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Kurzzusammenfassung

Die vorliegende Arbeit untersucht Riickkontakt-Bottomsolarzellen mit passivierenden und
ladungstrager-selektiven POLO-Kontakten mit drei Anschliissen (3T-POLO-IBC-Bottomzelle).
Sie bilden das Fundament monolithischer Tandemsolarzellen mit drei Anschliissen. Diese
neuartigen Tandemsolarzelle erlaubt die Verwendung von Subzellen, dessen Fotostrome
fehlangepasst sind. Damit bietet diese Tandemsolarzellen-Technologie Flexibilitdat bei der
Materialauswahl der Subzellen, einfache Herstellbarkeit und Robustheit gegeniiber spektraler
Anderung des einfallenden Lichts im Tages- und Jahresverlauf. Es werden drei aufeinan-
der aufbauende Bausteine der 3T-POLO-IBC-Bottomsolarzelle untersucht: Erstens, der
passivierende und ladungstriager-selektive POLO-Kontakt. Zweitens, die Integration von
POLO-Kontakten auf der Riickseite der Solarzelle. Drittens, die Funktionsweise einer Bot-
tomzelle mit drei Anschliissen.

Im ersten Teil wird der Prozess der Ladungstragerextraktion an selektiven Kontakten zum
Fotoabsorber theoretisch ergriindet. Die Selektivitit eines Kontaktes wird auf der Grundlage
von (reaktions-) kinetischen Betrachtungen am Kontakt als das Ratenverhéltnis gewollter
Prozesse zu ungewollten Prozessen definiert. Die Extraktionseffizienz von Ladungstragern am
Kontakt wird als das Verhéltnis der externen Spannung gegeniiber der internen Spannung aus
thermodynamischen Gesichtspunkten abgeleitet. Um den vereinheitlichender Charakter der
Definitionen in dieser Arbeit hervorzuheben, werden die bestehenden Literatur-Definitionen
aus den Definitionen in dieser Arbeit berechnet. Die Selektivitidt und Extraktionseffizienz
werden miteinander korreliert und daraus der Wirkungsgrad einer Solarzelle mit vorgegebener
Kontaktselektivitat errechnet. Nach der detaillierten theoretischen Untersuchung der Selek-
tivitat werden die Eigenschaften von nt und p™ POLO-Kontakten untersucht. Es werden
niedrige Sattigungsstromdichten zwischen 2 fA /cm? und 18 fA /cm? und gleichzeitig Kontak-
twiderstinde zwischen 0,4 mQcm? und 10 mQem? ermittelt. Es wird gezeigt, dass der effiziente
Ladungstragertransport der Majoritaten durch Pinholes im Grenzflichenoxid sichergestellt
wird. Der resultierende logarithmische Selektivitats-Koeffizient von POLO-Kontakten wird
auf iber 15 bestimmt. Damit gehéren POLO-Kontakte zu den Kontakten mit der hochsten
Selektivitdt und sind fiir Solarzellen mit hochsten Effizienzen préadestiniert.

Die POLO-Kontakte werden auf der Riickseite einer Riickkontaktzelle mit POLO-Kontakten
fir beide Polaritdten integriert. Dabei formt das p™ und n* dotierte Poly-Si auf der Riickseite
der Solarzelle einen parasitiren, gradierten pTn*-Ubergang im defektreichen Poly-Si mit
einer Ladungstragerlebensdauer von wenigen Pikosekunden. Die resultierende Rekombination
limitiert die erreichbare Effizienz der POLO-IBC-Zelle auf etwa 18%. Aus diesem Grund
wird der parasitire Ubergang wihrend des Zellherstellungsprozesses entfernt, indem ein
Graben zwischen die n*- und p*-dotierten Poly-Si-Regionen nasschemisch eingebracht wird.
Die POLO-IBC-Zelle mit isolierten n*- und p* Poly-Si-Gebieten erzielt einen zertifizierten
Wirkungsgrad von 24,25%.

Fiir den letzten Baustein wird die POLO-IBC-Zelle um einen dritten POLO-Kontakt erganzt
und die 3T-IBC-Bottomzelle mittels Strom-Spannungsmessungen im Detail untersucht. Zuerst
werden die unterschiedlichen Realisierungsmoglichkeiten fiir eine 3T-Tandemsolar einsortiert



und die dazugehorige Nomenklatur vorgestellt. Dabei werden zwei verschiedene 3T-IBC-
Bottomzellen-Architekturen unterschieden. Eine Unijunction-Bottomsolarzelle enthélt einen
einzigen Minoritatsladungstragerkontakt und zwei Majoritéatstriagerkontakte. Eine Bipolar-
Junction-Bottomsolarzelle hingegen hat zwei Minoritatsladungstragerkontakte und einen
einzigen Majoritatsladungstragerkontakt.

Beide 3T-Bottomzell-Architekturen werden auf Basis eines modifizierten Herstellungsprozesses
fir POLO-IBC-Solarzellen realisiert. Das Funktionsprinzip und die Verlustmechanismen
werden mit Hilfe von J-V-Messungen an beleuchteten Bauelementen und mit Hilfe ana-
lytischer Modellierung untersucht. Die Experimente zeigen, dass der dritte Kontakt einer
3T-Unijunction- und Bipolar-Junction-Bottomzelle das Sammeln oder Injizieren von zusét-
zlichen Minoritéits- oder Majoritatsladungstragern aus der oder in die Bottomzelle ermoglicht.
Im Idealfall ist die Leistungsabgabe einer solchen 3T-Bottomzelle nahezu unabhangig von
der Stromdichte, die von der Topzelle angelegt wird. Daher ist keine Stromanpassung beider
Subzellen erforderlich. Allerdings verursacht der Transport von Majoritatsladungstréagern
bzw. Minorititsladungstragern durch die Unijunction- bzw. Bipolar-Junction-Bottomzelle
hindurch einen Verlust, welcher jedoch durch eine gezielte Auslegung der Bottomzelle ver-
nachléssigbar klein ausfallen kann. Die Auslegung wird im Detail erldutert. Schliefllich wird
eine 3T-Unijunction-Bottomzelle mit einem texturierten nt-POLO-Frontkontakt mit einem
Wirkungsgrad von 20,3% und eine vereinfachte siebgedruckte PERC-dhnliche 3T-Bipolar-
Junction-Bottomzelle mit 14,4% entwickelt. Letztere ist ein attraktiver Ansatz, um die
dominierende PERC-Technologie in einer kostengiinstigen Tandemsolarzelle mit maximaler
Energieausbeute zu nutzen.

Abschlieend wird der erste 3T-GalnP//POLO-IBC-Tandemzellen-Demonstrator mit einem
Wirkungsgrad von 27,3% hergestellt und ein Netto-Wirkungsgradgewinn von 0,9% im Vergle-
ich zum 2T-Betrieb der 3T-Tandemzelle demonstriert.

Abstract

This thesis investigates back-contacted (IBC) bottom solar cells with passivating and carrier-
selective POLO contacts with three terminals (3T-POLO-IBC cell). Such cells form the
foundation of monolithic three-terminal tandem solar cells. This novel tandem solar cell
enables the use of sub-cells with mismatched photocurrents. Thus, this tandem solar cell
technology platform offers the flexibility with respect to subcell material selection, the ease
of fabrication, and a robustness to spectral variations of incident light over the course of
the day and year. Three building blocks of the 3T POLO IBC bottom solar cell, which are
based on each other, are examined: First, the passivating and carrier-selective POLO contact.
Second, the integration of POLO contacts on the rear side of a solar cell. Third, the principle
of operation of a bottom cell with three terminals.

