conclude on Sjregion. The front surface recombination velocity determined from J
values of full-area reference wafers with n™POLO junctions as present on the front

side before back-end processing gives this reference point (white dots in Figure {4.8)).

p-1.3 cells

The p-1.3 cell shows a lower efficiency loss due to process-induced degradation than
the other cells. This observation is consistent with the loss analysis, revealing a
comparatively lower sensitivity to a decrease in surface recombination velocity Stont-
This is also true for the fill factor and the open-circuit voltage, which depend less

on Sgont than for the other cell types.

Stront, nporo refers to the state (f) in Figure before the front site processing and
is (1.95 £ 0.65) cm/s determined on the full area nTPOLO reference wafers (white
dots). Combining this reference point with the efficiency contour line of 26.09 %
gives an estimate of the surface recombination velocity S;region il the range of about

20 cm/s in the state before any process-induced degradation (white dot in the upper

left graph in Figure and Table .

The J-V parameters after completion of the cell, shown by the white dashed contour
line, are all reduced compared to the values in the state after hydrogenation. We
attribute this reduction primarily to a deterioration in front surface passivation,
as described in Nevertheless, degradation of the interface passivation of the
nominal intrinsic poly-Si region is possible. However, assuming that the back-end
processing only affects the front surface passivation, an estimation for the final front
surface recombination velocity can be obtained (black point) and yields a value of
Stront, finalized = 4.4cm/s (shown in Table .

Simulation of the fill factor reveals a similar S; jegion value of 21 cm/s and a surface
recombination velocity of the finalized cell of Sgont, finalizea = D to 7cm/s. Since the
Jsc of the p-1.3 cell is almost independent of S;iegion, the surface recombination

velocity of the finalized cell can be approximated to be Skont, finalizea = 10 cm/s.

The open-circuit voltage of this cell is so high that it does not meet the measured
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4.2 Analysis of loss mechanisms

values of Skont, nporo. However, the maximum of S; yegion i 13 cm/s, which is well
below the values determined from the other three parameters. Finding the reason

for this needs further investigation.

p-80 cells

Although the unit-cell simulation gives the highest efficiency for the p-80 cell, it
only has an implied efficiency of 25.79 %, starting on a lower level than the p-1.3
cell. This can be attributed to the larger perimeter recombination loss of 0.6 %ps
and series resistance loss of 0.4 %,1s. The simulation and the measured data show a
strong correlation with the surface recombination velocity and, thus, a distinct loss
in the efficiency and the fill factor.

Stront, nporo determined on the associated reference wafer is (0.5 £0.1) cm/s, and
so the simulation of the efficiency gives an estimation for S jegion of about 13 cm/s.
The Stont, finalizea Of the finalized cell can be estimated to be about 2.3cm/s us-
ing the efficiency simulation. The fill factor gives very similar values of i egion =
15cm/s and Skont, finalizea = 2.4 cm/s for the finalized cell. The front surface recom-
bination velocity of the finalized cell determined from the short circuit current is
Stront, finalized = 1.3 cm/s, which is slightly lower than the values determined from the
simulation. As mentioned above, the open-circuit voltage is also overestimated by
the ILM method and is thus out of the simulated range.

Overall, assuming that the degradation during the process only affects the passiva-
tion of the front surface, the recombination velocity of the front surface increases
from about 0.5 £ 0.1 to an upper estimate of (2.4 £0.1) cm/s.

n-2 cells

The n-type cell starts from an equally reduced pseudo efficiency level of 26.04 %
compared to the p-1.3 cell. Furthermore, the ILM method overestimated the implied
open-circuit voltage for this bulk material, and this cell is suffering from a shunting

issue that affects the (implied pseudo) fill factor.

The front surface recombination velocity determined on the related reference wafer

is (0.3 £0.1) cm/s, giving a S; region value of 9cm/s from evaluation of the efficiency
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Table 4.4: Spont and Siregion values determined by the comparison of simulation
and experiment. This table is reprinted from Table 3 in Ref. [143].

Cell name p-1.3 p-80

Sfront,nPOLO [Cm S_l] 1.95+£0.65 05+0.1
Sfronmﬁna]ized [cm S_l] 4.4 to 10 1.3t02.3
Si region [cms™] 20 to 21 13 to 15

simulation results and a value of 4cm/s for the fill factor. Both values are smaller
than those obtained on the p-type wafers, but they are probably less reliable due to

the shortcomings of this cell.

4.2.4 Summary and discussion of Section [4.2]

The best-reached efficiency of 26.1 % [25], independently confirmed at ISFH CalTeC,
of the best POLO?-IBC solar cell on 1.3 2 cm p-type material was the second-highest
reported efficiency in 2018 for Si single-junction cells (in terms of team ranking) and
is still the current world record on p-type Si material. By performing a systematic
process monitoring by ILM measurements of POLO?-IBC cells on three different
base materials (1.3 and 80 Q cm p-type and 2 cm n-type), we reveal their different

behavior and thus suitability for achieving highest energy conversion efficiencies.

The analysis of process-induced degradation shows that the efficiency potential of the
POLO2-IBC cell is not fully exploited yet. Process induced degradation accounts for
0.3 Yoabs, 0.6 %aps and 1.3 %aps for the p-1.3, p-80 and n-2 cells respectively. Reasons
for the degradation of the passivation quality are assumed to be the damaging
of the front side passivation by the LCO process and the wet-chemical contact
separation process, as well as Al spiking through the oxide and producing shunts in

the (7) poly-Si region.

We suspect that in the case of the p-80 cell, the stronger degradation is caused by
the lower resistivity, which leads to a higher injection condition at MPP and, thus, a
stronger sensitivity to surface recombination. Here the implied pseudo-FF is mainly
responsible for the loss in efficiency while the V,. remains almost constant. However,
it should be noted that the comparison between ILM and J-V measurement of the

finalized cells shows that the ILM measurement significantly overestimates the V..
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4.2 Analysis of loss mechanisms

This considerable degradation makes up for the initially higher potential of the p-80
cell compared to the p-1.3 cell.

In the case of the n-type cell, the even greater degradation is suspected to be induced
by electrical shading due to an adverse ratio of base and emitter area fractions.
Moreover, the metal contact fingers of all three cells, independent of the base doping
type, are separated between the n™ poly-Si and the nominal intrinsic poly-Si region
(see Figures [4.2(1) and (m)). Therefore the emitter metallization overlaps with the
(7) poly-Si region in the case of the n-type base, which leads to shunting currents
through the leaky SiOy on the rear side (Ry, = 1800 Qcm?). Thus, separating the

nt poly-Si and the intrinsic poly-Si region would enable higher efficiencies.

Perimeter recombination also leads to a significant loss in efficiency for all three
cells. With 0.6 %, the loss of the p-80 cell is in comparison to 0.3 %.ps (p-1.3) and
0.4 %aps (n-2) particularly pronounced. Due to the lower doping in the p-80 material,
mobility and lifetime (due to lower Auger recombination) are increased, leading to
an increased effective diffusion length L.g. These larger L.g values, in turn, lead to

a larger current into the edge regions and thus to higher losses |142].

The series resistances of the cells also differ significantly with 0.1 to 0.2 %aps, 0.4 Y%ans
and 0.02 %a,s for the p-1.3, p-80 and n-2 cells respectively.

Finally efficiencies of 26.1 % and 24.9% on a 1.3 cm and 802 cm p-type FZ wafer
and 24.6 % on a 2Qcm n-type Cz wafer respectively are reached. The subsequent
FELA also shows the same qualitative trend between these cell types, although the
simulated difference between the p-1.3 and p-80 cells is significantly smaller. In
particular, poorer passivated surfaces than assumed in the simulation probably play
a major role here. Altogether, the low-resistance p-type material is thus the most
suitable of the three groups. At the same time, the n-type cell could be significantly
improved by flipping the finger doping type.

By comparing the ILM and J-V measurements with a finite element simulation,
we determine the surface recombination velocity in the nominal intrinsic poly-Si
region in the range of 12 to 21 cm/s. Using the same approach, we analyze the
increase of the front surface recombination velocity during cell processing from 2
to 10cm/s for the 1.3Qcm and from 0.5 to 2.3cm/s for the 80 Q2 cm. This, in
turn, leads to the finding that cells fabricated on lowly-doped bulk material are

more vulnerable to process-induced degradation of the surface passivation, which is
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4 IBC solar cells with POLO junctions for both polarities

particularly important for establishing a robust, industrially relevant cell process.

4.3 Investigation of the working principle of the

pT(i)n* back contact structure

This section investigates the p*(i)n™ poly-Si contact structure on the rear of the
POLO2-IBC cells, which implements a separation of the n* and p* poly-Si fingers
by a nominally intrinsic poly-Si region. The effect of the intrinsic region on the
rear side passivation and the recombination current across the diode is analyzed.
These charge carrier separating regions are a simple method to avoid a lateral p*n*
poly-Si junction between the base and emitter poly-Si fingers, which would lead to
high recombination currents if they were not isolated from each other [83], [84], [86],
[148].

This section is based on the peer-reviewed paper [144] to which other groups have
contributed. The time-resolved PL measurements were done by E. Sauter and J.
Hiibner from the group ,,Spin and charge carrier dynamics of complex semiconductor
nanostructures® of M. Oestrich at the Institute for Solid-State Physics at Leibniz
University Hannover. The ToF-SIMS measurements were performed by S. Richter,
working in the team of S. Grofler ,,c-Si-Defect diagnostics® at Fraunhofer Center for

Silicon Photovoltaics.

4.3.1 Impact of the poor passivation quality of ;POLO junctions

on the cell performance

The 7 poly-Si region itself negatively influences the passivation at the oxide inter-
face to the wafer, as a field effect passivation is not present. To estimate the impact
of an 7 poly-Si region on the rear surface passivation quality, we measure the car-
rier lifetimes using the PCD method on symmetric reference samples with full-area
pTPOLO, n*POLO, and iPOLO junctions processed in this cell batch. Table
shows a lifetime of only 9ps at the MPP in the :POLO sample while the two sam-
ples with doped POLO junctions have effective lifetimes of 1400 ps and 3300 ps,

respectively.
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Table 4.5: Effective lifetimes measured on symmetric full area reference wafers with
iPOLO, n*- and p™POLO junctions after hydrogenation. This table is reprinted
from Table 1 in Ref. [144]. This figure is reprinted from Figure 6 in Ref. [144].

Reference sample 7. at MPP of the cell [ms]

iPOLO 0.009
p*POLO 1.392
n*tPOLO 3.289

To determine the influence of the poor lifetime on the cell performance, we simulate
the unit cell of our POLO%*IBC solar cells. The simulations are performed using
Quokka2 |138], [139], which employs our conductive boundary model [141]. For
this simulation, we first calculate the injection-dependent surface recombination
velocity, Seg, from the injection-dependent lifetime 7.4 measured on the :POLO

sample, assuming a bulk Shockley-Read-Hall lifetime of 100 ms.
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Figure 4.9: Surface recombination velocity Seg as a function of the excess carrier
concentration and the resistivity of p-type silicon wafers with symmetric :POLO
junctions. This figure is reprinted from Figure 5 in Ref. [144].

Figure 4.9 shows the Seg values of the :POLO reference samples on 1.3€2cm and
802 cm material. We observe a decreasing SRV with decreasing doping level, as
has also been shown for bare thermally oxidized p-type wafers |77]. This effect can

be explained by positive fixed oxide charges Q)¢ that do not depend on the wafer
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4 IBC solar cells with POLO junctions for both polarities

resistivity. These charges cause a depletion at the surface in lightly doped p-type
Si wafers, resulting in high S.g values. The depletion evolves toward inversion with
decreasing doping level and thus lower S.g values for the lowly doped 802 cm ma-
terial. As shown in Figure for the 1.3 €2 cm material, the depletion condition is
enhanced when intrinsic poly-Si is applied on top of the oxide, leading to stronger
recombination, which occurs in an intermediate region between depletion and in-
version and therefore, even higher S.g values. The corresponding band diagram
in equilibrium (see Figure for the 1.3€2cm material has been calculated with
the semiconductor module of Comsol Multiphysics, using the common models for
numerical device simulations of solar cells [149] and assuming a fixed charge density

of 5 x 10'°cm ™2 adjacent to the silicon wafer.
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Figure 4.10: Band diagram of an 1.3¢2cm sample in equilibrium at the interface
to the silicon oxide with and without 7 poly-Si on top. The figure is reprinted from
Figure 6 in Ref.[144]

For the simulation of a p-1.3 POLO?IBC cell, the calculated injection dependent
Sesr values for the :POLO areas, and all the other simulation parameters from Table
are taken. The simulation shows that the (¢)POLO junctions with a width
of dgs, = 30m, covering 13.3% of the rear side area, would limit the efficiency
potential to 14.9 %. However, 26.1 % efficiency is achieved with this cell structure.
The discrepancy between the simulated efficiency of 14.9 % and the actual measured

efficiency of 26.1 % hints toward a significant difference between the S.g value of the
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(1)POLO regions in the cell and the iPOLO test structures, used here for the Seg

calculation.

4.3.2 Density of pinholes and their impact on the passivation of
iPOLO junctions

Determining the areal densities of the pinholes helps to understand whether the high
recombination activity at the c-Si/SiOy /7 poly-Si interface is caused exclusively by
the moderate chemical passivation of SiOy on p-type Si [77] or possibly also by
the formation of pinholes [66], [67], [135], [150] in the interfacial oxide. We use
the selective etching method developed by Tetzlaff et al. [67] followed by scanning
electron microscopy (SEM) examination to determine the pinhole areal densities
that are listed in Table[4.6] Differences between the p* POLO, n* POLO and iPOLO
junctions and etching times can be seen. However, the base doping does not affect

the areal density of the pinholes.

Table 4.6: Etch pit areal density (EPD) in the interface oxide of a p*, n™ and
1POLO junction after appropriate etching times. This table is reprinted from Table
2 in Ref. |144].

Junction  Resistivity EPD Jo  Etching time
1POLO 1.3 (2.640.1) x 10° 2900 5
1POLO 80 (2.8 +0.2) x 10° 540 5
nTPOLO 80 (1.0 £ 0.6) x 10® 6 1
ptPOLO 80 (1.96 +£0.09) x 10" 5 5

Figure shows SEM images of the n"POLO, p™POLO and iPOLO samples
etched for 5min and the nt*POLO sample etched for 1min. Figure d.11j(a) of the
nTPOLO sample etched for 5 min shows that the etch pits have reached a size that is
so large, that several of them touch each other. Thus, an evaluation of these images
would underestimate the etch pit density. Therefore, an appropriate etch time is
chosen for each sample. To eliminate the influence of local differences in the etch
pit density, we examine an area of 1000 pm? for each sample. The n™POLO contact
contains the largest etch pit areal density of (1.0 & 0.6) x 10% cm™2 (etch time 1 min).
The p*POLO sample has a lower etch pit density of (1.96 £ 0.09) x 10" cm™2 and
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pPOLO iPOLO

Figure 4.11: SEM images of full area reference samples on 802 cm p-type wafers
after etching with 15% TMAH at 80°C. The samples are tilted to 31° out of the
vertical position. In figure (a), after etching for 5min the etch pit are so wide that
they are growing into one another, which would falsify the areal density. Thus, we
chose a shorter etching time of 1 min (b) for the evaluation of this sample. In figures
(c) and (d), the etching time of 5min is appropriate for determining the pinhole
areal density. This figure is reprinted from Figure 7 in Ref. .

the iPOLO samples shows the lowest etch pit density of (2.8 4 0.2) x 10°cm™2 on
an 80 Q2 cm wafer and (2.6 £0.1) x 10°cm™ on a 1.3 Q cm wafer.

Figure shows an SEM image of a p* (i)n™ junction on a cell wafer. This image
confirms that the differences in etch pit density between those regions are also present
inside the cell structures. However, the etch pit size differs here from the full-area
samples. In the p* poly-Si region, there are extensive etch pits of up to 3 pm size,
which do not occur in the full-area p™POLO samples. Furthermore, the reason for

the accumulation of etch pits at the interface with the n*POLO region is unclear.

Concerning the pinhole current transport picture, doping of the poly-Si is essential
to introduce carrier selectivity , . Intrinsic domains, therefore, do not exhibit
carrier selectivity and thus allow strong recombination at the interface. However,
the i{POLO sample exhibits considerably fewer etch pits than the doped POLO
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p* poly-Si i poly-Si n* poly-Si

Figure 4.12: SEM images of cell wafer on 1.3 cm p-type material after etching
with 15% TMAH at 80°C for 4min. This figure is adapted from Figure 8 in Ref.
1144].

samples. However, the recombination activity at the still present pinholes will be
larger than for the p*POLO and n"POLO junctions due to the lack of asymmetry of
electron and hole concentrations and thus leads to a negligible carrier selectivity. To
estimate the recombination activity of the pinhole, we calculate the recombination
current density as a function of the areal density of the pinholes using the Fischer
model , . We assume a pinhole radius 7p;, of 2nm following the transmission
electron microscope (TEM) studies performed by Tetzlaff et al. and Peibst et al.
. Here, we consider recombination in the pinholes only, i.e., we assume a surface
recombination velocity of zero for the passivated regions and S pinnote = 1 X 107 cm/s

within the pinholes.

Figure [4.13] shows that the simulated recombination current density as a function
of the pinhole areal density (lines) decreases with the doping concentration and
decreasing pinhole areal density. The measured recombination current density Jy of
the 802 cm sample (blue star) is only slightly higher than the simulated value. The

simulated recombination current density of the 1.3 cm sample (red star) is about

69



4 IBC solar cells with POLO junctions for both polarities
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Figure 4.13: Recombination current density as a function of the pinhole areal
density determined using the given parameters together with the Fischer model.
[151]. The blue and red lines present the two p-type base materials used for the cells
and the reference wafers. The stars indicate the recombination current densities
calculated from the measured lifetimes and the respective measured pinhole areal
densities. This figure is reprinted from Figure 9 in Ref. [144].

three orders of magnitude higher. Thus, recombination at the interface clearly
dominates in the 1.3 cm sample and is at least as large as the recombination in

the pinholes in the 80 2 cm sample.