In the first part, the process of charge carrier extraction at selective contacts to the pho-
toabsorber is theoretically explored. The selectivity of a contact is defined on the basis of



(reaction) kinetic considerations at the contact in terms of the rate ratio of desired processes
to undesired processes. The extraction efficiency of charge carriers at the contact is derived
as the ratio of the external voltage versus the internal voltage from a thermodynamic point of
view. To emphasize the unifying nature of the definitions in this thesis, the existing literature
definitions are calculated from the definitions in this thesis. The extraction efficiency is
related to the selectivity coefficient of the contact and the limiting efficiency of a silicon solar
cell with given contact selectivity is calculated accordingly. After the detailed theoretical
investigation on selectivity, the properties of n* and p™ POLO contacts are examined. Low
saturation current densities between 2 fAcm? and 18 fAcm? and contact resistivities between
0.4mQcm? and 10 mQcm? are found at the same time. It is shown that the efficient carrier
transport of majority carriers is ensured by pinholes in the interfacial oxide. The resulting
logarithmic selectivity coefficient of POLO contacts is determined to be above 15, which is
one of the highest values measured. This makes POLO contacts predestined for solar cells
with the highest efficiencies.

POLO contacts are integrated on the rear side of a back-contact cell with POLO contacts for
both polarities. Thereby, the p™ and n™ doped poly-Si on the backside of the solar cell form
a parasitic graded p*n™* junction within the defect-rich poly-Si with a carrier lifetime of a few
picoseconds. The arising recombination limits the achievable efficiency of the POLO-IBC cell
to about 18%. For this reason, the parasitic junction is removed during the cell fabrication
process by wet-chemically introducing a trench between the n*- and p*-doped poly-Si regions.
The POLO-IBC cell with isolated n*- and p™ poly-Si regions achieves a certified efficiency of
24.25%.

For the last part, a third POLO contact is added to the POLO-IBC cell and the 3T-IBC
bottom cell is studied in detail using current-voltage measurements. First, the different
realization options for a 3T tandem solar are sorted and the corresponding nomenclature is
presented. Two different 3T IBC bottom cell architectures are identified. The first one — the
unijunction bottom solar cell — contains a single minority carrier contact and two majority
carrier contacts. The second one — the bipolar junction bottom solar cell — on the other hand,
has two minority carrier contacts and a single majority carrier contact.

Both 3T bottom cell architectures are fabricated based on a modified POLO-IBC fabrication
process. The principles of operation and loss mechanisms are elucidated using J-V mea-
surements on illuminated devices and by means of analytical modeling. The experiments
show that the third contact of a 3T unijunction and bipolar junction bottom cell allows the
collection or injection of additional minority or majority carriers from or into the bottom
cell. Ideally, the power output of such a 3T bottom cell is nearly independent of the current
density applied by the top cell. Therefore, no current matching of both subcells is required.
However, the transport of majority carriers or minority carriers through the unijunction
or bipolar junction bottom cell causes a loss, which, however, can be made negligible by a
specific design of the bottom cell. The design rules are explained in detail. After the detailed
investigations, a 3T unijunction bottom cell with a textured n*t-POLO front contact with an
efficiency of 20.3% and a simplified screen-printed PERC-like 3T bipolar junction bottom
cell with 14.4% are developed. The latter is an attractive approach to utilize the dominant
PERC technology in a low-cost tandem solar cell with maximum energy yield.



Finally, the first 3T GalnP//POLO-IBC tandem cell demonstrator is fabricated with an
efficiency of 27.3% and a net efficiency gain of 0.9% is demonstrated compared to the 2T
operation of the 3T tandem cell.
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1. Introduction

Climate change is seriously threatening the livelihood of humanity and represents the greatest
challenge for the twenty-first century. The world is on a path towards a global temperature
increase of well above 2°C with the consequence of an irreversible climate change that will
make large parts of the world uninhabitable and leave a conflict-ridden world of starvation,
chronic fresh water shortages and refugee movement [1-5]. To mitigate climate change and
its consequences, the world has to take action and decarbonize its economies. Especially,
burning of fossil fuels for electricity generation has to be phased out completely and replaced
with renewable energy resources by 2050 [3, 6]. Moreover, the energy demand of the end-user
sector (transportation, builds and industry) has to be covered by low-carbon sources and
electrification in the future [7—11]. The generation of electricity from solar energy — photo-
voltaic (PV) energy conversion — plays a decisive role in avoiding green house gas emissions
and in mitigating global warming [12-17].

Since Chapin, Fuller and Pearson demonstrated the first practical silicon solar cell at Bell
Laboratories in 1954 [18], the silicon solar cell has become the dominant PV technology, while
taking about 60 years to achieve a cumulative installed PV power generation capacity of
more than 100 GW in 2013 [19]. Today, less than a decade later, the annually added capacity
exceeds 100 GW and yields a cumulative installed capacity of more than 600 GW, which
corresponds to about 3% of the global electricity generation [19, 20]. It is expected that PV
can cover 30% and 50% of the global electricity generation by 2035 and 2050, respectively
[14].

The incredible success of PV is based on the massive module prize reduction from about 70
$/Wpear in 1978 to about 0.2 §/Wea in 2020 [21]. The prize reduction follows the learning
curve — also known as Swanson’s law — with a learning rate of approximately 20% [22], which
is partly a result of research efforts to increase the performance and lower the manufacturing
cost of solar cells [23-26]. An improvement in module performance can further reduce the
PV system costs [27]. But how far can efficiency be increased and what are possible levers
for improvement?

In principle, the efficiency of silicon solar cell can be improved until the calculated theoretical
maximum efficiency of 29.5% [28, 29| is reached. However, the average efficiency in mass
production of passivated emitter and rear cells (PERC) amounts to approximately 23% in
2020 [30]. A synergistic energy gain analysis (SEGA) [31] of a projected future PERC tech-
nology reveals that the largest efficiency gain can be achieve by improving the electron- and
hole-collecting contacts by implementing passivating and carrier-selective contact [32]. Among
others [33, 34], a polysilicon-based passivating and carrier-selective contact is a promising
approach to be implemented as evolutionary upgrade of the current PERC technology [32,
35, 36].
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In order to significantly increase the cell efficiency, even beyond the theoretical limit of 29.5%
for silicon single-junction solar cells [28, 29], inherent carrier thermalization loss has to be
addressed by splitting the spectrum through multiple junctions stacked optically in series
[37]. Applying this approach, monolithic and electrically series-connected multijunction solar
cell with efficiencies of up to 35.5% [38] for dual-junction, 37.9% [39] for triple-junction and
47.1% [40] for six-junction solar cells have been achieved under concentrated illumination.
Unfortunately, prohibitively expensive syntheses methods and materials were essential for
such highly efficient III-V compound semiconductor tandem solar cells in the past, which
restricted their usage to space applications and niche markets.

Recently increasing research interest is dedicated to potentially low cost, but highly efficient
tandem concepts based on Si wafer bottom cells for terrestrial, non-concentrated applications
[41, 42]. Bottom cells based on Si wafer technology are an excellent choice for dual-junction
solar cell applications thanks to an ideal bandgap of Si of 1.1eV, the abundancy and non-
toxicity, highly developed and cost-competitive manufacturing technology, high efficiency and
market-dominance. The perfect tandem partner with a wide band gap around 1.7 eV [43,
44] for a current-matched two-terminal tandem and nearly as good properties, as Si has for
bottom cells, is hard to find.

The current-matching constraint can be avoided by using a three-terminal tandem, which
provides a large flexibility regarding the usage of a broader range of band gaps for top and
bottom cell and a higher robustness against spectral variations. Both aspects allow to achieve
higher cell efficiency and energy yields. For practical solar cells, it is necessary to integrate
the third terminal at the rear side of the tandem cell by using industrial-type interdigitated
back contact (IBC) bottom cells.

In this thesis, the definition of selectivity as the central property of carrier-selective contacts
is discussed and the respective electrical properties of polysilicon-based junctions are inves-
tigated. Then, the polysilicon-base passivating contacts are integrated on the rear side of
an interdigitated back-contact solar cell with a certified efficiency of 24.25% to demonstrate
the high quality of the polysilicon passivating contacts on device level. Subsequently, the
interdigitated back-contact cell is modified such that a third polysilicon passivating contact
is integrated on the front side in order to study the physics of different three-terminal bottom
cell architectures for tandem application. Finally, the first three-terminal (3T) tandem solar
cell, which comprises a 3T IBC bottom cell with polysilicon-based junctions and a GalnP
top, with an efficiency of 27.3% is demonstrated.

Thesis structure

The presented thesis contains ten chapters, which are organized as follows.
Chapter 1 introduces the reader to the topic and provides the structure of the thesis.

Chapter 2 summarizes the basic theoretical concepts — thermodynamics of energy conversion,
semiconductor theory and the basics of solar cells and transistors.

2 Introduction
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Chapter 3 contains a brief description of the methods used.

Chapter 4 outlines the state of the field in the literature for the selectivity definition,
polysilicon-based passivating contacts and three-terminal tandem solar cells.

Chapter 5 discusses the process of charge carrier extraction at a selective contact and
defines the selectivity and carrier extraction efficiency. It compares the definitions made with
the literature and calculates the power conversion efficiency of a contact selectivity-limited
solar cells.

Chapter 6 presents the electrical properties — recombination and transport — of the used
polysilicon-based junctions and calculates the selectivity coefficient for the junctions. Fur-
thermore, it studies the correlation between pinhole density in the interfacial SiO5 and the
transport properties.

Chapter 7 covers the integration of the polysilicon-based junctions on the rear side of
interdigitated back-contact solar cells. The properties of the parasitic p*n™-junction forming
within the defective polysilicon layer at the rear side, its resulting detrimental effect on the
cell performance, and how the isolation of p™ and n* doped polysilicon regions improves the
performance are presented.

Chapter 8 extends the interdigitated back-contact solar cells with a third polysilicon-based
contact to enable the investigation of three-terminal back-contacted bottom solar cells for
the application in three-terminal tandems. It presents the different possibilities to form a
three-terminal tandem solar cell and the corresponding nomenclature. For the bottom cell,
two different three-terminal bottom cell architectures — the unijunction and bipolar junction
bottom cell — are possible. Both cell types are experimentally investigated, equivalent circuit
models are developed and evaluated with the experimental data. Design rules for both
bottom cell types are provided. Finally, a high performance unijunction cell and a simplified
PERC-like bipolar junction cell are presented.

Chapter 9 demonstrates the first three-terminal tandem demonstrator comprising a back-
contacted bottom cell.

Chapter 10 resumes the thesis.

Introduction 3






2. Theory

2.1. Theory of energy conversion

The processes of energy conversion are omnipresent and essential for the modern society. The
theory of energy conversion — the thermodynamics — was born in the nineteenth century as a
consequence of the attempt to understand and to improve the invented steam engine [45]. At
first thermodynamics dealt with systems in thermodynamic equilibrium, but in the twentieth
century the theory was extended to described processes out of equilibrium. In the following,
both theories are briefly summarized as far as necessary in this thesis, especially in chapter
5. A complete presentation of the theory can be found in the textbook of Kondepudi and
Prigogine [45] or De Groot and Mazur [46] for example.

The conversion of energy in the following is outlined for heat engines as a natural example for
thermodynamics, but the presented concepts are generally valid for other types of conversion
processes — especially for the conversion of chemical energy into electrical energy as discussed
for solar cells in chapter 5.

2.1.1. Equilibrium thermodynamics: Carnot’s reversible heat engine

Equilibrium thermodynamics is the study of systems in equilibrium and the transition of
systems from one equilibrium state to another. In equilibrium, a system reaches the state
of maximum entropy and the entropy production rate vanishes. The vanishing entropy
production rate implies that all (thermodynamic) forces acting on the system and any net
energy or net particle fluxes vanish [45]. The system attains the state of minimum energy
and remains in this equilibrium state, such that any process of the system is required to be
reversible.

In order to describe the energy conversion from heat to work within this framework, Sadi
Carnot considered a reversible thermodynamic cycle — the Carnot cycle, which converts
heat energy into work [47]. Figure 2.1a shows the graphical representation of a Carnot
heat engine operating between a hot and cold heat reservoir with temperatures Ty and T¢,
respectively. In one cycle, an amount of heat Qu = TyAS is provided by the hot reservoir
to the engine and one part of the heat Q¢ = TcAS leaves the engine to be reabsorbed by
the cold reservoir. AS is the amount of entropy transferred between the reservoirs and the
engine due to the extracted and absorbed heat. Since the engine is assumed to be reversible,
entropy is conserved, such that incoming entropy equals the outgoing entropy. Furthermore,
the energy is conserved within the engine and the engine converts the remaining part of the
heat energy to work W = Qu — Q¢ = (Ty — Tc)AS. The Carnot efficiency
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Figure 2.1.: Schematic representation of (a) the reversible Carnot heat engine and (b) the
irreversible Novikov engine. The irreversible interaction is indicated by the wavy
arrow and reversible interaction by the straight arrow. The Carnot cycle is
quasi-static and the Novikov cycle has a finite duration.

=~ =1-=% (2.1)

represents an upper limiting efficiency for all heat engines operating between two heat
reservoirs and solely depends on the temperature of the reservoirs. However, Carnot’s cycle
and heat engine rely on equilibrium thermodynamics and reversible processes, which require
the energy conversion process to occur infinitely slow to ensure that the rate of heat transfer
is almost zero [48, 49]. Therefore, a reversible engine takes an infinitely long time t¢ to
complete one Carnot cycle and the power output P = % of such a heat engine vanishes.