4.3.3 Comparison of large area and small area, embedded

(/) poly-Si regions

To track down the apparent contradiction between the actual and the simulated
efficiency, based on the S.g values of the full-area :POLO reference samples, we take
a spatially resolved ILM image of cell precursors in the pre-metallization state (see
Figure. The image shows low lifetimes and thus high SRV in four large 7 poly-Si
regions. However, the cell regions containing interdigitated p* POLO and n*POLO

finger structure with either 20 pum or 30 pm nominal (7) poly-Si regions show the
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highest lifetimes across the wafer. These high lifetimes in the cell areas indicate that
the small-area (7) poly-Si regions embedded between the n and p* poly-Si fingers

are qualitatively different from the four large area i poly-Si areas.

oms NIRRT @ 1 sun Ul 1.2 ms

Figure 4.14: Spatially resolved carrier lifetime of a cell at 1sun illumination mea-
sured by the ILM method. The active cell areas of the seven solar cells are marked
with squares, and the value inside gives the nominal width of the intrinsic region.
The rear side area between the cells is passivated with p™ poly-Si. Four smaller
regions with low lifetimes are 7 poly-Si regions. This figure is reprinted from Figure

10 in Ref. .

Interdiffusion of the dopants into the initially intrinsic embedded regions during the
high-temperature treatment (1035°C for 1h) of the POLO contacts could explain
this result. The fact that the diffusion coefficients D of boron and especially phos-
phorous in poly-Si are about four orders of magnitude higher than the corresponding
values in crystalline Si (at 7' = 1050°C of Dp = 1.4 x 107% cm?/s and Dp =
6.3 x 10712 cm?/s [153]), supports this hypothesis.

4.3.4 Lateral interdiffusion of dopants in the embedded
(¢)POLO regions

We conduct lateral and depth-dependent ToF-SIMS measurements on a solar cell

precursor after annealing at 1035°C that exhibits 30 pm-wide nominal (7) poly-Si
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regions to clarify whether lateral diffusion indeed is responsible for the improved
lifetime in the cell area (see Figure {4.15)).

The lateral and depth-dependent measurement shown in Figure M(a) is performed
over a volume with an area of 150 x 150 pm? and a depth of about 314nm. The
summed dopant concentration over the entire 150 x 150 pm? surface area in the x
and y direction and to a depth of 100 nm into the wafer is shown in Figure [4.15|b).
The measurement reveals an average phosphorous concentration of 5 x 10?° cm ™3 in
the n™ poly-Si region and a boron concentration of 4 x 10* cm™ in the p* poly-Si
regions. An error function decay in dopant concentrations from the adjacent re-
gions is observed in the region that was originally undoped before the annealing
step. The boron concentration decreases more rapidly with distance from the
pT poly-Si region, yielding a diffusion coefficient of about (8 4 2) x 107! cm?/s.
The phosphorous diffuses much further, resulting in a fitted diffusion coefficient of
(2+1) x 107 cm?/s. The boron and phosphorous concentration curves intersect
at a distance of 24 um from the n™ poly-Si region and a distance of 4 pm from the

pt poly-Si region at a concentration of 2 x 10 cm 3.

Moreover, vertical Electrochemical Capacitance-Voltage (ECV) measurements, as
shown in figures [4.15(c) and (d), are carried out to enable a comparison of verti-
cal SIMS and ECV measurements. The vertical boron concentration and electri-
cally active boron concentration, respectively, as measured by a ToF-SIMS and an
ECV, are shown in Figure [4.15(c). Both techniques yield a mean concentration
of (4+1)x 10" cm™3. However, the mean vertical phosphorous concentration in
Figure [1.15(d) differs by about a factor of two between the ECV and the verti-
cal ToF-SIMS measurement wit values of 2.5 x 10** cm™2 and 6 x 10?** cm~3. This
comparison shows significantly more phosphorus in the poly-Si than is activated dur-
ing annealing. The active phosphorus concentration of 2.5 x 10% cm™ here most
likely corresponds to the active solubility limit, which depends on the annealing
temperature |154]. Furthermore, the depths of the profiles and, thus, the apparent
thicknesses of the poly-Si layers do not match well. The more accurate method here
is clearly the SIMS measurement, especially since the depth of the etch craters was
not determined after the ECV measurement, and the given depth is, therefore, only

a rough estimate.

In addition, the phosphorous profile from the ToF-SIMS measurement shows a

prominent peak at 120nm depth from the surface, consistent with the position of
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the interfacial oxide. This finding may have different origins. We suspect that at
least part of the higher signal is due to the high oxygen content in the SiOy layer.
In the positive ionization mode, oxygen is known to lead to an increased signal and
thus overestimation of the dopant concentration. The uncertainty of the P concen-
tration is higher than that of B [155] because the *'P signal is superimposed by the
signal of the 3°Si'H molecule. In addition to these artifacts, actual accumulation of
dopants at the SiO, interface, which thus become electrically inactive, is possible.
An 80-fold higher segregation coefficient at the interface of Si and SiO, of P fits the
significantly prominent peak compared to B [156].

These measured lateral doping profiles in Figure [4.15(b) can explain the improved
passivation quality of the nominally (¢) poly-Si regions compared to large and thus
actually ¢ poly-Si regions on the same wafer. The recombination at the ¢-Si/SiOy
interface is reduced by introducing a certain band bending, and pinhole recombi-
nation is reduced by the formation of a pn junction in the vicinity of the pinholes
[135], |157]. In the regions where the poly-Si is p-type doped, an accumulation of
holes and, thus, a reduction of the electron concentration occurs on the c¢-Si side of
the interfacial oxide. In the regions where the poly-Si is n-type doped, interdiffusion
of phosphorous into the c-Si leads to an increase in electron concentrations and a
reduction of the hole concentration on the c-Si side of the interface. In both regions,
the effective ¢-Si/SiOy interface recombination is lower than in large area i poly-Si
regions, where the c-Si side of the interfacial oxide is depleted, and both carrier

types are present in similar concentrations.
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Figure 4.15: ToF-SIMS analysis of a p*(i)n* structure in a solar cell precursor.
(a) 3D point diagram of the spatially resolved dopant concentrations of boron and
phosphorous in a volume with an area of 150 x 150 pm? and a depth of 314 nm.
(b) Summed doping concentration over the volume in Figure (a) above a depth
of 100nm. The solid gray lines show error function fits to the data in the formally
intrinsic region to quantify the interdiffusion. (c),(d) Depth profiles of the boron and
phosphorous concentration determined by ToF-SIMS and ECV measurements. The
difference in position in the z-direction of the decrease of the dopant concentrations
needs to be investigated further. Black dotted lines mark the resolution limits of
the different TOF-SIMS measurements. This figure is reprinted from Figure 11 in

Ref. .
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4.3.5 J-V characteristics of poly-Si p™(i)n™* structures

Since a separation of the p™ and n™ poly-Si regions is necessary, as shown by the
previous investigations [83], the needed width of the initially intrinsic region is sys-
tematically investigated in the next step. The aim is to determine the width of the
process window and a possible optimum outside the previously selected range of 25

and 30 pm wide (7) poly-Si regions.

Figure [1.16{a) shows the current-voltage characteristics of p™(i)n™ poly-Si samples.
The structure of these samples is shown in Figure [4.1(b) and consists of poly-Si
pT(i)n™ diodes with different nominal widths of the intrinsic region. Plotted is the
absolute current density that would occur in a POLO?-IBC cell due to its lateral
poly-Si p* (i)n™ junction area Api,, cen to enable a comparison between the measured
dark I-V current Ipeas test and the total recombination current density Jyec cen 0f
the POLO?-IBC solar cell. The vertical p*(i)n™ junction area in the test structures
is Apin test = 9 x 107%cm? as the length of the structures is liesy = 0.6 cm and the
poly-Si thickness is dpoy = 150nm. The solar cells have a finger pitch of 450 pm
and thus ngpgers = 44 fingers of one polarity, a poly-Si thickness of dyoy = 150 nm
and a cell area of Acejares = 4cm? and thus contain a lateral p*(i)n™ junction area
of Apin, cen = 2.67 X 1073 cm?.

Apin,test == dpoly . ltest =9 x ]_0_6 Cm2 (41)
] meas, test I meas, test
Jrec in — : - 7 4.2
P Apintest 9% 107 %cm™2 (4.2)
Apin,cell = dpoly . lcell . Znﬁngers = 2.67 X 10_3 CIIl2 (43)
A in, ce _
Jrec,cell = Jrec,pin : Z el = Jrec,pin -6.67 x 10 4 (44)
cell

This gives factor of apin tocenn = 6.67 X 10~ for the measured dark current per p™(i)n*
area Jpin compared to the current density Jyeccen of an POLO?Z-IBC solar cell due to

its lateral p*(i)n™ area.

The poly-Si ptn™ diode (zero-width of intrinsic region) shows a very high current
density of up to Joum = 60mA/ cm? at a voltage of 0.64 V (Vyrpp of the best measured

final solar cell) again confirming the necessity of the intrinsic region.

Regarding small (7) poly-Si regions of nominally up to 25pm and 30 pm the cur-
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rent per cell area at Vypp decreases about 2 to 3 orders of magnitude to Ja5,m
= 0.2mA/cm? and J3oum = 0.03mA/cm? at Vypp while the diode-like behavior

remains.

(@) (b)

5 1 3 ! ! ! . 3

§ o1 0 pm; 0.1

=001 E 001

5 I' cell recombination current s "¢ @m ‘_liefff"_

8 10_3 Jrec,cell = JSC - Jillum %‘ 10_3 4

% 107 5 10°F

; 107 = 10°fF wafer 2

a 8 F

— -6 o -6

5 "0 g 01 i i

= -7 — -7 L

5 10 € 107 $ e

% 107 [ test samples § 10—8:

2 107} 10°

< 10-10 L N 1 N 1 N M 10—10 HEH N N N

-1 -0.5 0 0.5 * 1 0 100 200 300 400

Voltage V [V] Vwer Width of nominal i poly-Si region dg,p [Mm]

Figure 4.16: J-V analysis of the p™ (i)n™ test structures. (a) J-V curves of p* (i)n™
diodes with different widths of the (7) poly-Si region. The MPP and Jiec cen refer
to the record solar cell with a 30 pm-wide intrinsic region. (b) Current per cell
area J through the p*(i)n™ diodes at a voltage of 0.64V (representative for the
maximum power point of our solar cells) as a function of the designated width of
the intrinsic region. The different colors indicate three identical test structures on
different wafers. This figure is reprinted from Figure 4 in Ref. .

In the range between nominally 30 pm and 40 pm both, the absolute value of the
current density and the shape of the J-V curve change drastically. The asymmetrical
diode behavior changes to a symmetric one. The current density decreases by about
two orders of magnitude to a value of 5 x 1077 A /em? at Vypp. The current density
continues to decrease with further enlargements of the nominal (¢) poly-Si region
up to 380pm. J-V curves of samples with dg,, of 90 pm or more do not show a

rectifying behavior.

Besides the J-V curves of the test structures, Figure [1.16{a) also shows the MPP of
the best fully processed solar cells at 0.641V and 40.6 mA /cm?. Moreover, the total
recombination current density Jiec cell = Jse- Jeen Of this cell is calculated from the
difference between the short circuit current density J. and the current density at one

sun illumination Jg., and applied bias voltage. Comparing this to the recombination
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current through the nominal (¢) poly-Si region, we conclude that a nominal width
of 30 pm is sufficient to reduce the latter to a level where it no longer significantly

affects the cell performance anymore.

In Figure M(a), only some selected representative curves can be shown. However,
having in mind the deviations in width of up to 10 pm that occur due to the inkjet-
printed masks, it is necessary also to get an overview of all measured samples, given
in Figure M(b) Here, for all measured samples, the current per cell area through
the p™(i)n™ test structures, at 0.64V, as a function of the nominal width of the
(7) poly-Si region, is shown. From 20pum to 40 pm, the current density decreases
sharply. A clear correlation between the recombination current and the nominal
(7) poly-Si region width can be seen. Most data points for diodes with dg,, between
20 pm and 30 pm are smaller than the total recombination current density Jyec, cen of
the record cell [25]. These widths very well correspond to the nominally 30 pm-wide
(7) poly-Si region of the record cell. The recombination current across the p*(i)n*

junction thus does not limit the cell’s total recombination current.

4.3.6 Influence of (i) poly-Si region width and annealing

temperature

The two opposing recombination pathways, the recombination through the p*(i)n™
poly-Si junction and recombination at the (¢) poly-Si/SiOy/c-Si interface, and the
study in section give reason to believe that there is an optimum in (7) poly-Si
region width. To find this optimal width for our cell process, we process cell pre-
cursors with a larger range of dg,, from 5 to 40pm. In addition to cells on p-1.3
material processed according to the process flow shown in Figure 4.2}, we also process
1.5Q cm cells on p-type Cz material with a wet-chemically grown interfacial oxide.
These samples require a lower annealing and break-up temperature of 860 °C, at

which we expect the interdiffusion to be noticeably weaker.

The implied pseudo efficiencies results determined from ILM measurements shown
in Figure [4.17] scatter strongly. We attribute this to a significant variation in life-
times that we observe across the wafers, which thus influences the cell efficiencies.
Moreover, the absolute implied pseudo efficiency achieved in the state after hydro-

genation (step h in Figure on the FZ wafer strongly lag behind the previously
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Figure 4.17: Implied pseudo efficiency as a function of the nominal (7) poly-Si
region width for two different types of samples. The orange data points represent
POLO2-IBC cells on Cz material with a wet-chemical interfacial oxide that were
annealed at 860 °C. The blue data points show the results of POLO?-IBC cells on
FZ material with a thermally grown interfacial oxide annealed at 1035 °C.

achieved implied efficiency due to a contamination issue. Nevertheless, it can be said
that for the FZ samples (¢) poly-Si region, widths of 5 to 10 pm are leading to a sig-
nificantly lower implied pseudo efficiency than wider () poly-Si regions, as already
indicated by the results in the previous section. These (7) poly-Si regions are too
small to sufficiently suppress recombination within the poly-Si due to the very high
doping levels of above 1 x 10%*° P atoms/cm™ across the whole nominally intrinsic
region. The cells with larger dg,, values show higher pseudo-implied efficiencies
with a positive trend toward larger dg,, values up to 35pm. Up to a width of dgyp
= 40 pm the doping concentration should still be well above 1 x 10 atom/cm™3.
With somewhat wider (7) poly-Si regions, slightly better results could possibly be
achieved.

The Cz cells annealed at 860 °C, which were measured before metalization (step j
in Figure |4.2)) and without having seen any boron-oxygen deactivation process show
even lower values but yield the expected trend. Due to the weaker interdiffusion,

the doping in smaller gaps remains low enough to achieve a high resistivity. This
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behavior is reflected in the smaller optimal width of 15 pm. Above a width of 15 um,
the effective lifetimes already start to decrease again. This can be attributed to
increasing recombination at the ¢-Si/SiOy interface due to insufficient doping within
the nominal (7) poly-Si region. This means that such a low annealing temperature

of 860 °C leads to a rather small process window for an optimal width.

4.3.7 Influence of hydrogenation on the (i)POLO region

POLO junctions can profit strongly from introducing hydrogen into the poly-Si layer
and to the interface, [82], [148] because hydrogen can passivate defects in the poly-Si
layers, at grain boundaries, and the ¢-Si/SiOy /poly-Si interface. For the passivation
quality of a classical POLO junction, the passivation of defects at the interface to the
wafer is particularly important. In the case of the lateral n™/p* poly-Si junction,
the passivation quality inside the poly-Si, where the grain boundaries are causing
additional defect levels, should also be reduced to an acceptable level known from
mono-crystalline Si. If this could be achieved by efficient hydrogenation, no fur-
ther steps would be required to electrically separate the nt poly-Si and p* poly-Si
fingers. As the SiO, oxide grown during annealing on the poly-Si is needed for struc-
turing reasons during the POLO?-IBC process flow, the hydrogenation is performed
with a hydrogen-rich PECVD SiNy layer on top of the SiOy, which probably only
introduces very little hydrogen. To investigate if enhanced hydrogenation might
yield an advantage, a sample is hydrogenated by the deposition of a hydrogen-rich
PECVD SiNy layer directly onto a 180 nm-thick intrinsic poly-Si.

To determine the effective carrier lifetime inside the poly-Si, 7.¢, hydrogenated and
non-hydrogenated poly-Si samples are subjected to time-resolved PL. measurements.
Therefore 7 poly-Si samples are prepared by starting with a quartz glass substrate
onto which a 30 nm-thick SiNy layer is deposited, followed by a 160nm a-Si layer
that is subsequently crystallized to poly-Si. In addition, one part of the samples
are hydrogenated via a-Si:H rich SiNy layer and annealed at 425°C for 30 min. The
resulting time-resolved signal of the excitation and decay process is shown in Figure

418

Here, a clear difference in the decay behavior of the two samples becomes apparent.
A bi-exponential fit is suitable for describing this behavior, resulting in the following

two components given in Table[4.7 The first and faster lifetime component, i.e., the
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Figure 4.18: Time-dependent photoluminescence signal of a poly-Si layer on a
glass substrate due to excitation with an 80 MHz Titanium-Sapphire Laser with a
wavelength of 780 nm. The red circles show the signal of a non-hydrogenated sample,
and the blue circles show the signal of a hydrogenated sample. The solid gray lines
indicate the fitted bi-exponential functions. This figure is reprinted from Figure 2

in Ref. .

lifetime inside poly-Si, determined by the time-resolved PL method, changes from
8.2 to 2.4 ps due to the hydrogen treatment. This decreasing lifetime implies that the
amount of recombination active defect states inside the poly-Si layers is not reduced
by hydrogenation. Besides the short-lifetime component, a second component is
determined from the PL signal. As shown in Table [£.7] this long-lived component is
also reduced after the hydrogen treatment. A possible explanation for the decreasing
lifetimes due to hydrogenation could be the passivation of defect-states that rather

cause trapping of charge carriers than recombination.

Such an influence of hydrogenation on the properties of poly-Si was first shown by
Seager et al.[158]. He demonstrated a significant reduction of the grain boundary
state density and, thus, grain boundary potential barrier by showing an increased
conductance over a grain boundary potential barrier in a poly-Si sample due to
hydrogen treatment. These grain boundary states are known to be trapping states

which can explain the measurement results shown in Figure [4.18|
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Table 4.7: Bi-exponential fit parameters of the time-dependent photoluminescence
signal of an intrinsic poly-Si layer on a glass substrate shown in Figure [4.18]

Sample fast component slow component
P Al T1 [pS] A2 T2 [pS]
untreated 0.25 +0.03 8.2+0.3 9.9+0.8 65+ 5

hydrogenated (4+1) x 10®> 2.37+0.08 1.47+0.09 15.0+0.4

Regarding the resistivity of the p*(i)n' junctions, we perform dark J-V measure-
ments of hydrogenated and non-hydrogenated p*(i)n* diodes having a nominal
width of above 50 pm as shown in section [£.3.2] Here an increase of the dark J-V
current, i.e., recombination current density due to the hydrogen treatment, is ob-
served (Figure . In agreement with the reduced lifetime, probably trapping
states at the grain boundaries rather than recombination active defects are passi-
vated by the introduced hydrogen. By this, the trapping of charge carriers in these
states is reduced, reducing the potential barriers at the grain boundaries. Thus, an

unwanted decrease in resistivity is induced.