2.1.2. Non-equilibrium thermodynamics: Endo-reversible heat engine

Real energy converters exhibit finite rates for transfer processes and become irreversible.
A thermodynamic force F' (e.g. temperature gradient) responsible for a flux density .J
(e.g. heat flux density) drives the macroscopic system out of its equilibrium state and the
system has to be described by non-equilibrium thermodynamics [45]. Linear irreversible
thermodynamics provide a solid non-equilibrium theory to describe systems with irreversible
processes near their equilibrium state [45, 46, 50]. For this purpose, the system is divided in
smaller subsystems, which are assumed to be in a local equilibrium and the flux density J of
the irreversible transport between the subsystems is assumed to dependent linearly on the

6 Theory
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thermodynamic force! F via the transport coefficient L [45, 46].
J=L" F (2.2)

The local thermodynamic equilibrium assumption allows to use a similar formalism as for the
description of a system in thermodynamic equilibrium. Any linear transport process results
in a finite entropy production rate %
2
9s —J-F= J°
ot L
and dissipates a heat flux density % =T %, which shows a quadratic dependence on the
flux density. A well-know example of the latter relationship is the Joule heating due to an
electric current flow through a conductor.
Based on the picture of linear irreversible thermodynamics, a class of irreversible engines
has been constructed [51-55] — the endoreversible? engines. Figure 2.1b shows the schematic
diagram of an endoreversible heat engine®, which consists of a reversible engine supplemented
by a dissipative (irreversible) interaction with the hot reservoir. The calculation of the
power output P and the efficiency 7ypp at maximum power output is — aside from power
maximization — similar to the calculation for the Carnot engine from above and details can
be found elsewhere [53, 55]. The resulting power output with a linear transport law of heat
conduction 28 = K - (Ty — Tix) (Newton’s law) from the hot reservoir to the engine with

ot
heat conductance K reads

(2.3)

P=K(Ty—Tu) - (1 - §C> . (2.4)

The Novikov heat engine generates maximum power if Tig = \/Tx1c and the efficiency at

this point of operation is
[ Tc
mpp = 1 — 4/ = 2.5
TImpp T (2.5)

This Novikov efficiency® corresponds to the efficiency of a heat engine at maximum power
output and is considerably lower than the maximum possible efficiency of the engine. The
latter is achieved by operating the engine reversibly so that Ty = Ty and P = 0. Then the
efficiency of the Novikov engine equals the Carnot efficiency 7. By comparing the irreversible
and reversible engines, an interesting correlation between the efficiency at maximum power
output nmpp and the efficiency without any fluxes® with P = 0 is found. For an engine with
linear irreversible interactions with the reservoirs, the relation reads

Npp = 1 = v1 =1c. (2.6)

INote that the flux densities and forces are vectors and the the L is a transport matrix, in general. Herein,
scalar quantities are assumed for simplicity, which reflects single dimensional transport.

2Endoreversible means reversible inside.

3This engine is referred to as Novikov engine [53], but also Chambadal engine [56] or Curzon-Ahlborn
engine [54] were discussed.

4More often referred to as Curzon-Ahlborn efficiency.

5Tn the language of an electrical engineer, this point of operation corresponds to open-circuit conditions.
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This relationship was found to be universal for symmetrically dissipating engines in the
low-dissipation limit, where the transport from the “hot” reservoir is of the same order as
the transport to the “cold” reservoir [57]. However, for highly asymmetric transport — as it is
present at carrier-selective contacts in solar cells — the following upper bound was found.

Ule]
—nc

Tmpp = 9 (2.7)

2.2. Fundamental semiconductor theory

The central property of a semiconductor material — the electrical conductivity — motivated
Alessandro Volta and later Michael Faraday to name this class of materials “semiconductor”
[58]. In a semiconductor, “free” electron and hole charge carriers with an elementary charge
+q provide an electron conductivity ¢, and hole conductivity o, to the total conductivity o.

0 =0y + 0y = q(lan + ppp) (2.8)

The electron (hole) conductivity is determined by the electron (hole) mobility f, (1p) and the
electron (hole) concentration n (p). The calculation of the latter is a fundamental exercise
in semiconductor theory and occupies many textbooks on semiconductor device physics
[59-66]. In the following, the main concepts are briefly summarized for semiconductors in
thermodynamic equilibrium and non-equilibrium.

2.2.1. Semiconductor in thermodynamic equilibrium

The general definition of thermodynamic equilibrium in section 2.1 has several specific
implications in semiconductor theory and is implicitly or explicitly used to derive equilibrium
electron and hole carrier concentrations [59-66].

Figure 2.2a depicts the band diagram representation — electron energy versus position — of
the junction between a p-type and n-type semiconductor. The grey regions of the band
diagram represent the neutral p-type and n-type semiconductor regions, where the space
charge p(x) (purple solid line) vanishes. The conduction band edge E¢ and valence band edge
Ey; mark the lowest state for electrons in the conduction band and holes in the valence band,
respectively. For a three-dimensional semiconductor, the density of states for electrons in the
conduction band and for holes in the valence band increases like VE — E¢ and VEy — E,
respectively. In the “forbidden” gap Fq = E¢ — FEy, also band gap, between E¢ and FEvy,
energy states do not exist in a perfect crystal.

In order to obtain the equilibrium carrier concentration of electrons and holes, it is necessary
to know how many of the available states are occupied. The Fermi-Dirac distribution function

1

f(E) = oxp (Ek;?) 1

(2.9)

provides the probability of occupancy for electrons and holes in equilibrium, where kg is the
Boltzmann constant, T" is the temperature and Ey is the Fermi-level. At a temperature of
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0 K, the distribution function is a step function, where the Fermi-level Er labels the highest
and lowest occupied energy level for electrons and holes, respectively. At higher temperatures,
the step function is smeared, such that also electron states slightly above the Fermi level and
hole states below the Fermi level are occupied. For non-degenerated semiconductors, the
Maxwell-Boltzmann distribution function often approximates the Fermi-Dirac function.

In summary, the equilibrium carrier concentration is controlled by the position of the Fermi
level with respect to E¢ and Ey. The equilibrium carrier concentration for electrons ny and
holes pg within the Maxwell-Boltzmann approximation calculates as follows.

Ey — E
ng = N¢exp <Fk:TC) (2.10)
B
Ey - F
po = Ny exp <\;€TF> (2.11)
B

N¢ and Ny are the effective density of states of the conduction and valence band, respectively.
In the context of equation 2.11, it becomes obvious that the semiconductor on the left hand
side in Figure 2.2a has a large equilibrium hole concentration, because the Fermi level is close
to Ey, and it is refered to as p-type semiconductor. Analogous considerations for the right
hand side in figure 2.2a reveal a n-type semiconductor.

According to the law of mass action (equation 2.12), the product of the equilibrium carrier
concentrations ng and py has to be constant and equal to the intrinsic carrier concentration
n; of approximately 10 ¢cm™ for silicon at room temperature [67, 68].

E
nopo = Nc Ny exp (_k(}) = n? (2.12)
B

If the initially separated p-type and n-type semiconductors are brought in contact, holes from
the hole-rich p-type region diffuse into the electron-rich n-type region and vice versa and
recombine. The transition region between neutral p-type and n-type regions is depleted and
negative and positive space charges (purple curve in figure 2.2a) remain on the p-type and
n-type side of the transition region, respectively, due to the uncompensated charges of the
immobile dopant ions. The light yellow part in figure 2.2a highlights this transition region
— the space charge region or depletion region — between n-type and p-type doped regions.
The space charges induce an electric field E(x), which results in a drift current of charge
carriers opposing the diffusion of charge carrier due to the gradient of the chemical potential.
A balance is established between the two driving forces, so that the thermodynamic driving
force — the gradient of the electrochemical potential i.e. the Fermi level EFr — and the carrier
flux vanishes. It follows that, in equilibrium, a single Fermi level exists, which is constant
with position.