These experiments show that hydrogen passivation is not a solution to reduce the
recombination current over the n*-/p* poly-Si junctions. Thus, separating the n*-

/pT poly-Si fingers by a large enough intrinsic region can not be circumvented.
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Figure 4.19: Dark-J-V-curves of p™(i)n* diode structures with a width of 50 pm
of (i) poly-Si region. The measured current per lateral p*(i)n™ area is multiplied
by @pintocen to get the current per cell area Jee. The dotted lines show results of
hydrogenated samples, and the solid lines show samples that have not received a
hydrogen treatment. This figure is reprinted from Figure 3 in Ref. [144].

4.3.8 Summary and discussion of Section [4.3]

The key findings of the working principle of the p*(i)n* back contact structures and

their influence on the cell performance, presented in this section, are:
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o The poor passivation quality of :POLO junctions determined on whole-area
references would limit the efficiency of a POLO?-IBC cell with 30 pm-wide
i poly-Si regions to 14.9 % as determined by a numerical simulation. However,

the best-measured efficiency is 26.1 %.

o Compared to n"POLO and p*POLO junctions, the pinhole areal density of
tPOLO junctions is reduced by two, respectively, one order of magnitude. The
nevertheless poor passivation quality on 1.3 {2 cm material is mainly caused by

recombination at the intact ¢-Si/SiOy interface.

o A comparison of large iPOLO areas and the cell areas with 13.3 % iPOLO
area fraction based on an ILM measurement shows that the cell areas exhibit

excellent lifetime in contrast to the large iPOLO areas.
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o SIMS measurements show that the annealing of the POLO junctions leads
to a strong interdiffusion of the dopants. This leads to a doping density of
more than 1 x 10 atoms/cm™ in the formerly intrinsic region and, thus, to

a drastic improvement of the passivation quality at the ¢-Si/SiOy interface.

» The recombination current of a poly-Si p*(i)nt diode is drastically reduced
when increasing the nominal (¢) poly-Si region from 0 to 50 pm. A width of
30 to 40 ym is sufficient to reduce the recombination current so that it is not

limiting the total recombination current of the presented POLO?-IBC cells.

+ A lower annealing temperature leads to a lower sufficient width of the (i) poly-Si

region.

e An enhanced hydrogenation does not improve the lifetime inside poly-Si but
leads to an increased recombination current in p*(i)n™ poly-Si structures.
However, the passivation quality of p™POLO and nTPOLO junctions is im-
proved by hydrogenation.

As shown by Rienécker et al. [83], pn junctions inside the highly defective poly-Si
layer are responsible for a detrimental recombination behavior. The theoretically
simplest solution would be to passivate the defects responsible for recombination
and thus get closer to the recombination level in ¢-Si. Such an improvement would
significantly increase the poly-Si lifetime, which we determined by time-resolved PL
measurements on poly-Si samples with and without applied hydrogenation. These,
however, do not show the desired effect of an increasing lifetime, but even a decreas-
ing lifetime which lies in the range of 2 to 8 ps and thus nine orders of magnitude
lower than the effective lifetime of the solar cells shown in section [4.2] Thus, the
parasitic recombination cannot be reduced to an acceptable level known from c-Si
by hydrogen treatment. Therefore, further measures are required to electrically sep-
arate the n™ poly-Si and p™ poly-Si fingers. Implementing an (%) poly-Si region,
which we pursue, is the most straightforward way to achieve this from a process

point of view.

To optimize the POLO*IBC cell with pT(i)n™ structure on the rear side, both the
recombination current at the ¢-Si/SiOy interface (Jyec, poLo) and the recombination
current Jyec, pin across the pt(i)n™ diode in the poly-Si must be reduced. Therefore,
a trade-off is necessary: On the one hand, the (7) poly-Si region must be kept as

narrow as possible due to its poor passivation quality to reduce Jyec poro. On the
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other hand, a certain width is necessary to reduce the Jie pin to a level that does

not limit the cell performance.

Different factors, such as hydrogenation and interdiffusion of dopants, influence these
recombination pathways. The occurring interdiffusion leads to doping of more than
1 x 10 atom/cm™ in a formerly intrinsic region with a width of 30 pm. As this
doping introduces a certain selectivity to the (¢)POLO junction, the Jie poro, which
for p-1.3 samples is mainly influenced by recombination at the ¢-Si/SiOy interface
rather than pinhole recombination, is significantly reduced. This is clearly seen by
comparing full-area (1)POLO samples and lifetime measurements on cell structures,
but the direct measurement is impossible. This interdiffusion somewhat weakens
the necessity of width reduction for the (7) poly-Si region regarding Jiec. poro. With

increasing width, however, this effect also decreases again.

The passivation quality of iPOLO junctions, where the c-Si side of the interface is
depleted and both carrier types are present at a similar concentration, is extremely
low (Seg > 1 x 10% cm/s). Strong hydrogenation can lead to a significant improve-
ment, hereby enhancing the chemical passivation of SiO, on p-type c-Si. However,
this is accompanied by hydrogenation of the 7 poly-Si itself, which increases the re-
combination current of a p*(i)n™ diode as shown in Figure [£.19 The hydrogenation
applied in this work, in which the H-containing layer is deposited on the thick SiOy
layer and not directly on the poly-Si, leads only to weak hydrogenation. Due to the
improvement in the passivation quality of the p" POLO and n"POLO junctions, the

slight increase in Jyec, pin is acceptable here.

For p*(i)n* junctions, hydrogenated in the same way as the solar cells, J-V mea-
surements in Figure indicate a necessary width of minimum 30 pm to reduce
Jrec, pin Well below Jiee cen. The sudden decrease in recombination current density
measured on the p*(i)n™ diodes with increasing width of the (7) poly-Si region from
0pm and 50 pm (see Figure [4.16](b)) is consistent with the lateral interdiffusion and
the strongly doping-dependent resistivity of poly-Si. According to literature [159]—
[164] a sharp decrease in resistivity is expected at a doping concentration in the

range of 1 x 10" to 1 x 10" atoms/cm?

. This is because, with increasing doping
concentration, more and more trapping defects at the grain boundaries are occupied
by dopants and thus get charged. This leads to an increased potential barrier at the
grain boundaries and, thus, to a simultaneous reduction in charge carrier mobility.

When the doping increases beyond the grain boundary trap density, the mobility
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increases again as the barrier height is reduced. For low doping densities, this re-
sults in about 4 to 5 orders of magnitude increased resistivity of poly-Si compared to
c-Si [160], [165]. With increasing poly-Si doping density, the resistivity at first only
slightly decreases until a threshold doping concentration is reached. Here the resis-
tivity drops about six orders of magnitude. This threshold’s actual position depends
on the grain boundary trap state density, and thus shifts to higher doping concen-
tration with decreasing grain size [163|. Hartenstein et al. [166] recently directly
confirmed the existence of a high-resistivity region within the nominal (7) poly-Si

region of a p*(i)nt poly-Si structure by scanning spreading resistance microscopy.

For the width of the () poly-Si region, this means that doping just below this
threshold should be aimed for, as this at the same time gives an as high as possible
doping and thus passivation quality. The annealing temperature, in particular,
significantly influences the corresponding width, as seen in Figure [4.17] since it
determines both the diffusion strength and the grain size. As it was reported that
hydrogenation reduces the grain boundary trap state density,|164], [167] stronger
hydrogenation of the samples would probably lead to a shift of the threshold doping

to lower doping density and thus would make a larger gap necessary.

4.4 Summary and implications of Chapter {4

In this chapter we presented an experimental and simulation study of the efficiency
potential of IBC cells with p™ and n*POLO junctions on different wafer material
(1.3Qcm p-type, 802 cm p-type and 2 cm n-type ¢-Si). A distinctive feature of
the POLO?-IBC cells is a nominally intrinsic poly-Si region separating the electron-
collecting n-type poly-Si and the hole-collecting p-type poly-Si regions. These charge
carrier separating regions are an elegant method to avoid a lateral p™nt poly-Si
junction between the base and emitter poly-Si fingers, which we experimentally

investigated in detail.

With the described cell concept, we achieve an independently certified efficiency of
(26.10 + 0.31) % on p-type 1.3Q2cm wafer material. By systematic process moni-
toring, using injection-dependent ILM measurements, we show that the efficiency
potential has not yet been fully exploited. Series resistance and perimeter recombi-

nation are responsible for an efficiency loss of 0.5 %ans, and process-induced degra-
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dation implies a further loss of 0.2%a,s. A FELA reveals that the primary loss
channel is intrinsic bulk recombination. Therefore it seems advantageous to use a
lower doped material. However, we show experimentally and by simulations that the
cells on low-doped material are more susceptible to surface passivation degradation

(e.g., 0.6 %aps efficiency loss on the 802 cm p-type material).

By comparing the experimentally determined and simulated J-V parameters, we
also quantify the recombination velocity in the (7) poly-Si region. This quantity is
difficult to determine by other methods. S; region Values between 15 to 21 cm/s are

obtained for the cells on p-type material.

The previous discussion referred to the efficiency potential of our cells for a given
status of the POLO junction passivation quality (compare Table . The reasons
why the full simulated potential of 27.01% (26.83%) for the 1.3Qcm (802 cm)
p-type material is not fully exploited yet, are, first, processed-induced degradation
and, second, perimeter losses. Both aspects are not fundamental and can be ad-
dressed by improving the process sequence and using larger cells with higher area to
perimeter ratios. Moreover, the passivation quality of the doped POLO junctions
obtained in this study and used as an input parameter for the simulation (n™POLO
4fA/cm?, p™POLO 10fA/cm?) are not excellent and could be further optimized.
In previous studies, values down to 0.6 fA/cm? for nTPOLO junctions and down to
3.8 fA/cm? for pTPOLO junctions were achieved [66]. Other groups even reported
values down to 1fA/cm? for p"POLO after hydrogenation with an optimized firing
process [60]. Note that more hydrogenation can probably lead to this improvement
in passivation quality. However, it could also reduce the resistance over the p*(i)n™

poly-Si diode, thus requiring an adjustment of the nominal intrinsic region.

The investigation of the p*(i)n* poly-Si junction’s working principle shows that
different effects must be weighed to achieve optimal properties. The goal of elec-
trically separating the p™ and n™ fingers requires a certain width of the (¢) poly-Si
region so that the recombination current over the p*(i)n™ junction is reduced to an
acceptable level. However, as the width of the (7) poly-Si region increases, the rel-
atively poor passivation in the nominally intrinsic region becomes more important.
The average passivation further decreases as the width increases since the average
doping becomes weaker and weaker. Moreover, the cell concept benefits from the
fact that the dopants are mainly captured in trapping states at the grain boundaries

up to a certain doping level. These trapped dopants create a potential barrier and,
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thus, a transport limitation for charge carriers inside the poly-Si. This allows for
smaller widths of the (7) poly-Si regions, which improves surface passivation. The
experiments show that at an annealing temperature of 1035 °C, a width of 30 pm is

sufficient.

The gained understanding of the p*(i)n* junction will further open the way for
a simplified fabrication of Si solar cells with efficiencies above 26 %. With this cell
concept, high efficiencies can be achieved while avoiding process steps like trench for-
mation and additional dielectric passivation resulting in significantly lower process
complexity. A cell structure with a lower full area boron doping of the poly-Si fol-
lowed by masked phosphorous doping, omitting the initially intrinsic regions, could
be used. This would require adjusting the doping concentration to remain below
the doping threshold at which recombination across the diode reaches the order of
magnitude of a direct n/p-poly-Si junction while avoiding strong recombination at
the poly-Si/SiO, /c-Si interface. This approach, in turn, would open up the possibil-
ity of using counter-doping [14§], [168] while potentially reducing the need for exact

alignment.

A leaner process flow could also be accomplished by combining intrinsic poly-Si depo-
sition with printed doping sources, structured doped glasses, or a masked deposition
of in situ doped poly-Si. However, precise alignment is necessary to achieve the
appropriate distances between n"POLO and pTPOLO contacts [169], [170], which

still needs to be demonstrated.

Another critical step for the simplification of the process flow and, thus, the tran-
sition to an industrial cell process with two or even only one poly-Si polarity is
metallization. Here, evaporation and the complex contact separation should be re-
placed by an industrial process such as screen printing [171]. The transition to
an industrial-relevant solar cell concept and the firing stability of POLO junctions,
which must be provided or improved for this purpose, will be investigated in detail

in the next chapter.
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5 Firing stability of nTPOLO

junctions

This chapter provides a detailed investigation of the instability of n™POLO junctions
towards the firing process, suggests possible reasons for the observed behavior, and
demonstrates ways to circumvent the loss in passivation quality during firing. The
research is based on PCD, C-V, and ToF-SIMS measurements of samples with dif-
ferent interfacial oxides, firing experiments with and without different hydrogen-rich
capping layers, and varried conveyor belt speeds. These investigations and results
are essential for transferring the promising POLO junction to mass production, for
which metallization by screen printing followed by a firing process is essential to

keep the process flow as close as possible to the current state of the art.

Large parts of the research shown in this chapter have been published in the peer-
reviewed paper ,Firing stability of tube furnace annealed n—type poly—Si on oxide
junctions®, by C. Hollemann, M. Rienédcker, A. Soeriyadi, C. Madumelu, F. Haase,
J. Kriigener, B. Hallam, R. Brendel, and R. Peibst in Progress in Photovoltaics:
Research and Applications in 2021 [104] and ,Changes in hydrogen concentration
and defect state density at the poly-Si/SiOx/c-Si interface due to firing“, by C.
Hollemann, N. Folchert, S. P. Harvey, P. Stradins, D. L. Young, C. L. Salles de
Souza, M. Rienécker, F. Haase, R. Brendel, and R. Peibst in Solar Energy Materials
and Solar Cells in 2021 [105].

Sections and is based on the paper [104] to which Brett Hallam, Anasta-
sia Soeriyadi, and Chukwuka Madumelu from the University of New South Wales
(UNSW) have contributed. Robby Peibst, Felix Haase, Jan Kriigener, and the au-
thor designed the first experiments, which were developed further by the author. The
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5 Firing stability of n™ POLO junctions

author performed and evaluated the PCD and C-V measurements and executed the
firing experiments. Nils Folchert did the calculations using the MarcoPOLO model
[73] he developed [136]. Martin Rudolf and Chukwuka Madumelu performed the
FTIR measurements, and Bettina Wolpensinger took the SEM images. The author
evaluated and interpreted the results and developed a hypothesis for understanding
them.

Section is based on the peer-reviewed paper [105] resulting from a successful
collaboration with Steve P. Harvey, Paul Stradins, David L. Young, and Caroline
Lima Salles de Souza from the National Renewable Laboratory, Denver, Colorado
(NREL). Steve P. Harvey performed the ToF-SIMS measurements. Nils Folchert did
the calculations using the MarcoPOLO model. The author designed the experiments
and evaluated and interpreted the results. In a discussion with Robby Peibst, Paul
Stradins, Steve P. Harvey, and David Young, the author developed a hypothesis for

explaining the results.

5.1 Experimental details

This section presents the experimental details of the preparation of the samples used
in the following experiments. In addition, the experimental conditions of the firing

process are described.

5.1.1 Sample preparation

The samples described in the following are used to characterize the firing stability
via PCD, C-V, and SIMS measurements that are carried out in this work. The
sample groups described in the following essentially differ in the interfacial oxide

and the dielectric capping layers applied.

For all experiments, we prepare symmetrical test samples on p-type (boron-doped)
Cz grown silicon, 20 2 cm material. This resistivity allows for accurately determining
the Jy values [172]. All samples undergo a KOH-based saw damage removal process

and an RCA cleaning sequence. We apply two different interfacial oxides (see Figure
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5.1 Experimental details

for an overview of the various groups). On the primary set of samples, a wet-
chemical oxide grows using dissolved ozone (O3) in de-ionized water (DI-H,O). The
nominal thickness of (1.5 = 0.2) nm is measured by ellipsometry on a reference sam-
ple. This process is similar to industrial cell sequences like POLO-IBC or POLO-BJ
cells [173], [174].

Since classical POLO junctions with thin oxide are not suitable for the characteriza-
tion by C-V measurements due to emerging high leakage currents, one group of the
samples receives a thicker oxide. On this set of samples, a 10 nm thick oxide grows
by a dry thermal oxidation in a tube furnace at 900 °C for 22 min. This thicker
oxide suppresses leakage currents and thus allows the investigation of the SiOy /c-Si

interface properties by C-V measurements.

All samples are subsequently capped by a 220 nm-thick in situ n-type doped a-Si
layer deposited at 580 °C by low-pressure chemical vapor deposition (LPCVD). Af-
ter the a-Si deposition, the samples are annealed and oxidized in a tube furnace for
30min. Samples with a thermal interfacial oxide are annealed at 880 °C. Samples
with wet-chemical interfacial oxide are processed in two different batches. They are
annealed at either 820°C or 860 °C, as indicated in all respective figure captions.
Subsequent annealing for 1h at 550 °C in Ny atmosphere provides gettering of im-
purities [145], [146] and is applied to all samples. The oxide grown on the poly-Si
during oxidation is removed using a 40 % HF solution. Afterward, the poly-Si thick-
ness is about 120 to 140 nm depending on the annealing temperature and, thus, the

oxidation rate.

Subsequently, the samples are capped by Al,Os, SiNy, or Al,O3/SiN, stacks. Two
sets of samples are coated with 100 nm-thick SiNy layers with a refractive index of
n = 2.05 by microwave-assisted plasma-enhanced chemical vapor deposition (MA-
PECVD) or inductively coupled plasma (IC)-PECVD as stated respectively. An-
other set of samples receives a 10 nm-thick atomic layer deposited (ALD) AlyOs-layer
coating and is subsequently annealed at 425°C for 30 min in Ny atmosphere. An
additional set of the samples receives a stack of 10 nm Al,O3 plus 100 nm SiNy from
the IC-PECVD tool. Between the Al,O3 and the SiN, deposition these samples are
annealed (425°C, 30min, Ny) if not stated otherwise. It should be noted that the

sample sets described above were processed in three different batches.

A further group of samples (see Figure for an overview) receives ALD Al,O3
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Figure 5.1: Overview of the investigated sample groups. This figure is adapted
from Figure 1 in Ref. [104].

layer coatings of different thicknesses between 2 to 15nm. Unlike the earlier sam-
ples, no annealing process is done after the Al,O3 deposition. The deposition of a
100 nm-thick SiNy layer from the MA-PECVD tool follows directly afterward with a
refractive index of n = 2.05 (chamber temperature of 500 °C). Another difference is
that the usually used Hj process gas is replaced by D4 gas during SiNy deposition to
incorporate deuterium into the SiNy layer. Using deuterated SiNy allows to separate
hydrogen from different sources in the layer stack in SIMS and to take advantage of
the lower SIMS detection limit for deuterium . The other process gases, ammo-
nia (NHj) and silane (SiH4) are not replaced so that both hydrogen and deuterium

are present in the SiNy layers.

C-V-sample preparation

The preparation of samples for C-V measurements, first of all, includes the re-
moval of existing dielectric layers in a 40 % HF solution. Samples dedicated for
conductance measurements receive full-area thermal evaporation of aluminum to a
thickness of 10 pm on the rear side. The other side is locally metalized with ther-
mally evaporated aluminum through a shadow mask with circular pads with a size of
about (0.46 & 0.06) mm?. Finally, on the rear side, laser-fired contacts (LFCs) [176]
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Figure 5.2: Overview of the sample groups investigated with TOF-SIMS to deter-
mine the hydrogen content.

provide an ohmic contact from the base to the rear side metallization surpassing the
POLO junction. Subsequently, the POLO junction between the pads is removed by

reactive ion etching. Figure [5.3] schematically shows the structure of those samples.

circular pads

p-type 20 Q cm CZ-Si

— 10 nm SiO,
Aluminum

laser fired contacts

Figure 5.3: Schematic illustration of samples prepared for C-V measurements.
This figure is adapted from Figure 3 in Ref. [104].

On two samples, circular pads with areas of 0.09mm? and 0.24 mm? are defined
by photolithography as a reference to cross-check the adequacy of the metallization
through shadow masks. Comparison of C-V measurements of all three pad types
provides an uncertainty interval of 0.1 mm? for the area of the (standard) pads

evaporated through shadow masks.
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5 Firing stability of n™ POLO junctions
5.1.2 The firing process

All samples are fired in an industrial infrared conveyor-belt furnace (DO-FF-8.600-
300, Centrotherm). The chosen temperature profile is typical for the firing of met-
alization pastes [177]. During the following experiments, the set peak temperatures
(Tiet pear) are varied between 620°C and 900 °C and if not mentioned otherwise a
conveyor belt speed (vpey) of 5.6 m/min is used. Figure shows three examples of
recorded temperature profiles.
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Figure 5.4: (a) Measured wafer temperature profiles during firing of uncapped
samples. The temperature is tracked using a DATAPAQ Insight Oven Tracker. (b)
Difference between the set and the measured peak temperatures as a function of
Tiet peax for samples with different capping layers. The error bars denote the 95 %
confidence interval of measurements on three different wafers, respectively. This
figure is adapted from Figure 2 in Ref. [104].

Those actual temperature profiles are monitored by fixing a temperature probe on a
wafer and connecting it to a DATAPAQ Insight Oven Tracker for data recording. As
can be seen from Figure (b), the actual measured peak temperatures are smaller
than the set peak temperatures and depend on the capping layer and the set peak
temperature. The difference is increasing from 15K to about 55 K with increasing
Tset peak from 620 °C to 900 °C for samples capped with Al;O3 or SiNy. For uncapped
samples, the actual measured temperature lies about 12K to 45K beneath the set

peak temperature.
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5.2 Firing stability of uncapped n"POLO junctions

In this section, the impact of the firing process for contact formation in screen printed
cells is investigated for uncapped n™POLO samples. Therefore the evolution of the

recombination current density and interface state density are analyzed.

5.2.1 Recombination current density

Figure shows the recombination current density of samples with (a) an approxi-
mately 1.5 nm-thick wet-chemical interfacial oxide and (b) a 10 nm-thick thermally
grown oxide, both measured before and after a firing process at different Tie; peak-
All samples shown here were neither capped by a dielectric layer nor hydrogenated
by forming gas anneal. The initial Jy values after annealing are affected by the two
different oxides. While the samples with thin wet-chemical oxide reach acceptable
Jo values of (5 & 1) fA /em?, the passivation quality of the samples with the thermal
oxide is relatively low with Jy between 20 to 40 fA/cm?. One explanation could be
the lower in-diffusion of P into the wafer through the thicker oxide, which is observed
in ECV measurements, as shown in Figure[5.6] In turn, the strong in-diffusion in the
case of the thinner oxide leads to a further reduced minority carrier density at the
interface, improving the surface passivation. This passivation could overcompen-
sate for the increase in Jy due to the increased Auger recombination caused by the
in-diffusion. In addition, thicker oxides shield the electric field between the poly-Si
and c-Si more strongly and further reduce the field-effect from high poly-Si dopant

concentration [136].

The firing negatively influences the passivation quality for both sets of samples,
which, however, look different in detail. Figure shows the J, values of the
uncapped samples with (a) the wet-chemical oxide and (b) the thermal oxide. The
Jo values of the wet-chemical oxide samples show a sharp increase with increasing
firing temperature. The samples with 10 nm thermal oxide show an even stronger
rise in Jy, which is especially strong for temperatures between 620 to 760 °C. Above
this, Jy saturates at about 1000 fA /cm?.

Altogether, uncapped and as annealed n™POLO junctions with wet-chemically and

thermally grown oxides investigated in this experiment reveal poor stability against
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Figure 5.5: Recombination current density Jy of (a) samples with a 1.5nm wet-
chemical oxide, annealed at 860°C and (b) a 10nm thick thermal oxide, annealed
at 880°C. Blue data points are measured before firing, and orange data points are
measured after firing. The gray interval depicts the results directly after annealing
measured on all samples from the respective set of samples (upper/lower quartile).
The error bars denote the 95 % confidence interval of measurements on five different
parts of two different wafers, respectively. This figure is reprinted from Figure 5 in

Ref. [104].

a commonly used industrial firing process.

As shown in Figure the passivation quality can almost be restored by a post-
firing annealing at 400 °C in Ny atmosphere for 30 min. Due to this annealing step
Jo decreases from (160 + 260) fA /cm? after firing to (11 & 2) fA/cm? which is in the

same order of magnitude as before firing where Jy is (6 + 1) fA/cm?.
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Figure 5.6: ECV profile measurements of n-type POLO samples with a 1.5nm-
thick wet-chemical interfacial oxide annealed at 860 °C and an 10 nm-thick thermal
oxide annealed at 880 °C. This figure is adapted from Figure 6 in Ref. [104].
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Figure 5.7: Recombination current density .Jy of samples with a thin wet-chemical
interfacial oxide, annealed at 820°C. The samples were measured directly before
firing, after firing at Tietpeax = 900°C and finally after a subsequent annealing

process at 425°C for 30min in Ny atmosphere.

The error bars denote the 95%

confidence interval of five measurements on different parts of two wafers, respectively.
This figure is adapted from Figure 12 in Ref. [104].
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5 Firing stability of n™ POLO junctions
5.2.2 Interface state density

On the samples with the 10 nm-thick thermal oxide, C-V measurements are con-
ducted and analyzed with the conductance method to obtain the interface state
density Dj; at the SiOy/c-Si interface.

Since this method does not allow leakage currents through the oxide, all samples
analyzed by this method exhibit a 10 nm-thick thermal oxide. Figure [5.8 shows
the parallel conductance G,/w as a function of angular frequency w for different
applied gate voltages. The various peaks measured at different applied gate voltages
correspond to different energetic positions in the bandgap (E — Ey). The height of
the peaks increases with increasing Dy, indicating an increase in D, with increasing

set peak firing temperature from Figure [5.8(a) to (c).
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Figure 5.8: Parallel conductance G,/w as a function of angular frequency w for
different gate voltages as measured on uncapped samples with a thick thermal oxide
fired at (a) 620°C, (b) 760 °C and (c) 900 °C. This figure is adapted from Figure 13

in Ref. .

Figure[5.9|(a) shows the Dj; values from the lower part of the band gap ((0.3 £ 0.1) eV),
determined from the C-V measurements, plotted over Ty peak- Before firing Dj; is
(1+£1) x 10" em™2 eV~ and rise from (3 4+ 1) x 10! em™ eV ! when fired at 620 °C
to (7+1) x 10" em™2 eV ! when fired at 900 °C, where the D;; shows no saturation
behavior in contrast to Jy (see Figure[5.5(b)). The determined values are a factor of
6 smaller than the values of O’Sullivan et al. measured after firing on samples

with just a thermal oxide and no poly-Si.
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Figure 5.9: Interface state density as a function of firing Tiet peax (2) determined
from C-V measurements and (b) deduced from a regression of the MarcoPOLO
model to the measured J, values using Dj; max as the only free parameter. The
error bars in (a) denote the 95 % confidence interval of four measurements on two
different wafers, respectively. The error bars in (b) denote the standard deviation
of the calculated values determined by a Monte-Carlo analysis.

Samples with wet-chemical oxide show too large leakage currents to deduce the Dy
from C-V measurements. The defect density of these samples (see Figure[5.9/(b)) is
instead deduced from a regression of the MarcoPOLO model by Folchert et al. [73] to
the measured Jy values using Dj; max as the only free parameter. Therefore a capture-
cross-section of holes of 4.2 x 107 cm? leading to the same results as the energy-
dependent hole capture-cross-sections reported by Aberle et al. [179] is assumed. In
addition, a Monte-Carlo simulation with 500 samples per measurement is performed
varying the following parameters: the oxide thickness as dox =(1.5 £ 0.2) nm, the
poly-Si doping concentration as Nyop poly =(3.0 £ 0.1) x 10?° cm ™ and the ¢-Si peak
doping concentration as Nyopc—si =(4.4 £ 1.0) x 10" cm™® (see Figure . The
measured Jy values are varied with a constant uncertainty range of 20%. The

resulting mean defect density and standard deviation of the obtained Dj; max values
are shown in Figure [5.9(b).

Before firing the interface state density of these as-annealed, uncapped samples is
(2.0 £0.3) x 10"2cm2eV~!. Compared to the samples with a thermal oxide that

show Dy values of (1.1 £0.1) x 10" cm™2 eV ™!, these results are at least one order of
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magnitude higher. However, they are consistent with values reported for comparable
thin oxides [73], |[130]. The strong dopant diffusion into the wafer in these samples
provides for passivation. Thus, despite the higher Dy, the very low Jy values are

reasonable.

Firing then leads to a substantial increase in Dy to about 3 x 102cm=2eV~! to
7 x 102ecm™2eV!, showing an exponential dependence between Dy and the set
firing temperature. This trend fits the results of the samples with the 10 nm-thick

thermally grown interfacial oxide.

The Dy of the fired, uncapped n"POLO samples increases strongly with the set
peak firing temperature. Such dependence has been attributed to the temperature-
induced dissociation of hydrogen from SiOy/c-Si interfaces |180], [181]. Dissociation
of hydrogen from a bound state that passivates an interface defect to an unbound
state that activates the corresponding defect can be described by the following rate

equation:

ONj
ot

where k is the interface defect generation rate. Ny is the number of the initially

=k (N — Ny (1)) (5.1)

“passivated” inactive species at the interface, e.g., Si-H bonds, and Nj(t) is the
number of electrically active interface states, e.g., dangling Si bonds. With respect
to a hydrogen desorption process, the assumption made for this equation is that
the amount of free hydrogen at the interface and in the poly-Si is small, which
is a reasonable assumption after the previous high-temperature annealing process.
Under this assumption, the process is limited only by the forward reaction, i.e., the
breaking of Si-H bonds.

Since the recombination current density after annealing/before firing is 30 fA /cm?
and increases dramatically after firing, we can also assume that the amount of ini-
tially broken Si-H bonds Nj(t) at the interface is minimal compared to the breaking
of bonds during firing. This yields the following equation:

ONj
ot

= k- Np. (5.2)
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For a defined annealing time ¢, the equation can be written as:
Ny =k Ny-t. (5.3)

Thus, the Arrhenius equation gives the rate of a thermally activated process:

k—A~exp(;E;) . (5.4)
B

We further suppose that only one process, e.g., hydrogen dissociation, is responsible
for the change in Dj. In that case, the change in H concentration at the interface

is proportional to the change in the interface state density. Thus, we may write:

—-F
Ni; o< Dy o< A - exp ( ’ ;) (5.5)
B

so that the slope of the Arrhenius plot of In(Dj;) versus 1/kg - T gives the activation

energy of this process.

Figure[5.10shows an Arrhenius law plot of D;; determined (a) by C-V measurements
on samples with a thermal oxide and (b) by MarcoPOLO model regressions on
samples with a wet-chemical oxide. A good linear fit of the data points is possible and
yields an activation energy of (0.30 & 0.03) eV in Figure[5.10|(a) and (0.29 + 0.01) eV
in Figure m(b) This result indicates an underlying thermally activated process

that is possibly similar for the two oxides.

However, the energy for spontaneous desorption of hydrogen from Siz = Si-H in
the literature ranges from 1.4 to 2.64¢eV [182], |183]. The experimental result of
(0.30 + 0.03) eV is obviously well below these energies.

Moreover, it is questionable if the concentration of Si-H bonds at the SiOy/c-Si
interface is still sufficient before firing for a significant increase of D;; during firing,
because the samples were previously subjected to a much higher thermal budget
during annealing. Secondary ion mass spectroscopy (SIMS) measurements showed
that most of the hydrogen already diffuses out during high-temperature annealing
[182], [184], [185].

Thus, this result supports the hypothesis that another mechanism might be respon-

sible for the increase of Dy, and the out-diffusion of hydrogen is not the primary
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Figure 5.10: Arrhenius plot of the reaction rate for the increase in (a) Dy, for
samples with thermal interfacial oxide determined from C-V measurements and
(b) Ditmax for samples with wet-chemical interfacial oxide determined using the
MarcoPOLO model upon firing at Tiyeas peax. This figure (a) is adapted from Figure
15 in Ref. [104].

defect formation process during the firing of these samples.

As another hypothesis for the increase of Dj, the breaking of unstrained Si-O bonds
can also not be explained with an activation energy of 0.3 eV [182]. Since the preced-
ing tube furnace annealing step between 820 °C and 880 °C in our case or a dopant
diffusion step implies a much higher thermal budget and, at the same time, leads to
improved surface passivation, the temperature budget alone cannot be the reason

for the observed deterioration of the passivation quality during firing.

Due to the rapid temperature ramp up and cool down, which is orders of magnitude
larger during firing than during the annealing process in the tube furnace, the crucial

point could, however, be the rate of temperature change.

5.2.3 Variation of the conveyor belt speed
The hypothesis that the rate of temperature change plays an essential role in the

passivation’s stability against a high-temperature process is tested in an additional

experiment. The set peak temperature of the firing furnace is adjusted for four
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5.2 Firing stability of uncapped nt POLO junctions

different belt speeds vpey (2.5, 3.4, 5.6 and 7.2m/min) so that the same actual peak
temperature Tineas peak is Teached for each belt speed. Two experiments of this sort
are conducted, one with an actual peak temperature of Ti,eas peax = 724 °C and one
with & Tieas peak = 860 °C.

In Figures the measured temperatures and the temperature change rates as
functions of time are shown for the four different vye;. Figure M(a) shows the
whole temperature profiles while Figure M(b) shows an excerpt of data above
500°C. For the peak temperature of 724 °C, the maximum temperature change
rate occurring near the peak temperature changes from (23 £5)K/s to approx.
(53 £ 5) K/s with increasing vy, during heating. The minimal temperature change
rates of (—45 £ 5) K/s and (—64 + 5) K/s are reached during cooling for belt speeds
of 2.5m/min and 7.2m/min, respectively. At a peak temperature of 863 °C, the
maximum heating rate at vy = 7.2m/min is (120 £ 5) K/s and the maximum
cooling rate is (—93 £ 5) K/s.
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Figure 5.11: Measured sample temperatures (upper half) and respective temper-
ature change rates (lower half) during firing at different conveyor belt speeds and
set peak firing temperatures of uncapped POLO samples. The solid lines represent
firing with Tiyeas peak Of 724 °C and the dashed lines with Tiyeas peax = 865 °C.

Figure 5.12] shows the resulting data from PCD measurements. The large error
bars originate from large inhomogeneities across the wafer. The samples shown in
blue were fired at an actual peak temperature of 724 °C. Here the lifetime, iV,

and Jy values stay almost constant at the respective positions of the wafer up to
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5 Firing stability of n™ POLO junctions

Upelt = 5.6m/min. For a speed of 7.2m/min, a strong decrease in the lifetime and
iVoe and a simultaneous increase in Jy to (160 4 120) fA/cm? is observed. The
samples fired at 863 °C show a more continuous trend. As shown in Figure [5.12(a),
the lifetime decreases from 0.75 4 0.30 to 0.35 £ 0.25 ms with increasing belt speed.
At the same time, the iV, decreases from 660 £ 20 to 640 &= 20mV, and the J,
increases from 80 + 40 to 160 4 100fA /cm?. These results indicate a dependence
on the actual peak firing temperature and the belt speed, which are associated with
certain temperature change rates. Regarding the heating rates, a decrease of iV,
and Tz can only be stated at heating rates above (50 £+ 5)K/s. For the cooling

rates, no such threshold can be found.

This finding supports the hypothesis that the temperature change rate significantly
influences surface passivation degradation during firing. Lowering the belt speed can
thus mitigate the defect formation process, which is demonstrated by the increase
of iV, with decreasing belt speed in Figure [5.12}

Considering equation [5.3| in terms of this experiment, the time ¢t that the samples
experience a temperature close to the peak temperature increases as the belt speed
decreases. Since the peak temperature itself is held constant, k should be constant
in this case too. This would result in a proportional relationship between D;; and
t, suggesting an increase in Dy with decreasing belt speed. However, as shown in
Figure the opposite is true, again suggesting that not the thermal budget but

the temperature change rate causes an increase of Dj; during firing.
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Figure 5.12: (a) Excess carrier lifetime, (b) iV, and (c) Jy as a function of the
conveyor belt speed for samples with a 1.5nm wet-chemical oxide, annealed at
820°C, that are fired at an actual peak temperature of (724 +5)°C (solid lines)
or (863 £ 5)°C (dashed lines). The error bars denote the 95 % confidence interval
of measurements on five different positions on one (for Thyeas peax = 724 °C) or two
(for Tineas peax = 863 °C) different wafers, respectively.
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5.2.4 Thermal expansion at the c-Si/SiO, /poly-Si interface

The impact of the temperature change rates on interface defect formation hints
toward a mechanical cause of the increase of Dj; during firing. A possible explanation
for the defect formation becomes apparent when looking at the coefficients of thermal
expansion (CTE) of the materials involved in the POLO junctions. As shown in
Table[5.1] the CTE of ¢-Si and poly-Si is more than five times as high as the CTE of
thermally grown SiOy. The difference in CTE between SiO, and c¢-Si even increases
with increasing temperature from (3.0 +0.5) x 107K~ at 50°C to 5.8 x 1079 K™!
at 850 °C [186]. The value of SiOy given in Table |5.1{ has been reported for a 330 nm
thick thermal oxide, which is identical to that of bulk SiO, (0.5 x 107¢ K~ [187]).
However, it has to be noted that there is no reported data on how CTE develops

for thinner films like the 1.5 nm and 10 nm of the samples under investigation here.