The equilibrium electron charge carrier density on the n-type side of the depletion region
nno can be related with the electron charge carrier density on the p-type side nyy by using
equation 2.10 and the work functions ¢®, and ¢®,, of the n-type and p-type semiconductor.

¢, - g
Nno = Mpo EXP (q(k:BTp)) = Npo €XP (i}ﬁi) (2.13)

Theory 9
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Figure 2.2.: Band diagram of a pn junction (a) in equilibrium and (b) with forward-bias
voltage. In figure 2.2a, grey and light yellow regions correspond to the quasi-
neutral and space charge regions, respectively. Fy,. is the vacuum level and all
other quantities are define in the text.

The work function difference, which is the driving force® for the diffusive exchange of charge
carriers in the depletion region, is balanced by the built-in potential ®p;. Note that equation
2.13 with the law of mass action in equation 2.12 allows to calculate the built-in voltage as a
function of the majority carrier concentrations n,y and p, on either side of the pn junction.
The bending of the bands in the depletion region follows the electrostatic potential energy
—qo(z). Poisson’s equation 2.14 describes the electrostatics and relates the charge distribution
p(x) in the semiconductor with a permittivity € to the resulting electrical field £(z) and the
electrostatic potential ¢(x).

dE(x) _ Po(x) _ pla)

dx dx? €

(2.14)

2.2.2. Non-equilibrium thermodynamics of semiconductor devices

In order to perform any action in a semiconductor, an external force (e.g. an electric field due
to a voltage bias) has to be applied to the semiconductor in equilibrium and the equilibrium
is disturbed. In such a non-equilibrium situation, linear irreversible thermodynamics [69-71]
describe the semiconductor near its equilibrium state by using linear flux-force transport
relationships and quasi-Fermi-Dirac distribution functions.

Figure 2.2b depicts the band diagram of the pn junction from figure 2.2a in forward bias. An
electrostatic potential difference V' = %(Eﬁ’M — EB,)) is applied between the electron-selective

6Tn fact, the work function difference represent the chemical potential difference between the n-type and
p-type semiconductor regions, which is the true driving force.
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contact A with the Fermi level E&; ~ Fg, and hole-selective contact” B with EB\; ~ Fg,.
The equilibrium Fermi level Er splits due to the distortion from equilibrium into two quasi-
equilibrium Fermi levels — a hole quasi-Fermi level Ep, and an electron quasi-Fermi level Epy,
— and the occupation of states is described by quasi Fermi-Dirac or quasi Maxwell-Boltzmann
distribution functions. The charge carrier concentration from the equilibrium equations 2.10
and 2.11 are replaced in quasi-equilibrium by the following expression.

Ep, — E
n = ng + An = N¢ exp (Fk:TC> (2.15)
B
by —FE
p=po+ Ap= Nyexp <Vk - F") (2.16)
B

The excess electron carrier concentration An equals the excess hole carrier concentration Ap
due to carrier conservation. The pn product reads

EF“_EFP> (2.17)

np = (ng + An)(po + Ap) = n? exp < T

Since Ep, and —Ep, are the electrochemical potentials of electrons and holes, the quasi-Fermi
level splitting Ay = Ep, — Epp, in the pn product represents the electrochemical affinity of
the generation-recombination processes [45, 70] of the system, which is a measure of how far
from equilibrium the system is operating.

The applied bias voltage V' reduces the band bending of the pn junction, which leads to an
increase of minority charge carriers at the edges —x, and x, of the depletion region. This
yields the important law of the junction similar to equation 2.13 in equilibrium.

q(Pp; — V)>

2.18
T (2.18)

i) = iy~ e

The desired action for a forward biased pn junction is the onset of a current flow upon forward
biasing, which is described by a linear correlation between the thermodynamic force and the
charge carrier flux. In a semiconductor, the gradient of the quasi-Fermi level drives a charge
carrier flow, which is often subdivided in a drift current density due to a gradient of the
electrostatic potential (electric field £€) and a diffusion current density driven by a gradient
in carrier concentration.

dEFn o dn
Jo = pnn e qunné€ + an% (2.19)
Ty = 1pp—7 = = qupp€ — q Dy (2.20)

"In the case of a pn junction, the highly doped n-type region and highly doped p-type region ensure
that the recombination kinetics of “any” contact with a symmetric and high recombination rate are majority
carrier selective and the contact’s Fermi level is pinned to the majority carrier (quasi) Fermi levels of the
semiconductor.
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D, and D, are the diffusion coefficients and J, and J, are the current densities for electrons
and holes, respectively.

To completely model a semiconductor device like a solar cells or a bipolar junction transistors,
the transport laws, the Poisson equation and the following continuity equations for electrons
and holes form a set of fundamental semiconductor device equations.

on 10J,

i M G (2.21)
op _ 104,

i e U (2.22)

The continuity equation reflects the particle conservation, where the particle density can
only change in time at a particular position, if particles either flow to another position or
if they are generated with a generation rate G or annihilated with a recombination rate R.
The generation and recombination in solar cells occurs mainly through the Auger process,
radiative band-to-band and non-radiative, traps-assisted Shockley-Read-Hall (SRH) processes
in the volume or at the surface of a semiconductor.

2.3. Solar cell

For decades, Shockleys understanding on the physics of electrons and holes in semiconductors
[72] and the operation of pn-junctions [60] shaped the language of solid-state solar cells and
Shockley’s diode theory still successfully describes most classical solar cells. However, a solar
cell is an energy converter in first place and therefore several authors made the attempt to
provide a picture of solar cells in the language of energy converters, namely thermodynamics
[64, 73-80]. In the following, the thermodynamic picture is used to qualitatively present
the working principle of a solar cell and Shockley’s diode theory is used to motivate the
current-voltage characteristic and the double-diode equivalent circuit model of a solar cell.

2.3.1. Working principle of solar cells

The energy conversion of incident heat radiation from the sun into electricity in a photovoltaic
energy converter proceeds in two steps [64]: first the heat radiation is converted into chemical
energy and, in a second step, the chemical energy converts into electrical energy. For each of
the conversion processes, the solar cell requires an appropriate conversion apparatus. Figure
2.3 shows a schematic representation of a solar cell.

If light from the sun is absorbed by the photo-absorber of the solar cell, each photon generates
an excited electron-hole pair (exciton), which dissociates in free electrons and holes. The
absorber can be thought of as a balloon [81] containing an excited electron-hole gas with a
chemical energy®, i.e. the quasi-Fermi level splitting. Figuratively speaking, the chemical
energy of the gas represents the pressure in the “absorber balloon”. A protective skin

8The absorber is assumed to be a quasi-neutral region, which is field free.
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Figure 2.3.: Schematic representation of a solar cell inspired by Cuevas et al. [81]. The sliced
sphere consists of an absorber (yellow) with a surface-passivating skin (blue) and
an electron-selective (red) and hole-selective membrane (green).

envelopes the absorber balloon to prevent a leak of the gas — recombination of electrons and
holes — at the surface and thus the skin maintains the pressure inside the balloon. In order
to convert the chemical energy of the electron-hole gas within the balloon into electrical
energy, the positive and negative charge carriers — electrons and holes — have to be separated
by collection of each charge carrier at a charge carrier-selective membrane. The perfect
electron-selective membrane is completely transparent for electrons, such that electrons can
cross the membrane without dissipating energy. However, holes can not permeate through the
perfect electron-selective membrane and have to be collected at the hole-selective membrane.
The separated electrons and holes can now flow in an external circuit and perform work.
Since one part of the present thesis investigates the properties of polysilicon-based passivating
and carrier-selective contacts”, chapter 5 is dedicated to describe a carrier-selective contact
in detail and to define a “selectivity” metric for carrier-selective contacts.