A significant difference in CTE of SiO, compared to c¢-Si and poly-Si would, however,
lead to thermally induced stress during heating and cooling. Due to the mismatch
in CTE, the stress at the interface increases with increasing temperature. In slow
processes such as annealing in a tube furnace, the stress is relieved by the viscous
flow of the thin oxide, which is possible due to its amorphous nature [188], [189).
However, above a specific temperature change rate, the viscous flow might be too
slow to compensate for the stress, so it might be released by breaking strained Si-O
bonds. The Si-O bonds will be strained by the forces exerted by the poly-Si and
¢-Si, and thus a defect formation due to the breaking of Si-O bonds becomes much

more likely, as shown by El-Sayed et al. [190].

It should also be mentioned that the type of oxide and the deposition conditions
of the poly-Si strongly influence the firing stability. In this work, it is shown that
firing samples with 1.5 nm wet-chemically grown oxide leads to a significantly lower
increase in Jy than for samples with 10nm thermally grown oxide. Kang et al.
could also show that the thermal oxide with a thickness of 1.5 nm performed inferior
to a 1.4nm thick chemical oxide [109]. Stohr et al. [58] moreover observed that
samples with PECVD n-type poly-Si and a PECVD SiO, N, interfacial oxide show
a significantly improved firing stability. In contrast, a comparison of LPCVD and
PECVD poly-Si, both with chemically grown interfacial oxide and a SiNy capping
layer by Kang et al. [109], showed a similar increase in Jy due to firing. Increasing

the deposition temperature of LPCVD poly-Si, however, showed to have a negative
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Table 5.1: Coefficients of thermal expansion at room temperature from literature.

Coefficients of thermal expansion

Materials [10-6 K] References

Bulk c-Si 2.6 [186], [191]

poly-Si film 2.7t02.9 [192], |193]

thermal SiO film 0.5 [187]

PECVD SiO4 N, film —4t08 [194]

sputtered SiOx N, film —1.2t0 24 [195]
effect [109).

Overall, these observations show that the POLO junctions’ detailed manufacturing
conditions can significantly influence the firing stability. The resulting changes in
properties, such as crystallinity and porosity, can influence the respective CTE.
Thus, the resulting changes in firing stability could be explained in the framework

of the abovementioned hypothesis.

A further amplifying factor for stress at the interface could relate to the high doping
of the poly-Si layers and the heating by IR radiation during firing. The high poly-Si
doping concentration leads to a substantial FCA of IR radiation and hence stronger
heating of the poly-Si layer than the rest of the wafer. This effect could lead to
a stronger expansion of the poly-Si film than the c¢-Si bulk and thus could cause
additional stress at the interface. Unfortunately, studying such an effect on the
surface temperature is not easily possible due to the small thickness of the poly-Si
layer compared to the bulk. However, a significant effect of the level of bulk and
emitter doping on the sample temperature reached in an IR furnace was shown by
Bende et al. |196].

5.2.5 Summary and discussion of Section [5.2]

The key findings of experiments on the firing stability of uncapped poly-Si junctions

shown in this section are:

o The passivation quality of uncapped POLO junctions without a hydrogen-

containing capping layer is not stable against industrial firing processes.
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o The D;; of POLO junctions increases exponentially with the firing temperature
between 620 °C and 900 °C.

o The activation energy of this defect formation reaction is too low to account
for a possible out-diffusion of hydrogen or directly thermally induced breaking
of Si-O bonds.

o Higher belt speeds and a thus higher rates of temperature change negatively
affect the passivation quality if a threshold heating rate of 50 K/s is surpassed

o The passivation quality can be significantly improved by post-firing annealing
at 400°C

This chapter shows that the stability toward a firing process is not intrinsically
given for poly-Si contacts. Despite the existing stability against high temperatures
in general and annealing processes in the furnace in particular, it has been shown
in this work and by other authors [79], [96], [103] that firing can deteriorate the

passivation quality.

Other groups also observe the emergence of defects during rapid thermal annealing
(RTA) processes at ¢-Si/SiOy interfaces, such as [178], [189], [197], and also with
poly-Si/SiOy/c-Si junctions [19§]. In these papers, the conclusion has been partly
drawn that it is probably not a matter of the formation of defects but the dehy-
drogenation of already present defects. In contrast, Kamgar et al. [198] has shown
that it also comes to the formation of defects during RTA when the initially present
hydrogen already dissociated during long-term anneals in Ar at 900 °C prior to the
RTA process. The above publications on the deterioration of the passivation quality
during firing have not considered the influence of mechanical stress. However, a
classification of the reported results in the picture of thermal stress-induced defect

formation is unfortunately not possible as heating rates have not been reported.

Moreover, it has been shown that the resulting defects are most likely Py and Py
centers [178], [197], [199], [200]. Due to the measurement method and sample doping,
the Dj values measured in this work by conductance measurements originate from
the lower half of the bandgap. The measured increase in Dy, values lies between
0.21eV and 0.35¢eV and thus is in the range of the respective peaks of the Py and
Py defects in the lower part of the bandgap.

Kurachi et al. [189] showed that for a longer RTA process of more than 30s at
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temperatures of above 750 °C, the D;; decreases as compared to temperatures below
750 °C where the D; increases. The authors suspect viscous flow during long enough
processing and at high enough temperatures to positively affect the D;;. Their find-
ing is in accordance with the mitigating effect of lower belt speeds on the formation
of defects seen in this work. This again supports the hypothesis that the evolution
of Dy, depends on a combination of the thermal budget and the thermal-mechanical

stress within the POLO layer stack during firing.

5.3 Influence of different hydrogen-containing

capping layers

Since the importance of hydrogenation for poly-Si passivating contacts has been
shown by other groups in the last years [60], [79], [80], [82], [98], [101], [184], [201],
this section investigates their temperature-dependent firing stability in combination
with different hydrogen-containing capping layers. Therefore, different commonly
used dielectric layers are considered. First, the influence of two different SiN, coat-
ings is compared. Then the capping with an Al;O3 layer is investigated, and a stack
of Al,O3/SiNy is applied and evaluated.

5.3.1 SiN, capping layer
Samples with thin wet-chemical oxide

Figure[5.13|(a) shows the Jy values of n"POLO samples with POLO-junctions based
on a wet-chemical oxide, coated with 100 nm SiNy with a refractive index of n = 2.05
from an IC-PECVD tool. The pre-firing state (denoted as “IC-PECVD SiNy,,) was
measured after the deposition of SiN,. Comparison with the state after annealing
and before SiNy deposition (gray dashed line) shows that the deposition of SiNy in
this tool leads to a minor improvement of passivation quality. However, firing at low
temperatures up to 760 °C leads to a significant decrease in Jy. Firing at Tget peak
= 620 °C even yields an improvement down to below 1fA/cm? on the best sample.
These samples exhibit an iV,. of 745mV and an effective lifetime of 8 ms. However,

firing at set peak temperatures in the range from 760 °C to 900 °C, where typical
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a) wet-chemical interfacial oxide b) wet-chemical interfacial oxide
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Figure 5.13: Recombination current density .Jy of samples with wet-chemical in-
terfacial oxide, annealed at 820 °C with (a) a 100 nm IC-PECVD SiN, capping layer
or (b) a 100nm MA-PECVD SiN; capping layer. The results in Figure (b) are each
obtained from two small samples measured at one position. Blue data points are
measured before firing, and orange data points are measured after firing. The gray
interval depicts the results directly after annealing measured on all samples from the
respective set of samples (upper/lower quartile). The error bars in (a) denote the
95 % confidence interval of measurements on one position of three different wafers,
respectively. The error bars in (b) denote the 95 % confidence interval of measure-
ments on five different positions on two different wafers, respectively. This figure is
adapted from Figure 8 in Ref. [104].

industrial firing processes are performed, results in a drastic increase in Jy up to
100 fA /em?. Compared to uncapped samples, Jy is lower at low firing temperatures,

but at 830 °C and 900 °C, J, significantly exceeds the J; values of uncapped samples.

Additional samples are coated with a 100 nm-thick SiNy layer with n = 2.05 from
a microwave-assisted (MA) PECVD system. These results are shown in Figure
5.13[(b). Here it can be seen from the Jy values before firing that already the
deposition of the SiNy layer improves the passivation to Jy values of about 2 to
3fA/cm?. The reason for this could be the higher deposition chamber temperature
of about 500 °C in the MA-PECVD system compared to the IC-PECVD system with
a deposition temperature of approx. 300°C. However, already at low firing tem-
peratures, the passivation quality decreases again. At Ty peax = 900°C, Jy reaches
(14 4+ 9) fA/cm? and exceeds the values of about (5.4 £ 0.9) fA/cm? measured after
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Figure 5.14: SEM images of a poly-Si sample with wet-chemical interfacial oxide
and an IC-PECVD SiNy capping layer fired at 900 °C. (a) shows a tilted overview
over the sample surface, b) a cross-sectional view and ¢) a magnified view on a region
with flacked-off POLO junction. This figure is reprinted from Figure 9 in Ref. [104].

Figure 5.15: SEM images of a poly-Si sample with wet-chemical interfacial oxide
and an MA-PECVD SiNy capping layer fired at 900 °C.

annealing.

The Figures and show scanning electron microscope (SEM) images of sam-
ples with IC- and MA-PECVD SiNy layers both fired at 900 °C. Figures [5.14|(a)-(c)
show local delamination of the poly-Si layer from the sample surface together with
the IC-PECVD SiN, layer. In Figure [5.14(c), even a large piece of the POLO

2 chipped off. In contrast to the group coated

junction with a size of about 10 pm
with IC-PECVD SiNy, optical microscope and SEM images of the samples coated
with MA-PECVD SiNy in Figure show no visible sign of blistering or interface

delamination.

Figure shows Fourier-transform infrared spectroscopy (FTIR) measurements
of samples with both types of SiN, capping layers. These results show that the

111



5 Firing stability of n™ POLO junctions

IC-PECVD films contain significantly more hydrogen after deposition ((19 4 4) %)
than the MA-PECVD films ((5 £ 1) %), which could be the reason why blistering
only occurs on the IC-PECVD samples.
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Figure 5.16: FTIR absorbance spectra captured from an n*poly-Si/SiO, /c-Si sam-
ple with an IC-PECVD SiNy capping layer (blue) and an MA-PECVD SiN, /c-Si
sample (orange). The FTIR spectra are baseline corrected and divided by the FTIR
spectra of identical samples without SiNy layers.
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Samples with thick thermal oxide

Figure (a) shows the Jy values of n™ POLO samples with POLO-junctions based
on a 10nm thick thermal oxide, coated with 100nm SiN, with a refractive index of
n = 2.05 from an IC-PECVD tool. The state before firing was measured after the
deposition of SiNy and the state after annealing is measured after annealing/ before
SiNy deposition (gray dashed line). The deposition of SiNy in this tool does not
lead to an improvement of passivation quality. However, firing at Tiet peax = 620 °C
leads to an improvement to Jy = (9 4+ 2)fA/cm?. In contrast, firing at set peak
temperatures of 760 °C and 900 °C leads to a drastic increase in Jy to (39 + 9) fA /cm?
and (170 £ 33) fA /cm?.
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Figure 5.17: Recombination current density Jy of samples with thermal interfacial
oxide, annealed at 880 °C with (a) a 100 nm (IC-PECVD) SiN, capping layer or (b)
a 100nm (MA-PECVD) SiN; capping layer. Blue data points are measured before
firing, and orange data points are measured after firing. The gray interval depicts
the results directly after annealing measured on all samples from the respective set of
samples (upper/lower quartile). The error bars denote the 95 % confidence interval
of measurements on five different positions on two different wafers, respectively.

In contrast, samples with an MA-PECVD SiNy-layer show a pronounced decrease
of Jy after deposition. Figure [5.17(b) shows Jy values of (3 £ 1)fA/cm? for these
samples. This behavior is similar to the results in Figure [5.13| with the wet-chemical
oxide, although the effect of the MA-PECVD deposition is much stronger on the

samples with the thermal oxide.
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Contrary to the samples with thin oxide, the .Jy after firing at 760 °C already exceeds
the Jy after annealing for both types of SiNy. The absolute J; level is significantly
higher for the group with MA-PECVD SiN, and reaches (900 =+ 350) fA /cm? al-
ready at a firing temperature of 830°C. Unfortunately, no reliable Jy, values could
be determined for the samples fired at 690 °C and 900 °C.

Overall, for both types of SiN, capping layers, it has been shown that for the firing
temperatures of 830 °C and 900 °C, a significant increase in Jj is observed. However,
the question is whether these are the same type of defects also occurring in samples
without a capping layer. The presence of hydrogen in the samples with SiNy capping
layer and the blistering observed in some samples suggest that there may be H-

induced defects such as platelets.

5.3.2 Post-firing annealing

The following experiment aims to investigate the effect of an annealing process at
425°C in Ny atmosphere for 30 min on the Jy of already fired samples. In Figure
[.18] the Jy values of samples with and without SiNy capping layers are compared.
The samples with a wet-chemical interfacial oxide fired without a capping layer
benefit from the post-firing annealing. In the case of an IC-PECVD SiNy capping
layer, the degradation of the passivation is irreversible, probably due to the intense
blistering. However, interestingly for the MA-PECVD-SiN, samples without visible
evidence for blistering, the passivation can also not be recovered by this post-firing
anneal. This result supports the hypothesis that in the case of samples with SiNy
capping layers, additional and different types of defects emerge than in those without

a dielectric capping layer.
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Figure 5.18: Recombination current density Jy of samples with a thin wet-chemical
interfacial oxide, annealed at 820 °C and with different capping layers measured in
consecutive process steps. The samples were measured directly before firing, after
firing at Tiet peak = 900 °C and finally after a subsequent annealing process at 425 °C
for 30min in Ny atmosphere. The error bars denote the 95% confidence interval
of five measurements on different parts of two wafers, respectively. This figure is
reprinted from Figure 12 in Ref. [104].

5.3.3 Al,O3 capping layer

Figures [5.19(a) and (b) show the recombination current density of samples coated
with ALD Al;O3 and annealed at 425 °C in Ny atmosphere for 30 min before being
fired. The samples shown in Figure [5.19(a) exhibit a thin wet-chemical oxide and in
Figure [5.19(b) it is a thick thermal oxide. In this section, Al,O3 deposition always

includes a subsequent annealing process (425 °C, 30 min, Ny).

Comparing the states “as annealed” and “Al,O3 + Ny anneal” in Figure [5.19(a), a
relatively small improvement of the J, values can be seen. However, quite a large
variation occurred depending on the position on the wafers indicated by the large
error bars. The firing process results in a slight increase of Jy. After firing at Tyet peak

= 900 °C, a moderate increase from 4 to 7+ 4fA/cm? is measured.

Figure [5.19(b) shows Jy after annealing, Al,O3 deposition, and firing of samples

with a 10 nm thick thermal oxide. A significant improvement of Jy from 30 fA /cm?
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Figure 5.19: Recombination current density Jy of samples with (a) a wet-chemical
interfacial oxide, annealed at 860°C and (b) a thermal oxide, annealed at 880°C
both coated with a 10nm Al,O3 layer. Blue data points are measured before firing,
and orange data points are measured after firing. The gray interval depicts the
results directly after annealing measured on all samples from the respective set of
samples (upper/lower quartile). The error bars denote the 95 % confidence interval
of measurements on five different positions on two different wafers, respectively. This
figure is reprinted from Figure 10 in Ref. [104].

to (34 2)fA/cm? after Al,O3 deposition + Ny anneal is evident. The subsequent
firing partly takes back this improvement. In contrast to samples with wet-chemical
oxide, it seems that the surface passivation has improved more for these samples
upon hydrogenation. The same trend for thermal oxides has been observed be-
fore for samples with MA-PECVD SiNy. One explanation could be more sensitive
surface recombination in these samples to the chemical passivation due to the ab-
sence of in-diffusion of dopants from the poly-Si layer and a reduction of the band
bending in the c-Si due to the increased voltage drop across the thicker interfa-
cial oxide. Firing leads to a deterioration of surface passivation quality to about
(9 + 3) fA/cm?. However, this value is constant from 620 °C to 830 °C and increases
only to (14 £ 2) fA /cm? at 900 °C.

Altogether, it can be said that Al,Oj3 significantly improves the firing stability.
However, the improvement previously achieved by AlyO3 deposition and annealing
is not maintained. Optical microscope images of these samples do not show any sign

of blistering.
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5.3.4 AlL,O;/SiN, capping layer stack

The Jy values of samples coated with a stack of Al,O3 and SiNy layers are shown
in Figure 5.20(a) and (b). The results in Figure [5.20(a) show the .J, values of
samples with a wet-chemical oxide after annealing, after deposition of the layer stack,
and after firing. After deposition of the layer stack, excellent passivation quality
with Jy-values of 0.8 to 2.5fA/cm? are reached. This significantly improves the
passivation quality compared to 4 fA/cm? before the deposition of the Al,O3/SiN,
stack. The firing process causes a slight degradation, which increases with increasing
firing temperature but remains below 4 fA /cm? even at 900°C. Both the optical
microscope images and the good Jy values indicate that blisters do not occur within
this stack.
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Figure 5.20: Recombination current density of samples with (a) thin wet-chemical
oxide, annealed at 860 °C or (b) with thermal oxide, annealed at 880 °C both capped
with an Al,O3/SiN, stack measured before (blue) and after (orange) firing. The
gray interval depicts the results directly after annealing measured on all samples
from the respective set of samples (upper/lower quartile). The error bars denote the
95 % confidence interval of measurements on five different positions on two different
wafers, respectively. This figure is reprinted from Figure 11 in Ref. [104].

The samples containing a thick thermal oxide in Figure m(b) show qualitatively
very similar behavior at a higher Jy level. After firing at 900 °C J; values of about
20fA /cm? are determined.
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5 Firing stability of n™ POLO junctions

Concerning the achievement of an acceptable passivation quality with these POLO
junctions after firing, deposition of a double layer stack of Al,O3 and SiNy prior to

firing is a successful strategy.

5.3.5 Interface state density

The interface state density of samples with thick thermal oxide and capping layers
is measured by C-V measurements as in the previous Section [5.2.2] Figure [5.21
shows the Dy values plotted over the set peak firing temperatures for samples with
no capping layer, a SiNy or a Al,O3/SiN, capping layer before and after firing. On
one set of uncapped samples, Dj; is measured after an additional SiNy deposition
and low temperature anneal at 425°C for 30 min after firing. Before firing and
without a dielectric capping layer the Dj values lie at about 1.1 x 10 cm=2eV—!
(orange marker). The deposition of an IC-PECVD SiNy layer reduces the Dy, down
to (94 3) x 10°cm2eV~! (green marker). This is an excellent value in comparison
with reported Dy values of bare ¢-Si/SiOy interfaces [185], [202], [203].

The Dj values of uncapped samples rise from 3 x 10 cm™2eV~! when fired at
620°C to 1 x 102 cm =2 eV~! when fired at 900 °C, where the D;; shows no saturation
in contrast to the Jy values (cf. Figure p.5(b)). A post-firing treatment with MA-
PECVD SiNy plus an annealing step (425°C, 30min, N,) of additional samples
previously fired without a capping layer achieves a much lower and also relatively

constant Dy, of about (8 £2) x 101°cm™2eV~! shown in red.

The Dj of the samples with SiNy also increases significantly due to firing about
one order of magnitude from (9 4 3) x 10°to 2 x 10" em™2eV~! (green markers) in
accordance with the Jy results (see Figure [5.17)). The samples that received a stack
of Al,O3 and SiNy before firing show a Dy, of about (10 £ 3) x 10'%cm™2eV~" (blue
markers), which remains nearly constant over the entire temperature range and is

consistent with the Jy results of the wet-chemical oxide samples.

Overall, the evolution of the D;; values with firing temperature is in accordance with

the PCD measurements shown above for all sets of samples.
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Figure 5.21: Interface state density as a function of set peak firing temperature.
Some wafers are fired without a capping layer (orange symbols). The SiN layers
of the samples coated before firing was deposited by an IC-PECVD tool (green and
blue symbols). The post-firing SiNy deposition is done with an MA-PECVD tool
(red symbols). The error bars denote the 95 % confidence interval of measurements

on at least three different positions on a sample, respectively. This figure is reprinted
from Figure 14 in Ref. [104].

5.3.6 Summary and discussion of Section [5.3]

The key findings of the evolution of recombination parameters Jy and defect densities
D;; of samples with hydrogen-containing capping layers, presented in this section,

are:

« Hydrogen containing capping layers as SiNy, Al,O3 and a stack of Al,O3 and
SiNy improve the firing stability of POLO junctions up to a set peak firing
temperature of 760 °C

o The capping layer deposition processes or subsequent annealing at 425°C can
also significantly reduce the Jy before firing. Samples with thick thermal oxide

benefit more strongly.

 Firing at 900°C of samples capped with SiNy causes a deterioration of J.
Samples with a thin oxide capped with IC-PECVD SiNy suffer from blistering.

+ Capping with Al,O3 or Al,O3/SiNy leads to Jy values below 20fA /cm? even
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5 Firing stability of n™ POLO junctions

after firing at 900 °C for both oxide types.

o Best results of 2.2fA /cm? are reached on samples with a thin oxide and a stack
of Al,O3 and SiNy after firing at Tiet peak = 900 °C.

e Dy values determined from samples with 10 nm thermal oxide show qualita-

tively similar behavior to the Jy values of samples from both oxide groups.

+ Post-firing annealing of samples with SiNy (fired at Tier peak = 900 °C) does not
lead to any improvement in the .Jy in contrast to uncapped samples, where J,

is reduced by order of magnitude.

This chapter shows that hydrogen-containing capping layers significantly improve
the firing stability of the passivation quality. This advantage, however, depends
strongly on the layers used. The two different SiNy layers applied in this work hint
toward the importance of the hydrogen content. Blistering of samples with I1C-
PECVD SiNy indicates that too much hydrogen at the interface leads not only to
the passivation of existing defects but can also be harmful, depending on the hydro-
gen concentration and firing temperature. The origin of surface recombination in
these samples is believed to differ from that of the uncapped samples as the defects
cannot be healed in a post-annealing process, which is possible for uncapped sam-
ples. This indicates that in the [C-PECVD SiNy capped samples sufficient hydrogen
is probably present during and after firing to passivate the firing-induced defects.
However the additional defects induced by the blistering can not be passivated by
the excess hydrogen probably in-diffused during the post-firing annealing. Thus no

improvement is taking place.

This same qualitative behavior is also seen for samples with MA-PECVD SiNj layers.
However, the reason is believed to be different. These samples show a clear improve-
ment in passivation quality already after SiNy deposition. This suggests that during
deposition, which takes place at a higher chamber temperature of 500 °C, there is
already a significant H diffusion into the sample. The main effusion temperature
was shown to increase with increasing SiNy deposition temperature in the literature
[204]. This might lead to the situation that, in the case of MA-PECVD SiN, as
opposed to IC-PECVD SiN,, during firing, less H is diffusing into the poly-Si so that
not all firing-induced defects can be passivated. This would explain the rising Jy
during firing. The observed post-firing annealing behavior of no improvement in

Jo could also be explained by a higher main effusion temperature as the selected
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5.3 Influence of different hydrogen-containing capping layers

temperature of 425 °C might have been too low to ensure further hydrogen diffusion
from the MA-PECVD SiNy layer. Although this is believed to be the more likely
cause, considering the findings of other groups in literature, the opposite case of
excess H leading to enhanced recombination, as supposed for the IC-PECVD SiNy,

cannot be ruled out either.

Steinhauser et al.[102] showed 2020, and others confirmed [109], [111] a decrease
in Jy after firing with SiNy capping layers with increasing refractive index. They
stated that the amount of introduced hydrogen increases with an increasing refrac-
tive index, which is beneficial for the passivation quality. This fits the results of
Bredemeier et al. [205] who has shown that the amount of hydrogen introduced to
the sample increases with increasing refractive index n between 1.9 and 2.4. How-
ever, the results of this work showed that the SiNy deposition method also plays
a crucial role. Comparing two layers with a refractive index of 2.05 from different
tools yields different results. Despite the relatively low refractive index, these exper-
iments lead to the assumption that at least in one case (IC-PECVD SiNy), sufficient
or possibly too much H is in-diffused here. These results, however, fit the results
of Kang et al., who also used different equipment for SiNy deposition (batch-type
Centrotherm, a Roth and Rau AK400, and an Oxford PlasmaLab 100 PECVD tool)
and as well obtained significantly different results in firing stability [103].

If a 10nm AlyOs layer is introduced between poly-Si and SiN, instead of a sole
IC-PECVD SiNy layer, the behavior of the passivation quality changes massively.
The Jy increases only slightly with the firing temperature and remains below the
initial level after annealing even up to the firing temperature of Tiet peax = 900 °C.
These results agree well with that of other groups. Already in 2018, Mewe et al. [96]
showed a positive effect of Al,O3/SiNy capping layers over Al,Oj single layers, and
Kang et al. [103], [108] and Polzin et al. [107] confirmed this trend.

It has been shown by Dingemans et al. [206] that Al;O3 releases H over a wide
temperature range starting at 400 °C to more than 715°C. This explains why the
samples with Al,O3/SiNy stack show a significant improvement in passivation qual-
ity already after SiN, deposition, which takes place at a chamber temperature be-
tween 300°C and 500°C. The releasing of H moreover strongly depends on the
microstructure of the Al,O3 layer which is determined by the preparation method
and its process parameters such as deposition temperature [206], [207]. Further-

more, the Al,O3 acts as an efficient barrier for the diffusion of H, which limits the
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5 Firing stability of n™ POLO junctions

in-diffusion of H from the SiNy and the out-diffusion of already introduced H [208|,
[209]. This H regulating effect could be the crucial difference to the SiNy single lay-
ers, which is also hypothesized by Polzin et al. [107]. The beneficial effect of Al,O3
layers is thus probably its hydrogen-regulating effect. However, Truong et al. |184]
also suggested in 2020 that the hydrogen driven in from AlyOj3 layers could have
a different form (molecular/atomic) than that from SiNy layers. This hypothesis
arose from measurement results showing an increase in iV, for both samples with
Al,Oj plus a forming gas anneal (FGA) and SiNy, + FGA, respectively. However, an
a-Si:H peak in the PL spectrum only appeared for the samples hydrogenated with
a SiNy layer. Thus there could also be a connection between the form of hydrogen
introduced with the formation of hydrogen-induced defects. However, the absence
of the a-Si:H peak after Al,O3 + FGA could also be due to a smaller amount of
in-diffused H.

Overall, the results obtained agree with those of other groups and show a large room
for optimization in the choice of the capping layer and the layer properties, as the
ability of dielectric layers to release H strongly depends on the microstructure of
the layer. To investigate this further, the next chapter will focus on the generated

hydrogen concentration at the ¢-Si/SiO, /poly-Si interface.

5.4 Changes in hydrogen concentration and defect

state density due to firing

In this chapter, the relationship between the hydrogen concentration at the c-
Si/Si0y /poly-Si interface and the Jy and Dj; values is investigated to find a possible
explanation for the behavior found in the previous chapter. Therefore, the surface
passivation stability of n*POLO junctions upon firing, with a stack of Al,O3/SiNy
capping layers at two firing temperatures and varying Al,O3 layer thickness, is stud-
ied to achieve different hydrogen concentrations at the interface and examine their

influence on the surface passivation.
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5.4 Changes in hydrogen concentration and defect state density due to firing

5.4.1 Evolution of recombination current density and hydrogen

concentration with firing temperature

To examine the correlation between the hydrogen content at the interface and the
passivation quality, different n*POLO sample groups with Al,O3/SiNy stacks are

investigated in detail in the following.

Firing at 724 °C

Figure [.22] shows Jy and Dy values of samples before and after deposition of
the Al;O3/SiNy stacks and firing at a Tyt peax = 724 °C, for which no blistering
is expected from previous experiments and also not visible in optical microscope
images. The resulting Dj needs to be interpreted as the maximum defect den-
sity Ditmax at the SiOy/c-Si interface as they are deduced from a regression of
the MarcoPOLO by Folchert et al. [73] model to the measured Jy values us-
ing Dit max as the only free parameter. Therefore a capture-cross-section of holes
of 4.2 x 107*¥ cm? is assumed. Moreover, a Monte-Carlo analysis with 500 sam-
ples per measurement is performed in which the following parameters are var-
ied: the oxide thickness as dox =(1.5 4 0.2) nm, the poly-Si doping concentration
as Naoppoly =(3.0+0.1) x 102 cm™ and the ¢-Si peak doping concentration as
Naope—si =(1.440.5) x 10" cm™ as determined from ECV measurements. The
measured Jy values are varied in the range of their standard deviation after multiple

measurements on the same sample.

The Jy values of (5.7+0.7)fA/cm? after annealing can be further improved to
(2.1 £ 0.8) fA/cm? by depositing the two dielectric layers (AlyO3/SiNy ). Please note
that this time, no intermediate annealing step after Al,O3 deposition is done. The
calculated Dj; values after annealing are approx. 3.6 x 10'2cm™2eV~! and thus
higher than for the samples in Figure [5.9(b) in the same state before firing which
were however not processed together. One difference between these batches is the
higher annealing temperature of 860 °C for the samples in Figure In contrast,
the samples in Figure m(b) were annealed at 820 °C. A possible explanation for the
difference in Dy, could be that annealing at 860 °C leads to a stronger restructuring
of the bonds at the ¢-Si/SiO, interface.

After the Al,O3 and SiNy deposition and before firing, a slight trend of decreasing
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Figure 5.22: a) Recombination current density and (b) maximum interface
state density of samples capped with an Al,O3/SiNy stack, fired at Tineaspeak =
(724 £ 5) °C and varying Al,O3 layer thickness measured before (blue) and after fir-
ing (orange). The gray interval depicts the results directly after annealing at 820 °C
measured on all samples from the respective group of samples. The error bars in (a)
denote the 95% confidence interval of between two and five measurements on dif-
ferent samples, respectively. The error bars in (b) denote the standard deviation of
the calculated values determined by a Monte-Carlo analysis. This figure is adapted
from Figure 3 in Ref. [105].

Jo with increasing Al;O3 layer thickness can be observed. However, due to the
comparatively small changes and the large error bars, process variations during
SiNy deposition, for example, could be responsible. Subsequent firing at 724 °C has
little effect on the Jy and Dy, values. The samples with 15nm thick Al,O3 layers

show particularly good values below 2 fA /cm?.

Figures [5.23] [5.24] show hydrogen and deuterium profiles measured by SIMS. Please
note that the calibrated values only apply to the poly-Si, SiO,, and c¢-Si layers
and not to the SiNy and Al,O3 layers because of the c-Si-based calibration used
in the analysis. However, the hydrogen concentration in an unfired MA-PECVD

SiNy layer was determined by FTIR measurements and resulted in a concentration

of 6 x 102! cm—3. Comparing the uncalibrated values in Figures [5.23] [5.24 and |5.26|

inside the SiNy layer no measurable hydrogen loss can be detected between the pre-

and post-firing states.
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Figure 5.23: Hydrogen and deuterium ToF-SIMS profiles of Al,O3/SiN, capped
samples with different Al,O5 layer thickness fired at Tineas peak = (724 £5) °C. The
concentrations are only valid for the silicon parts of the sample and are not calibrated

within the blue-marked SiNy and Al,Og regions. This figure is adapted from Figure
5 in Ref. |105].

The peak hydrogen concentration of 1 x 10'® to 3.5 x 10'¥ cm ™3 for hydrogen and
1.5 x 10" cm™ down to the detection limit of about 1 x 10'% cm ™3 for deuterium at
the SiOy/c-Si interface after firing at Tineas peak = 724 °C in Figure are more than
three magnitudes lower than the hydrogen concentration of 6 x 10?! cm™ inside the
SiNy layer. These peak concentrations show an increasing trend with increasing
Al;Og layer thickness.

Compared to the Jy and Dj values, these results indicate that there could be a
positive influence of an increasing concentration of hydrogen in the range of 1 x 10*®
to 3.5 x 10® em™ on the passivation of the poly-Si/SiO,/c-Si interface states. At
the low firing temperature of 724 °C used here, the active defect density is slightly

reduced with increasing hydrogen content due to an increasing AlyO3 layer thickness

(cf. Figure |5.22)).

The fact that the hydrogen concentration increases with the film thickness of the
Al; O3 layer does not fit the expectation of the hydrogen blocking property of alu-
minum oxide reported by Helmich et al. [208] and others [209], |[210]. However,

125



5 Firing stability of n™ POLO junctions

compared to the experiments of Helmich et al., who used SiNy layers with a refrac-
tive index of 2.3 and an approximate hydrogen content of more than 15% [211],
we used SiNy layers with a refractive index of 2.05 and a lower hydrogen content
of (5+1)%. It is, therefore, possible that in our work, the amount of hydrogen
introduced from the Al,Og3 layers contributes a relevant share to the final H con-
centration at the interface due to the lower H concentration of the 2.05 SiNy layers
as compared to 2.3 SiN, layers used by Helmich et al.[208]. Moreover, the ratio
of the hydrogen-containing species, i.e., Si-H and N-H, changes with the refractive
index and therefore differs between both experiments [211]. Tt is also known that
Si-H and N-H bonds exhibit different activation energies for the release of hydro-
gen [212]. Moreover, it is puzzling at first glance that the deuterium concentration
also increases simultaneously. Since deuterium-containing gas (Ds) is only used in
the SiNy deposition, the deuterium cannot directly originate from the Al,O3 layer.

However, a possible explanation might involve D-H exchange reactions, as proposed
in [82].
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Figure 5.24: Hydrogen and deuterium ToF-SIMS profiles of samples after the de-
position of Al,O3/SiNy capping layers for different Al,O3 layer thickness. The con-
centrations are only valid for the silicon parts of the sample and are not calibrated

within the SiNy and Al,O3 regions highlighted in blue. This figure is adapted from
Figure 4 in Ref. [105].

This trend that the hydrogen concentration at the interface increases with increasing
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5.4 Changes in hydrogen concentration and defect state density due to firing

Al,O3 thickness and decreasing Jy values can already be seen directly after the
deposition of the dielectric layers, i.e., before firing. Figure shows the hydrogen
concentration of two samples before firing. The samples with the thicker Al,O3 layer
(10nm) have slightly more hydrogen at the poly-Si/SiOy/c-Si interface before firing
as the sample with 2nm Al,O3. Since the temperature in the deposition chamber
during SiNy deposition is 500 °C, diffusion of H from the Al,Og layers is likely. The
deuterium concentrations of both samples inside poly-Si, SiOy, and c-Si are below
the resolution limit. This indicates that H from the Al,O3 layer accumulates at the
interface even prior to firing due to the high temperature during nitride deposition.
The existing defects are probably already passivated with H from the Al,O3 layer
during this pre-firing hydrogenation. Upon firing, additional H and D is released
from the nitride layer, as shown by the deuterium peaks in Figure [5.23| compared to
Figure[5.24] The newly released D likely exchanges with H at the already passivated
defects [82], explaining the higher D peaks for thicker Al,O3 layers (see Fig. |5.23)).

Firing at 863 °C

Figure shows the Jy and Di;max values of samples before and after firing at
863 °C. At this temperature, samples with just MA-PECVD SiN, layers show a
strong degradation of Jy up to 20fA/cm?, as shown previously in Figure . In
these samples with a stack of Al,O3 and SiNy layers, the passivation quality also de-
teriorates as the Jy values increase to (6 & 2) fA /cm? and the defect density increases
up to 4.2 x 102 cm=2eV~!. The passivation quality shows an optimum at an Al,O4
film thickness of 5nm. Again, the trends should be treated with caution compared
to the dispersion of the data. It should also be noted that all samples, except those
with 5nm Al,Oj3, are suffering from blister formation. Samples with no blisters or

as few as possible blisters were selected for the following SIMS measurements.

Figure [5.26|shows the ToF-SIMS measurements after firing at 863 °C. When looking
at the H and D concentrations at the interface, it can be seen that the sample with

5nm Al,Os has the highest H peak concentrations of 5.2 x 10'® cm™3. The samples

3

with 10 and 15nm Al,O3 show H peak concentration values of 3.4 x 10*® cm™3,

which are only slightly below this, whereas the sample with 15nm Al,O3 shows
a clearly broader peak and indicating that more H and D is stored in the area

around the interface. The sample with the smallest Al;O3 thickness of 2nm again
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Figure 5.25: a) Recombination current density and (b) Dj; of samples capped with
Al,O3/SiNy stacks, fired at Tiyeas peak = (863 £ 5) °C and varying Al,Og layer thick-
ness measured before (blue) and after firing (orange). The gray interval depicts the
results directly after annealing at 820 °C measured on all samples from that batch.
The error bars in (a) denote the 95 % confidence interval of five measurements on
different samples, respectively. The error bars in (b) denote the standard devia-
tion of the calculated values determined by a Monte-Carlo analysis. This figure is
adapted from Figure 6 in Ref. [105].

shows the lowest peak H and D concentrations (H: 1 x 10 em™3, D: 8 x 10'® cm™3).
Compared to the samples fired at 724 °C (see Figure , the samples with 10 nm
and 15nm Al,O3 show a slight increase in peak concentration, and also the sample
with 5nm Al,O3 shows a higher peak concentration than the samples fired at 724 °C
with 2nm and 10nm. A directly comparable sample with 5nm Al;Oj3 is not present

in this group.