2.3.2. Current-voltage characteristic of a solar cell

The current-voltage (J-V') characteristic of a solar cell is often derived from Shockley’s diode
theory [60] of a pn junction as shown in figure 2.2b and discussed in section 2.2

However, the J-V characteristic can also be obtained within a single-dimensional “ballon
representation” of the solar cell from integrating the continuity equation 2.21 for electrons
between the electron-selective contact at position x = 0 and the hole-selective contact at

9Carrier-selective contact is used as a synonym for carrier-selective membrane.

10A detailed Shockley-type derivation of the .J-V characteristic can be found in the appendix A.5.1, where
the characteristic of a bipolar junction transistor is derived, by assuming that one of the two pn junctions is
shorted and recombination takes place in the base region.
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x = Wp to obtain the following balance equation:
Wg W
J = Jn(0)+J,(0) = q/ G(x)dx—q/ R(x)dx+ ~ Jpn—qWgR (2.23)
0 0

The total current density J = J,(0)+ J,(0) leaving a solar cell at the electron-selective contact
is the difference between the generated (blue term) and recombined (red and orange terms)
current density. The generated current density is almost exclusively due to photo-generation
and blue term defines the photo-generation current density Jp,. The electrons (holes) collected
by the hole-selective (electron-selective) contact cause the orange part of the recombination
current density, but can be neglected for perfectly selective and passivating contacts. If
the surface-passivating skin perfectly passivates the surface, the remaining recombination
current density (red term) reflects the recombination in the absorber. For homogeneous
recombination in the absorber, the red term in equation 2.23 simplifies to gWWgR. The total
rate of recombination R has different contributions due to different recombination mechanisms
within the absorber and depends on the quasi-Fermi level splitting Ay, which is controlled by
the external voltage V' = % between the perfect electron-selective and hole-selective contacts
for a given photo-generation.

At low-level injection (LLI) condition — where An << ny or Ap << py — the rate of
recombination for radiative, Auger and SRH recombination is proportional to the pn product,
such that recombination rate'! R 111 of each recombination process i reads [82]

pn qV ) )
Ri - Ri . - ]. - Ri . T | — 1 5 224
,LLI ,LLIL0 (n? ) ,LLLO <exp ( kg T ( )

where R;1r10 is a constant prefactor.
Using equation 2.23 with R; 11 yields the simplest version of the J-V characteristic of a solar
cell — the single-diode model:

J(V) = Jon — Jon [exp (mquBT) - 1} (2.25)

Jo1 = qWgs - > Ripriro denotes the reverse saturation current density or recombination
prefactor [82] of a diode with an ideality factor m; = 1 and quantifies the recombination in a
solar cell.

The simplified assumption made for the derivation of the single-diode model restricts the
model to ideal solar cells at low-level injection. One particular deviation of practical solar
cell’s J-V' characteristics from the single-diode model can result from the fact that SRH
generation and recombination within the depletion region or high level injection effects can
not be neglected. At high-level injection (HLI) conditions — Ap >> py or An >> ng — the
recombination rate can often be describes by [82]

m

pn qV >
Ri = Ri : - == Ri . 5 226
JHLI JHLIL0 <n12> JHLIo - €XP <kaT ( )

' This relation is due to the fact that each of the processes can be described as first-order recombination
reactions similar to the electron transfer reaction detailed in the appendix A.3.1.

14 Theory



2.3. SOLAR CELL

where R;m110 is a constant prefactor and m is the ideality factor. For Auger recombination
at HLI the ideality factor m = % and for SRH recombination at HLI m = 2. For depletion
region recombination, an ideality factor of m = 2 is typically assumed in textbooks [61, 83,
84]. However, it was pointed out by several authors that a voltage-independent ideality factor
of two is not accurate for the case of generation and recombination in the depletion region
[85-90].

To account for the different recombination mechanisms in the J-V curve, at least one
additional recombination current density with an ideality my and a recombination prefactor
Joo are superposed to the single-diode model to yield a double-diode model. Another deviation
from the single-diode model arises from the fact that the series resistance Rg is non-zero and
the shunt resistance Rgy is finite. The J-V characteristic of the double-diode model with
series and shunt resistance is calculated as follows.

q(V + JRS) } [ (q(V + JRS)> ] V + JRg
V) = Jpn — RETI) ) RETI]) 4] 2078 99
J(V) = Jpn—Jo {exp( T Joo |exp T Ren (2.27)

Figure 2.4a shows the shifted current-voltage characteristic [Jpy, — J(V')] for a solar cell
with Lambertian light trapping, which is limited by intrinsic recombination — radiative
and Auger recombination — of a n-type silicon absorber with a thickness of 110 pm and
a resistivity of 2Qcm. In the framework of the equivalent circuit model in equation 2.27,
the two parallel diodes with an ideality factor of unity for the radiative recombination and
Auger recombination at low-level injection conditions and an ideality factor of 2/3 for Auger-
recombination at high-level injection represent the intrinsic recombination within the bulk.
The recombination prefactors (saturation current densities) of the diodes are determined
to 1.33 - 107'% A/cm? for the diode with m = 1 and 3.27 - 102! A/cm? for the diode with
m = 2/3. Rg = 0 and Rsg = oo of the solar cell, because such effects are excluded in this
model calculation [28]. The double-diode model with the chosen parameters gives a good
agreement with the J-V characteristic of the detailed balance calculation.

The fact that even the J-V characteristic of a “perfect” solar cell requires two diodes,
underlines the usefulness of the double-diode model. Practical solar cell usually require an
even more complex equivalent circuit model to achieve good agreement with the measured
J-V characteristic.

2.3.3. Performance parameter of a solar cell

The purpose of a photovoltaic power converter is the conversion of the incident power density
P., of the heat radiation into the electrical power density P. Figure 2.4b shows the light
J-V and the corresponding P-V characteristic of the Auger-limited solar cell from figure
2.4a. The power density P has a maximum value at the maximum power point (mpp) with
a maximum power point voltage Vi,pp and a maximum power point current density Jypp.
The efficiency 7 is defined at this maximum power point as the ratio between the maximum
output power density Pupp = JmppVmpp and the incident power density Fi,.

pu— = 2 . 28
=p P (2.28)
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Figure 2.4.: (a) Shifted light J-V characteristic in a semi-logarithmic representation of the
Auger-limited solar cell on a 2 Qcm n-type doped 110 pm-thick wafer with Lam-
bertian light trapping according to the detailed balance calculation of reference
28]. (b) Light J-V (red solid line) and P-V' (blue solid line) characteristic of
the Auger-limited cell in (a). The data was kindly provided by S. Schéfer.

The efficiency of the Auger-limited solar cell in figure 2.4a amounts to a value of 29.2%'2.
Although the efficiency of a solar cell is the most important performance parameter, it is
useful to consider three additional parameters for a proper interpretation of the solar cell’s
performance.