Considering the hydrogen concentration in the poly-Si regions, the two samples with
2nm and 10nm Al,O3 show concentrations that are about one order of magnitude
lower than in all the other fired samples. An explanation could be that strong blister-
ing possibly of the whole poly-Si/Al;O3/SiN, stack, as seen earlier for SiNy /poly-Si
samples, took place in the area of investigation so that a large amount of hydrogen
diffused out of the poly-Si and the wafer. This would also explain why the poly-
thickness and the Al;O3/SiN, thickness seem to be less thick for these samples.
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Figure 5.26: Hydrogen and deuterium ToF-SIMS profiles of Al,O3/SiN, capped
samples with different Al,O5 layer thickness fired at Tipeas peak = (863 £ 5) °C. The
concentrations are only valid for the silicon parts of the sample and are not calibrated
within the blue-marked SiNy and Al,Og regions. This figure is adapted from Figure
7 in Ref. [105].

5.4.2 Comparison of integrated hydrogen concentrations and

defect state densities at the interface

Following the hypothesis that hydrogen passivates defect states at the ¢-Si/SiO, /poly-
Si interface, the question arises if the hydrogen concentration measured at the in-

terface is large enough to passivate the present defects.

Figure[5.27|(a) and (b) show the integrated hydrogen concentrations over an interval
of £ 55nm around the hydrogen peaks at the SiO,/c-Si interface. The results are
shown by gray, blue, orange and red markers (joint by lines) after annealing, after
Al,O4/SiNy deposition, after firing at 724 °C and 863 °C, respectively.

Under the simplifying assumption of a constant distribution of the interface state
density across the bandgap, we calculate an aerial defect density by multiplying the
Dt max values with the bandgap energy of 1.13€V ( Ditmax X Eg). The colorized
horizontal intervals indicate these results. Figures[5.27(a) and (b) thus allow a rough
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comparison between the hydrogen concentration and the interface state density.
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Figure 5.27: Integrated hydrogen concentrations in the SiOy /c-Si interface region
as a function of the Al,Oj3 layer thickness are shown in Figures (a) and (b) indicated
by markers joint by lines. The colored bars indicate the intervals of the maximal
areal interface state density Dj;max X Egsi determined under the assumption of a
constant Dj; distribution over the bandgap. In Figure (a) the states after annealing
(gray) and after Al,O3/SiNy deposition (blue) are shown. In Figure (b) results after
firing at Tieas peax Of (724 £ 5) °C (orange) and (863 £ 5) °C (red) are shown. This
figure is adapted from Figure 8 in Ref. [105].

In Figure [5.27(a) results of samples measured after annealing (gray interval) and af-
ter Al,O3 and SiNy deposition (blue symbols and interval) are shown. After anneal-
ing at 820 °C, the defect concentration is (4.1 +0.2) x 102 cm™2, which is reduced
to (2.4 4 0.4) x 10" ecm™2 by an induced hydrogen concentration at the interface of
(3.1£0.2) x 10" ¢cm™? due to Al,O3 and SiN, deposition. Assuming that the de-
fects were each passivated by one hydrogen atom, the amount of hydrogen matches

quite well.

The results shown in Figure [5.27(b) are measured after firing at 724°C (orange
symbols) and 863 °C (red symbols). The integrated hydrogen concentration at the
SiO4/c-Si interface increases significantly due to firing in accordance with the pre-
vious observations. They moreover show an increasing trend with increasing Al,O3
layer thickness as already observed in the SIMS profiles. This behavior is not ob-
served for the samples fired at 863 °C. The samples with 2 and 10nm Al,O3 layer
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5.4 Changes in hydrogen concentration and defect state density due to firing

show a deviating behavior of the overall SIMS profiles as compared to all other mea-
surements, which was discussed in Section and which are thus suspected to be
affected by blistering in the measured region. The integrated H concentration of the
other two samples with 5 and 15 nm Al,O3 layers is 2.51 x 10 and 2.76 x 103 cm?
respectively and thus similar. Firing at 863 °C thus drives in more H than firing at

724 °C.
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Figure 5.28: Integrated hydrogen concentrations in the SiOy/c-Si interface region
as a function of the Al,Oj layer thickness (markers joint by lines). The colored bars
indicate the intervals of the maximal areal interface state density Di; max X Eggi of
samples fired without a capping layer determined under the assumption of a constant
Dt max distribution over the bandgap. Results after firing at Thyeas peax 0f (724 £ 5) °C
(orange) and (863 £ 5) °C (red) are shown.

A comparison to the Dj, x E, values, shown as colored intervals, reveals that the
hydrogen concentrations are several times above the measured defect densities ac-
cording to this rough estimation. This applies to both samples fired at 724 °C and
863 °C. As shown in Figure the H concentrations also exceed the defect concen-
tration of samples fired without hydrogen-containing layers. In this case the defect
concentration is 6 x 10 to 8.8 x 10 cm™ fired at 724 °C and 863 °C respectively,
and here no defects are rendered “invisible” by hydrogen passivation. Thus, after
firing samples with Al,O3/SiNy stack at 724°C as well as at 863 °C, an oversupply
of H is present. Despite the oversupply of H, the defect density increases during
firing at 863 °C. This behavior supports the hypothesis that the excessive hydro-

genation of the interface during firing, on the one hand, passivates defects that are
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5 Firing stability of n™ POLO junctions

already present or induced by the firing process but, on the other hand, also creates
additional defects. When fired at lower Tiyeaspeak, these defects appear to remain
passivated. However, with rising thermal activation at a higher firing temperature,
the balance between the formation of new defects and hydrogenation of defects likely

shifts to more active defects.

In Section [5.2.4] it was hypothesized that thermal stress at the SiOy/c-Si interface
plays a role during firing. Thermal stress caused by the mismatch in thermal expan-
sion coefficients between the poly-Si and the SiOy [213] is believed to promote defect
formation with increasing strength at increasing temperatures. Under this hypoth-
esis, in-diffusing hydrogen then likely inserts into these weakened, strained bonds
[190] or dangling interfacial bonds and creates additional defect states. There are
several examples in the literature of hydrogen causing active recombination defects,
such as the formation of structural defects or platelets |[214]-[216], or the formation

of vacancy-hydrogen complexes [217].

Platelets [214], [218]-[220] are further known to trigger the formation of blisters,
especially from hydrogen implanted c¢-Si and poly-Si [221] and could explain the

high concentrations of H accumulated at the interface.

5.4.3 Summary and discussion of Section [5.4|

The key findings about the influence of the hydrogen concentration on the defect
density at the SiOy/c-Si interface in SiN;/Al,O3/n"POLO junctions, presented in

this section, are:

« After capping layer deposition, the Jy values show a slightly decreasing trend
with an increasing thickness of the Al,Og layer with the applied Al,O3/SiNy
stack.

o After firing at 724°C J, stays at about the level before firing and slightly
decreases while the hydrogen concentration at the interface increases by a
factor of 3 to 7.

o After firing at 863 °C Jy increases to above 5fA /cm? for all AlyO3 thicknesses,
while the hydrogen concentration increases further for samples not suspected

of being blistered in the measured region.
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5.5 Summary and implication of Chapter@

The correlation between Dj; of n™ POLO junctions featuring a wet-chemical interfa-
cial oxide and Al,O3/SiNy capping layer stacks with varying Al,O3 layer thickness
and the hydrogen concentration at the interface before and after firing were an-
alyzed. The application of TOF-SIMS measurements to determine the hydrogen
concentration at the interface confirmed that the hydrogen concentration at the

oxide interface of poly-Si samples increases significantly during firing.

A rough comparison of the hydrogen concentrations and the defect density reduction
after annealing, plus capping layer deposition, shows that they have the same order
of magnitude. After firing, however, the hydrogen concentration exceeds the defect
concentration several times, indicating that the hydrogen is also stored at other
sites than former dangling bonds, which are likely hydrogen-induced, newly created
defects. A firing temperature of 760 °C does not lead to a significant reduction
in Jy despite a significant increase in H concentration. However, firing at 900 °C
significantly increases the J,. This is suspected to be due to thermally induced
stress leading to weakened bonds promoting the defect formation [190], which can

lead to blistering in the worst case.

The results of Kang et al. [103] as well showed that there is no monotonic relation-
ship between the hydrogen concentration at the interface and the Jy, which suggests
that the hydrogen concentration has a complex effect on the passivation of the in-
terface depending on its amount. Recently Kang et al. [108] have confirmed the
suggestion that both too little and too much hydrogen increases the J, of n™POLO

junctions [108].

In summary, this means that each sample has an optimum hydrogen concentration,
which probably depends on the intrinsic Dj; and the Dy arising during firing. Both
too much and too little H can thus be the reason for an increased Dj; after firing.
Further investigations are necessary to better understand the effects and distinguish

between the different simultaneous defect formation and passivation processes.

5.5 Summary and implication of Chapter 5|

This chapter aimed to answer why the firing of n*POLO junctions negatively affects
their passivation quality and how the application of hydrogen-containing capping

layers can be used to improve the firing stability.
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5 Firing stability of n™ POLO junctions

The exponential relationship between D;; and the firing temperature on uncapped
nTPOLO samples indicates a thermally activated defect formation process. This
behavior applies to both thin wet-chemical and thicker thermal oxides. The deter-
mined low activation energy of 0.3 eV of the defect formation process is, however, not
sufficient to explain the breaking of unstrained Si-O or Si-H bonds [180], [222]. This
raises the question of why the firing process negatively influences the passivation
quality while the tube furnace annealing processes lead to good Jy values. Here, the
heating and cooling rates are found to be the decisive difference between those pro-
cesses. In both cases, the change in temperature leads to thermal expansion of the
various layers of the sample, leading to thermal stress due to the significantly lower
CTE of the oxide compared to c¢-Si and poly-Si. The different behavior upon firing
leads to the hypothesis that during the tube furnace annealing, the slow heating and
cooling rates of 5 to 10 K/min enable viscose flow of the SiOy to relieve the arising
stress and repair nevertheless created defects by a reorganization of the interfaces

during the long plateau phase of 30 min and a slow ramp-down process.

In contrast, the heating and cooling rates during firing are in the range of 50 to
100 K/s, which presumably prevents sufficient relaxation of the stress by viscous
flow and thus may lead to stress-induced defect formation. Another amplifying
factor for this stress might be faster heating of the poly-Si layer than the c-Si bulk
during firing. This is possibly induced by the higher doping and thus increased
FCA of the IR radiation compared to the c¢-Si bulk, which would even enhance the

non-uniform expansion of the different layers at the poly-Si/SiOy/c-Si interface.

If hydrogen is introduced to the interface during and/or before firing, this can have
complex effects on the passivation quality of the samples under investigation. De-
pending on the capping layer used, the passivation quality tends to be improved by
the more or less intense introduction of hydrogen during the layer deposition. De-
pending on the temperature at which the samples are subsequently fired, a different
picture emerges. At temperatures up to 760 °C, a clear improvement of stability is
seen for all groups with Al,O3, SiNy or Al,O3/SiNy. Here, firing brings enough hy-
drogen to the interface to passivate the defects that arise during firing, described in
Section As shown by the SIMS measurements in Section [5.3], the hydrogen con-
tent increases significantly, even exceeding the defect concentration measured during
firing without hydrogen. Thus, the hydrogen is stored in places other than former
dangling bonds, which are likely hydrogen-induced, newly created defects. These
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5.5 Summary and implication of Chapter@

defects probably mostly stay passivated at lower firing temperatures explaining the
simultaneous more or less stable Jy values. With increasing firing temperature and
thus increasing stress at the interface, this balance changes to more unpassivated
defects. In the case of especially hydrogen-rich SiNy capping, a strong increase in
Jo and at the same time strong blistering is seen, which is also often related to
hydrogen [223], [224]. Overall, in these experiments, the deterioration of Jy is signif-
icantly lower for samples with only Al,O3 or Al,O3/SiN, capping layers. The Al,Oj
layer located between the poly-Si and SiNy layer likely acts as a hydrogen in- and

out-diffusion barrier regulating the amount of H at the interface.

In summary, this means that there is an optimum hydrogen concentration for each
sample, which depends on the intrinsic D;; and the Dj induced by firing. Both
too much and too little H can be the reason for an increased Dj; after firing. How-
ever, further investigations are required for a more detailed understanding of the
effects and to discriminate between the different simultaneous defect formation and

passivation processes.

From an application perspective, these results indicate that using an Al,O3/SiNy
stack rather than a single SiNy capping layer is advantageous for the passivation
quality after firing. With this stack, Jy values below 4fA /ecm? can be achieved even
at 900 °C. This result is very suitable for the application in POLO-IBC cells, which
need the stack of Al,O3/SiNy layers to passivate the base regions on the rear side
anyway. However, when considering the entire cell process, it should be noted that
this will require adjustment of subsequent processes, e.g., choosing a different Ag
paste than for SiNy alone [225]. Thus for cell concepts where the poly-Si layer is
not structured but covers the whole rear side of the wafer, like in TOPCon and
POLO-BJ cells, the application of SiNy single stacks is preferable. However, the
results of the single MA-PECVD SiN, layer and results from literature [102], [109)
indicate by an optimization of SiNy layers in terms of H release similar good results

should be possible.
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6 IBC solar cells with POLO

junctions for one polarity

This chapter describes the fabrication and investigates loss mechanisms of POLO-
IBC solar cells. The POLO-IBC cell concept is part of the ISFH cell development
roadmap [226] and was presented in 2018 [91]. As described in section this
concept aims to combine the lean process flow of the PERC technology with the

high selectivity of a large-area n*POLO contact.

The presented POLO-IBC cell concept was invented by Robby Peibst in 2016 [227]
and developed by Felix Haase and presented in 2018 [91]. The author took over the
cell development from Felix Haase, who established the processes for fabricating the
cells with several cell batches. The author supervised the processing of the latest
cell batch shown in this chapter. David Sylla did the J-V measurements, and the

author analyzed the results and did the simulation.

6.1 Cell structure and processing

The POLO-IBC cell process flow is performed using gallium doped p-type Cz wafers
with a resistivity of (1.3 £ 0.2) Q cm. After a saw-damage etch step in a 50 % KOH
solution and an RCA cleaning sequence, the wafers have a thickness of 150 pym. The
main process starts with the growth of a (1.5 + 0.2) nm thick wet-chemically grown

interfacial oxide in de-ionized water with diluted ozone. The oxide is subsequently
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Figure 6.1: Schematic drawing of the POLO-IBC cell structure.

capped by a 200 nm-thick LPCVD in situ phosphorus-doped a-Si layer deposited at
580 °C. During a subsequent high-temperature wet oxidation step in a tube furnace
at 860 °C for 30 min, the a-Si is completely crystallized, its surface is oxidized, and
the interfacial oxide layer breaks up. Due to oxidation, the thickness of the poly-Si
layer decreases to about (120 + 10) nm. The oxidation step is directly followed by
an impurity gettering step at 550 °C for 1h in Ny atmosphere [145], [146].

Subsequently, the oxide on the rear side is structured by a laser process to define
the base region and the entire front side is laser processed. In this process, twenty
one 20 x 20 mm?
6.2l A PECVD SiNy layer is applied to protect the rear side from the subsequent

texturization step of the front side in a KOH-based solution. After removing the

cells are defined on an M2 size wafer, as can be seen in Figure

SiNy layer in an HF solution, the front and rear sides are passivated by a stack of an
ALD Al,Og layer and an MA-PECVD SiN, layer with a refractive index of 2.05. On
the textured front side the thicknesses are 10 nm /60 nm for Al;O3/SiNy, respectively.
On the planar rear side the thicknesses are either 10nm/60 nm or 5nm/85nm for
Al,O3/SiNy, respectively. A laser is used to locally open the dielectric stack to form
the laser contact openings in the base region. For the nTPOLO contacts, we split
the cell batch. In one group, the dielectric layer is locally opened by a laser, whereas

the other group remains untreated.

The contact metallization is applied by screen printing with aluminum paste for the
base metallization and silver paste for the ntPOLO contact metallization, followed

by a co-firing process for contact formation.
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6.2 Analysis of loss mechanisms

Figure 6.2: Photograph of a POLO-IBC wafer with twenty one 20 x 20 mm? cells
and 4 further test structures in the corners.

6.2 Analysis of loss mechanisms

To improve solar cell efficiencies, it is essential to optimize the structural cell param-
eters. In this case, finger pitch, contact LCO area fractions, and the thickness of the
dielectric stack on the rear side are varied. The data obtained from this evaluation

helps to identify further potential for improvement.

6.2.1 Evaluation of J-V results of different split groups

The study’s main objective is to investigate the effect of different thicknesses of the
dielectric stack on the rear surface. This Al;O3/SiNy stack has to fulfill different
tasks simultaneously, which leads to opposing requirements concerning its thickness.
On the one hand, the stack has to prevent the Al paste from unintentionally spiking
through next to the LCOs, forming a very thin and bad contacts; on the other
hand, it has to enable the Ag paste to fire through. In addition, the stack has to
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6 IBC solar cells with POLO junctions for one polarity

provide good rear side passivation, which concerns both the direct passivation of
the p-type base regions and the supply of an optimal amount of H during the firing
to the nTPOLO regions. As shown in the previous chapter, an Al,O3/SiNy stack
that excellently passivates the base region is also very well suited for application on
ntPOLO junctions. Thus two stacks of 10nm/60nm Al,O3/SiNy and 5nm/85nm
Al,O3/SiNy are compared in this study. A further parameter that is varied is the
areal fraction of the Al-p™ contact region by changing the finger pitch and the pitch
of the Al-p™ LCO dashes. Moreover, different firing temperatures are being tested.

Figure 6.3 shows the results of J-V measurements, done using a LOANA tool, of
the different split groups as a function of the firing temperature. On the left hand
side of the graph, cell with a 10nm/60nm Al,O3/SiN, stack and on the right hand
side cells with a 5nm/85nm Al,O3/SiNy stack are shown. Their comparison shows

that both splits archive cells with excellent efficiencies above 23 %.