The first parameter, the short-circuit current density Jsc approximately equals the photo-
generated current density, which reflects the incident spectrum, the optical properties of the
solar cell and the collection probability for photo-generated carriers in the solar cell. Typical
values for the Jg¢ of a silicon solar cell under AM1.5G illumination spectrum are in the order
of 40mA /ecm?. The Js¢ of the Auger-limited solar cell in figure 2.4b exhibits 43.47 mA /cm?.
The second parameter, the open-circuit (OC) voltage of the solar cell can be directly derived
from the single-diode model with J(V') = 0 and depends on the recombination prefactor Jyy,,
the ideality factor moc of the cell at OC and the photo-generated current density Jpy,.

Jpn
Voo = In ( + 1) 9.99
OoC q J[)m ( )

Therefore, Vo reflects the recombination behavior of the solar cell. The Auger-limited solar
cell shows an ideality factor of 2/3 and a Joy, of 3.27 -+ 1072 A/em? around OC and exhibits
a Voc of 755 mV. The third parameter, the fill factor FF describes the “squareness” of the

12Note that the maximum efficiency for Si solar cells amounts to 29.5% [28, 29] and the lower value of
29.2% corresponds to a Si solar cell with a 110 pm-thick n-type wafer with a resistivity of 2 Qcm.
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light J-V characteristic. The fill factor is called the fill factor because it indicates how much
area the light gray rectangle (Jmpp © Vinpp) fills in the dark gray rectangle (Jsc - Voc).

Jnon Vs
FF = Zmenlmep 2.30
JscVoc (2:30)

For the Auger-limited cell a FF of 89% is obtained. The maximum FF of a solar cell depends
on its Voc and can be calculated analytically'® according to Green [91]. The actual FF can
be lower due to several effect like series and shunt resistance.
Finally, the efficiency is calculated as the product of Jso, Voc and the FF normalized by the
incident power density.

_ JscVocFF

TR

A view point on the efficiency beyond the J-V characteristic and its calculation is provided
by P. Wiirfel [64]. The process of converting the incident heat radiation from the sun
(photons) into maximum electrical power output is subdivided in single conversion process
steps with their own conversion efficiencies. The efficiency of the final process is obtained by
multiplication of the efficiencies of all sub-processes.

(2.31)

7] = Nabs ~ Tthermalization ~ TJthermodynamic = Tlextract,0C FF (232)

The incoming light is absorbed with an absorption efficiency 7,,s. The absorbed photons
generated electron-hole pairs with an energy larger than the band gap of the absorber and
thermalize into the band edges. The thermalization process has an efficiency Minhermatization-
The efficiency 7ghermodynamic reveals how much energy of the thermalized electron-hole pairs
is converted into chemical energy. Now the absorber contains electron-hole pairs with a
chemical energy, which has to be converted in electrical energy with a conversion efficiency
Nextract,0C- Lhis efficiency is added here, but P. Wiirfel assumes this process to occur loss-free
[64]. Since the efficiency fextract,0c is unity for a loss-free conversion, Wiirfel does not list
it in his process sequence. However, this conversion process and efficiency is related to the
contact’s ability to extract charge carrier and will be discussed in chapter 5 in detail. The
last factor is the already known fill factor FF.

The efficiency according to P. Wiirfel are controlled by the four conversion efficiencies.
The absorption efficiency 7.,s and thermaliaztion efficiency 7inermalization can be optimized
simultaneously by providing only photons with an energy slightly above the band gap of the
absorber. A practical realization of the latter is a multi-junction or tandem solar cell.

2.4. Tandem solar cell

A multi-junction or tandem solar cell consists of at least two sub-cells comprising absorbers
with a wide band gap and a narrow band gap. The wide-band gap top cell absorbs the

13Green’s approximation takes into account that the ideality factor of the solar cell is not necessarily unity
in the framework of a single-diode model. This implies that the ideality factor around OC and mpp should
be equal in order that Green’s approximation yields accurate values for the FF.

Theory 17



2.5. TRANSISTOR

incident high energy photons above the band gap and transmits the photons with an energy
below the band gap to the bottom cell with a narrower band gap. The bottom cell absorbs all
transmitted photons with an energy above its band gap. The tandem architecture minimizes
the losses due to incomplete absorption and thermalization.

The practical realization of a tandem solar cell requires semiconductor materials with a
suitable band gap and electronic quality. Probably the most sophisticated solar cell ever
built is a six-junction III-V solar cell with an efficiency of 47.1% [40]. However, reducing
the enormous manufacturing cost of such III-V multi-junction cells, while maintaining cell
performance, is the main issue and an ongoing task [92].

Besides the question of the choice for top and bottom cells materials, the internal intercon-
nection of tandem solar cells, the associated number of terminals and the corresponding cell
architecture; the module and system integration scheme is of great importance, especially
for terrestrial photovoltaics systems [93-95]. For dual-junction solar cell, top and bottom
cells are commonly either interconnected in series or not interconnected at all. The latter
interconnection scheme requires that each sub-cell has its own independent sub-circuit working
at its own maximum power point and therefore needs four terminals (4T) for a mechanically
stacked dual-junction solar cell. Since top and bottom cell operate electrically independent
from each other, the top and bottom cell polarity can be of arbitrary type. Moreover the
large flexibility of 4T tandems compared to series-connected two-terminal (2T) tandems
enables the usage of a broader range of band gaps for top and bottom cell as well as a higher
robustness against spectral variations, which leads usually to higher cell efficiency and energy
yields. However, the fabrication of additional transparent conductive layers, metal grids
and insulating layers in-between top and bottom cell and the integration of 4T tandems in
cost-effective modules and systems is challenging [96].

In a two-terminal tandem solar cell, the top cell and bottom cell diodes are directly joining
to form a series-connected tandem cell and both cell diodes need to be short-circuited via a
coupling layer (tunneling or recombination junction). Since series-connected cells have to
share the same current, the sub-cells in this type of architecture have to be current-matched,
which implies a more stringent band gap selection and a higher sensitivity to changes of the
illumination spectrum. Nevertheless, the fabrication of cells is simplified and state-of-the-art
single-junction module and system integration can be applied.

A less familiar internal interconnection scheme yielding a tandem solar cell with three ter-
minals is discussed in chapters 4 and 8 in detail. The bipolar junction bottom cell as one
possibility for the bottom cell of such a tandem solar cell exhibits a similar architecture as
a bipolar junction transistor. Therefore, bipolar junction bottom cells will be described by
adapting established models from the transistor theory later in this thesis. Transistors and
their theory are summarized in the following.

2.5. Transistor

In 1947/1948, Bardeen and Brattain [97, 98] discovered the transistor amplification effect and
Shockley developed the theory of pn junctions and invented the bipolar junction transistor
[60] at Bell Labs. The invention of this solid-state switch triggered the era of microelectronics.
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Figure 2.5.: Schematic layer structure of a bipolar junction transistor in common-emitter
configuration. The voltage sources and the carrier flows indicate the situation
for a bipolar junction transistor in forward-active mode.

Figure 2.5 shows the layer structure of a npn bipolar junction transistor. Each of the n-type
layers — the emitter and the collector — form a pn junction with the p-type base. Thus, a
transistor is a three-terminal device with an emitter, a base and a collector terminal. The
corresponding band diagram of the bipolar junction transistor in equilibrium resembles that
of two pn junction diodes with built-in voltages ®g; gg and Pg;pc, which are connected
back-to-back via the p-type base (figure 2.6a).