The cells with n"POLO contact LCOs show great robustness towards the firing
temperature as all temperature groups between 780 to 830°C yield average re-
sults over 20 % and maximum values of > 22%. A comparison of the V. values
with the group without LCOs shows that the fabrication of the n*POLO contact
LCOs, at least with an SiN, thickness of 60nm, was, however, not done without
any damage to the nTPOLO contact. The cells without n"POLO contact LCOs
clearly show the best V.. values > 718 mV, with an optimum at 800°C. These
high achieved V,. values moreover show the overall good passivation quality, which
is confirmed by lifetime measurements on cell precursor structures that are yield-
ing values of Jy front = (4.5 & 1.5) fA/em?, J rear, n+roro = (0.75 £ 0.55) fA /em? and
Jo rear,base = (1.5 £ 0.5) fA/cm?.

Furthermore, the cells without nTPOLO contact LOCs show an advantage of up to 1
to 2% on average in pF'F. The laser contact opening is probably more complicated
for these cells than the POLO?IBC cells due to a thinner poly-Si layer and a less

homogeneous SiNy layer instead of a thermally grown oxide.
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Figure 6.3: J-V parameters as a function of Tie peak, for cells with 10nm/60 nm
Al O3/SiNy (left column) and 5nm/85nm Al,O3/SiNy (right column). The error
bars denote the 95 % confidence interval of measurements of 21 to 44 cells per marker.
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6 IBC solar cells with POLO junctions for one polarity

The V. values of the samples without n™POLO contact LCOs are showing an
optimum at 800°C or 810°C for the 10nm/60nm Al,O3/SiNy and 5nm/85nm
Al,O3/SiNy group, respectively. At higher and especially lower temperatures, a
decreasing trend is visible. Additionally, regarding the F'F', it becomes clear that
the process window for sufficient penetration of the Ag paste through the Al,O3/SiN,
stack is rather small. The series resistances of cells with the 10 nm/60 nm Al,O3/SiNy
layers show an increasing trend for lower temperatures, which results in just accept-
able values of about 1Qcm? at 800°C. With the thicker stack, none of the firing

temperatures leads to acceptable Ry and thus F'F values.

Fortunately, the problem of spiking of the Al paste through the Al,O3/SiN, stack
is not or only a marginal problem in this batch of cells regarding both groups. In
the previous cell batch, it was a major limiting factor for the cells and could be
seen as a decreased lifetime in ILM images by comparing Al printed and plain base
regions without LCOs. However, such a difference in lifetime is not seen this time.
Additionally, in this cell batch, a comparison of cells having the same Al-p* area
fraction and different fractions of the area underneath the Al fingers, resulting from
varying the two parameters finger pitch and Al-p™ LCO pitch, does not show a

falling trend in V.. with an increasing fraction of area underneath the Al fingers.

The shunt resistances of all groups are large enough to not significantly limit the
cell performance. Thus the damage introduced by LCOs on the nTPOLO contacts

is not as severe that it leads to a shunting problem.

Table 6.1: J-V parameters of the best POLO-IBC cells.

Cell name Cell 1 Cell 2
Measurement in-house in-house ISFH CalTeC
Al-p* area fraction 1.21 % 0.77%
Al,O3/SiNy thickness [nm|  10/60 5/85
nTPOLO LCOs no yes

1 (%] 93.82  23.75 23.92
Vie [mV] 7175 7192 719.1
e [em?] 40.67 4057 41.09
FF [%] 81.63 8138 80.97
pFF [%] $3.63  83.88 .
R, [ cm?] 0.43 0.49 .
Ry, [MQ cm?] 0.1 0.2 -
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6.2 Analysis of loss mechanisms

In conclusion, the two best performing groups are cells with 10 nm Al,O3 and 60 nm
SiNy without n*POLO contact LOCs and the cells with 5nm/85 nm of Al,O3/SiNy
with nTPOLO contact LCOs. The overall best cells of both groups can be found in
Table [6.1. The best and independently confirmed result of 23.92 % conversion effi-
ciency is achieved with a cell having n™POLO contact LOCs and the 5nm/85nm
Al,O3/SiNy stack, closely followed by a cell with the thinner stack and without
nTPOLO contact LOCs, in-house measured with a LOANA tool with 23.82 % effi-

ciency.

The two best split groups are also shown in Figure [6.4, The J-V parameters are
plotted here versus the Al-p* area fraction. The markers connected by solid lines
represent the measured data. In both groups, an apparent decrease in V,. with
increasing Al-p™ area fraction can be seen, which is the main reason for the decreas-
ing trend in efficiency. This is, however, partly compensated on the right-hand side
by a simultaneously decreasing series resistance. However, the fact that the series
resistance of the cells without LCOs tends to remain constant indicates that the
resistance of the Ag contacts is primarily limiting here. The area fraction of the
Ag contacts only double over the entire x-axis and does not increase fivefold as the
Al-p™ area fraction does. This probably has at least some influence on the slope of

the R versus Tiet peak data.

In addition to the measured data, results of simulations of the unit cell with the tool
Quokkad can also be seen in Figure joined by dotted lines. As with the cells,
the Al-p™ LCO and finger pitches were varied for the simulations, resulting in the
same Al-p* area fractions. In addition, the Jy o;_p+ is varied. Table gives all the

other parameters used for the simulation.

Looking at the V,. values, it can be seen that the values simulated with Jy oj_p+ =
1500 fA /cm? describe the maximum measured V. values of up to 721.5mV in the
range of up to 2 % Al-p™ fraction, quite well. However, there are deviations in J,. and
F'F. The deviations in F'F are at least partly due to the series resistance of the metal
fingers, which is not considered in the unit cell simulations. A further simulation of a
whole 2 cm long finger with otherwise identical parameters and finger line resistances
of 0.96Q/cm? for the Al finger and 0.8 Q2/cm? for the Ag finger results in a 1.5%

lower F'F'. This leaves about 0.5 % difference between simulation and measurement.
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Figure 6.4: J-V parameters as a function of Al-p™ area fraction. The circles joint
by solid lines show measured data while the markers joined by dotted lines show
simulation results assuming a Jy 1+ of 1500 fA /em?(red) and 600 fA /cm? (green).
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6.2 Analysis of loss mechanisms

Table 6.2: Cell parameters of the processed cells and input parameters for the solar
cell simulations.

Cell name

Bulk doping type p-type
Bulk Pbulk [Q Cm] 0.89-1.5
Cell thickness [pm] 160

Bulk minority 7sgrm pun [ms] 2

Base region front surface Jy frons [fA/cm? 3

Base region rear surface Jo, rearbase [[A/cm?] 1
nTPOLO region Jy rearn+poro [fA/cm?| 0.2
Contacted Al-p™ region Jy a1_p+ [fA/cm?] 1500/600
Raneet nTPOLO region [Q] 80

Ag n*POLO contact pe p+poro [mS2 cm?| 0.5
Al-p* contact p. ,+poro [mS2cm?] 0.5
Finger pitch [pm] 500 750 1000
ntPOLO region width [pm] 214 475 720
Base region width [pm] 259 275 280
Ag n"POLO contact width [pm] 60

Al-p™ contact width [pum] 38
Al-p* contact dash length [pm] 250
Al-p™ contact pitch [mm] 0.5/0.8/1/1.25
Ag finger width [pm] 60

Al finger width [pm] 100

That the J,. is underestimated by the J-V measurements shown here is indicated
by comparison to the calibrated measurement of the best cell at ISFH CalTeC in
Table . This measurement yields a Ji. of 41.09 mA /cm?, which is 0.52 mA /cm?
higher than the J;. measured by the LOANA tool and thus comes within approx.
0.5mA/cm? of the simulated current. The reason for this may be a non-optimal
manual positioning of the cells under the mask in the LOANA tool or a not optimal

reference cell.

Overall, it can be concluded that the Jy a1_p+ of 1500 fA /cm? is a reasonable upper
estimate. Whereas perimeter losses occurring during the masked J-V measure-
ments, as shown for the POLO2-IBC cells [4.2.1] which are not taken into account in
the simulation, could lead to somewhat lower Jy values in reality. Nevertheless, this
result indicates a significant deterioration compared to previous batches in which

a Joalp+ of 600fA/cm? was determined using the same method. The simulation
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6 IBC solar cells with POLO junctions for one polarity

data in green shows an estimation of what improvement would be possible with
the excellent passivation of the non-contacted surfaces achieved in this cell batch in
combination with a good Jya1_p+ = 600fA/cm? from the last one. Here, approx.
10mV higher V,. values and thus an efficiency potential higher by approx. 0.38 %
of up to 25.26 % are determined by the simulation.

6.2.2 Free Energy Loss Analysis

bulk electron transport loss
bulk hole transport loss
bulk intrinsic recombination
bulk SRH recombination

n T POLO finger resistive loss
n ¥ POLO contact resistance loss

Optimal area fraction
with Jg o1p+ = 600 fA/cm> =

nt POLO contact recombination

Parameters of -
best-measured cell

Ag finger non-contacted recombination
Base finger resistive loss

Al-p * contact resistance loss

Al-p * contact recombination

Al finger non-contacted recombination

front surface recombination | .

1
0.0 0.2 0.4 0.6 0.8
Loss [Yoaps]

Figure 6.5: FELA analysis of two sets of cell parameters according to a Quokka3
simulation. The losses due to recombination and resistance are given in %,ps. The
blue data results from a simulated cell with a Al-p* contact pitch of 1.25mm a
finger pitch of 1mm and an Jya1_p+ = 1500 fA/cm?. The cell simulation shown in
orange has a finger pitch of 0.75mm, a Al-p™ contact pitch of 1 mm and a Jy aj_p+
= 600 fA/cm?. For the other simulation parameters please refer to Table

Figure [6.5] shows the FELA results of two simulated cells. The data shown in
orange correspond to the cell parameters of the best-measured cell (cell 2 in Table
and shows a simulated potential of 24.82 % for the unit cell assuming Jy o1 p+
= 1500 fA /cm?. With the Al-p™ area fraction of 0.77 %, the cell is slightly below the
simulated optimum of 1% for this case, as shown by the high bulk hole transport
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6.3 Summary and implications of Chapter@

loss. With an Jya_p+ = 600fA/cm? and an therefore optimal area fraction of
1.26 % (orange bars) a simulated potential of 25.28 % results with otherwise identical

parameters.

As can be seen, with increasing passivation quality of the Al-p™ contacts, a signifi-
cant increase of the Al-p™ fraction from 0.77 to 1.26 % is possible with approximately
constant Al-p* contact recombination, leading to almost a halving of the bulk hole
transport loss from 0.87 to 0.48 %. Reducing the finger pitch from 1 to 0.75 mm and
the LCO spacing from 1.25 to 1 mm as done between the blue and orange data also
decreases the n™POLO finger resistive loss, the Al-p* contact resistance loss, and
the base finger resistive loss. All other losses show very similar magnitudes for the
two simulated cells. Besides the bulk hole transport loss and Al-p™ contact recom-
bination, the bulk SRH recombination loss with about 0.4 % is the third largest loss
mechanism, which depends primarily on the selected base material and its quality,
which is followed by the 0.28 % loss due to recombination at the front surface with
a Jo, front = 3fA/cm?.

6.3 Summary and implications of Chapter [0

In this chapter, the investigations of multiple parameter variations for the design of
POLO-IBC cells show the great potential of cells with passivating contacts and give

important insights into different parts of the cells.

Regarding the Al-p™ contacts, it is shown that an optimal Al-p* area fraction lies
around 1%, depending on the quality of the Al-p™ contacts. Furthermore, it becomes
clear that the Al-p* contacts are not optimally formed in this cell batch and thus fall

short of what has already been shown. However, this leaves room for improvement.

Another finding is that n*POLO contact LCOs are a working solution to avoid Al
spiking problems by thicker SiNy layers, even though a slight advantage for n"POLO

contacts without LCOs becomes apparent in V. and pF' F values.

Finally, simulations of the unit cell and a whole 2cm long finger show that the
finger resistances can lead to losses of up to 1.5% in F'F. Thus, a cell design with
significantly shorter fingers would provide benefits here. On large, full-wafer POLO-
IBC solar cells, a design with shorter fingers can be implemented by adjusting the
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6 IBC solar cells with POLO junctions for one polarity

number of busbars accordingly.

Last but not least, the investigations in this chapter impressively show that the
excellent passivation quality of n™ POLO contacts can be successfully transferred to
industry-relevant cell concepts. Thus, after firing at Tiet peak 820°C on precursors
Jorear,n+poro values of down to 0.2fA/cm? are achieved, enabling very promising
efficiencies of up to 23.92 %.
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7 Summary

The first part of this work dealt with analyzing POLO?-IBC solar cells, which include
POLO junctions for both contact polarities separated by nominally intrinsic poly-Si
regions. Despite the achieved world record efficiencies for p-type cells of 26.1 %,
the goal here was to identify further improvement opportunities. Thus, in Chapter
[ an experimental and simulation study of the efficiency potential of POLO?IBC
cells with p™ and nTPOLO junctions was presented. Special attention was paid to
the comparison of different base materials. A FELA analysis showed that the most
significant loss channel of the cells on low resistivity (1.3 cm) p-type material is the
intrinsic bulk recombination. Thus, at first glance, it seemed apparent that using
a lower-doped base material is advantageous. However, both experimental analysis
and simulations showed that high resistivity material (80 €2 cm) is significantly more
vulnerable to passivation degradation or non-optimal passivation in the (7) poly-Si
regions. Another major loss channel of 0.3 to 0.6 % efficiency, which also mainly af-
fects cells on 80 2 cm material, is perimeter recombination. Therefore, despite clear
disadvantages in bulk recombination, the cells on the 1.3 2cm material ultimately
performed better in both simulation and experiment. Furthermore, it was shown
that the use of n-type material is also a possible option, which, although no ad-
justments to the process flow were made despite the change of the base doping in
this experiment, reached an efficiency of 24.6 %. During the cell process, substantial
losses showed up for these cells after the cell metallization. This is attributed to the
emitter metallization overlapping with the () poly-Si-Si region in the case of the

n-type base, leading to shunting currents through the leaky SiO, on the rear side.

A distinct feature of the POLO?-IBC cells is a nominally intrinsic poly-Si region,
separating the electron-collecting n-type poly-Si and the hole-collecting p-type poly-
Si regions. This charge carrier separating region is an elegant method to avoid a
lateral p™n™ poly-Si junction between the base and emitter poly-Si fingers. However,

as shown in this work, there are a certain number of points that need to be taken
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7 Summary

into account for the cell to function optimally. The aim of electrically separating the
pt and nt fingers is to reduce the recombination current over the p™(:)n* junction
to an acceptable level. However, as the width of the () poly-Si regions increases,
their poorer passivation quality can limit the cell performance. Another factor that
affects this optimization problem is the strong diffusion of dopants into the nominally
intrinsic poly-Si domain during the annealing of the POLO junctions. On the one
hand, this improves the passivation quality of the (7) poly-Si region. However, on
the other hand, it increases the recombination current over the p™(i)n* junction and
thus shifts the optimum with increasing annealing temperature to larger (¢) poly-Si
region widths, as shown by experiments. However, the results suggest that the cell
concept strongly benefits from the fact that the dopants inside the poly-Si are mainly
captured in trapping states at the grain boundaries up to a certain doping level.
These trapped dopants are believed to create a potential barrier and thus a transport
limitation for charge carriers, limiting the recombination current over the p*(i)n™
junction. This probably allows for smaller widths of the (7) poly-Si regions, thus
improving surface passivation. The gained understanding of the p*(i)n* junction
will further pave the way for a strongly simplified fabrication of Si solar cells with

efficiencies above 26 %.

The second part of this work focused on the firing stability of POLO junctions, which
must be provided for implementing POLO junctions in industrial cell concepts.
Chapter |5 aimed to answer why the firing of n*POLO junctions negatively affects
their passivation quality and how applying hydrogen-containing capping layers can
be used to improve the firing stability. The determined low activation energy of
0.3 eV of the defect formation process during firing of uncapped n*POLO junctions
is not sufficient to explain the breaking of unstrained Si-O or Si-H bonds [180],
[222]. This raised the question of why the firing process negatively influences the
passivation quality while the tube furnace annealing processes lead to good Jy values.
Here, the higher heating and cooling rates during the firing were found to be the
striking point. As a change in temperature leads to thermal expansion of the various
layers of the sample, the significantly lower CTE of the oxide compared to c-Si and
poly-Si leads to thermal stress. During the slower annealing process, viscose flow of
the SiOy is suspected of relieving the arising stress and repairing nevertheless created
defects by a reorganization. In contrast, the heating and cooling rates during firing
presumably prevent sufficient relaxation of the induced thermal stress by viscous

flow.
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If hydrogen is introduced during firing by Al,O3, SiNy, or AlyO3/SiNy layers to
the ¢-Si/SiOy /poly-Si interface during and/or before firing, complex effects on the
passivation quality are observed. A significant finding is that the deterioration of J
is significantly lower for samples with only Al,O3 or Al,O3/SiNy capping layers as
compared to single SiNy layers so that excellent Jy values below 4 fA/cm? even at
Tset peak = 900 °C can be reached. The Al;O3 layer between the poly-Si and SiNy, layer
here likely acts as a hydrogen in- and out-diffusion barrier regulating the amount
of H at the interface. These results lead to the hypothesis that both too much and
too little H can be the reason for an increased Dj after firing. Thus, depending
on the intrinsic D;; and the Dj induced by firing, there is an optimum hydrogen
concentration to achieve as low as possible Jy values. Above this concentration, the
excess hydrogen, which was found to exceed the Dj several times, is suspected of
creating additional hydrogen-induced defects. The knowledge gained is essential to
optimize an industrially relevant capping layer, which during firing helps to maintain

the excellent passivation quality of POLO junctions.

The fact that this excellent passivation by POLO junctions can also be successfully
used in an industrial cell process was shown in the last part of the work on POLO-
IBC solar cells. Here, further optimization is required for the Al-p™ contacts, which
caused relatively strong recombination with Jy a1+ of about 1500 fA /cm?. Still,
the excellent passivation quality of the front and rear surfaces enabled an efficiency
of 23.92%. Overall, this work successfully implemented and transferred passivating
contacts from highly efficient POLO?-IBC laboratory cells to the promising industry-
relevant POLO-IBC cell concept.

Looking to the future, we can conclude that the efficiency potential of Si solar cells is
still far from being exhausted. This is, for example, demonstrated by POLO?-IBC
solar cells with novel light-trapping structures, which could achieve efficiencies of
about 28 to 30 % [76]. A further alternative for improving efficiency could be using
POLO-IBC solar cells as lower subcells in 3-terminal tandem solar cells [228]. A
particular advantage here would be that resistance losses play a much smaller role
since the current densities are roughly halved, meaning that the area fraction of the

previously limiting Al-p™ contacts could be significantly reduced.
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