The main task of a transistor is to control the resistance for the current transfer from the
emitter contact to the collector contact through the base by means of the base contact. In
order to drive a current flow from the emitter towards the collector, a voltage Vgc has to
be applied between the emitter and collector contact. However, the “resistance” for the
current transfer between emitter and collector contacts is controlled by the emitter-base
junction'. If the emitter-base junction is forward biased, then electrons are injected (or
emitted) from the emitter into the base region and the electron carrier concentration in the
base increases. The equilibrium Fermi-level from figure 2.6a splits in two separate quasi
Fermi-levels in figure 2.6b. If the collector-base junction is shorted or reverse-biased, the
electron concentration at this junction is depleted. The concentration gradient in the nearly
field-free base region, i.e. the gradient of the electron quasi Fermi level, drives a diffusive
electron current from the emitter to the collector contact. The bipolar junction transistor
operates in forward-active mode, where a small control current of holes injected at the base
contact — the base current — amplifies a large current from the emitter to the collector contact.
The amplification factor or common-emitter current gain fr for the forward-active mode is
the ratio of the collector current density .Jo versus base current Jg and has a value of more
than 50 for typical bipolar junction transistors. The common-emitter current gain quantifies
the performance of a bipolar junction transistor and can be re-expressed by the common-base

4The emitter-base junction is relevant for the forward active mode, since the collector-base junction is
typically shorted or even reverse-biased.
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Figure 2.6.: Band diagram of a bipolar junction transistor in (a) equilibrium and in (b)
forward-active mode. The red and green regions indicate the n-type and p-type
quasi-neutral regions and the light yellow region is the space-charge region.

current gain or transport factor ag, which is the ratio of the collected current at the collector
contact Jc versus the injected current at the emitter contact Jg.

P
S Br+1

ap = OTYE (233)
Thus, the performance of a bipolar junction transistor depends on the product of the base
transport factor ar and the emitter injection efficiency ~g. The base transport factor reflects
the minority carrier transport through the base and the emitter injection efficiency describes
the quality of the emitter contact.

The bipolar junction transistor can also operate in reverse-active mode, when the emitter-base
junction is shorted or reverse-biased and the collector-base junction is forward-biased. In this
case, the collector injects electrons into the base, which flow towards the emitter and are
collected at the reverse-biased emitter-base junction. The performance parameters Sg and ar
for the reverse-active mode operation are defined similar to those of the forward-active mode,
but the emitter and collector current density are interchanged. Since the forward-active
mode is the typical operation mode of a bipolar junction transistor, the transistor is designed
such that the forward current gain is maximized. Typically, g >> (g, because the emitter
injection efficiency ~g is made higher than the collector injection efficiency ¢ due to the fact
that the emitter is much heavier doped than the collector.

For the use in electrical circuit models, Ebers and Moll developed an equivalent circuit model
for the large signal behavior of bipolar junction transistors [99]. The Ebers-Moll injection
model'® as shown in figure 2.7 can be interpreted qualitatively as a superposition of the
forward-active and reverse-active mode operations. In forward-active mode, the collector-base
diode is reverse-biased and the reverse current density Jgr = 0, while the emitter-base junction

15 A derivation of the Ebers-Moll model from drift-diffusion model can be found in the appendix A.5.1.
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Figure 2.7.: Ebers-Moll equivalent circuit of the injection model of a bipolar junction transis-
tor.

is forward-biased and the forward current density Jrp > 0. The current-controlled current
source with the current density agJr represents the current density transferred through the
base. In reverse-active mode, Jp = 0 and Jr > 0, such that the current-controlled current
source with the current density agJg again represents the current density transferred through
the base. The superposition of both operation mode justifies the equivalent circuit model in
figure 2.7.
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3. Characterization methods

3.1. Photo-conductance decay method

In a semiconductor device like a solar cell, the generation and recombination processes of
minority charge carriers play a decisive role. The conductivity of the semiconductor depends
on the charge carrier density (equation 2.8) and the charge carrier density increases upon
illuminating the semiconductor due to photo-generation of an excess carrier density An. The
excess carrier density An can be determined from the excess conductance W - Ao with the
sample thickness W and excess conductivity Ao by

W - Ao = qW (py + pp) An (3.1)

The photo-conductance decay measurements in this thesis are performed with the WCT-120
lifetime tester from Sinton Instruments, which measures the conductivity of the sample
inductively via a coil. The experimental setup is illustrated schematically in figure 3.1. The
illumination is applied by a simple flash lamp and the illumination intensity is calibrated via
a reference solar cell.

After applying the short flash illumination to generate an initial excess carrier density Ang
in the test wafer, the excess carrier density An along with the excess photo-conductivity
Ao decays due to the recombination of excess minority charge carriers. The rate of change
0An

=i of An with time is describe by the continuity equation 2.21. Under the assumption of a

spatially homogeneous carrier distribution (%2‘ = 0) the continuity equation reads
0An An
— =G —Rg=G— 3.2
ot ff Teft ( )

The An-dependent effective recombination lifetime 7.(An) describes the rate of recombination
R and provides a directed measure to study recombination processes in semiconductor
materials [100-102]. For high lifetimes, which are typically required for high performance
solar cells, the lifetime can be determined from the transient decay of An after the illumination
is turned off, such that G = 0 in equation 3.2.

The obtained 7.4 represents an effective lifetime of the sample, which is a consequence of
the total recombination rate R.g. The total recombination rate is the sum of the Auger and
radiative recombination, Shockley-Read-Hall (SRH) recombination in the bulk and at the
surface. Therefore, the effective lifetime calculates as

1 1 1 1
- = + + (3.3)
Teff TAuger+rad Thulk Tsurf
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Figure 3.1.: Setup of the Sinton lifetime tester [103]

with the lifetime Tayger+raa due to Auger and radiative recombination, the lifetime 7, due
to SRH recombination in the bulk and the lifetime 7., due to surface recombination.
From the point of view of solar cell development, it is often useful to compare the implied J-V
parameters of solar cell precursors. For that purpose, the lifetime 7.4(An) is often translated
into an implied J-V characteristic by using the fact that the recombination rate R is directly
proportional to a recombination current density Jyec.

An

Teff

Jree = W R = qW (3.4)

@ is calculated from the pn product in equation

The implied open-circuit voltage iVoc =
2.17. Of course, the conversion of Tog(An) into the implied J-V characteristic can also be used
under certain conditions' to convert the Jgo-Voe characteristic into a lifetime characteristic
as performed in chapter 7.

Furthermore, the surface recombination rate in equation 3.3 is often quantified by a surface

saturation current density Jys according to the following definition [101, 104-107].
An

Tsurf

NsPs

Jrec,surf = Jos (2 - 1)_ qW
n

i,s

(3.5)

ns and ps are charge carrier densities for electrons and holes, respectively and n;s is the
intrinsic carrier density at the surface of the semiconductor. Using equation 3.5 in equation
3.3 and assuming high level injection conditions (neps &~ An?), the surface saturation current
density can be determined from the following equation, if the slope of the An-dependent

inverse of the Auger-corrected lifetime -~ — —1— is evaluated.
Teff TAuger+rad

1 1 1 2Jos
— - = + 20 A (3.6)

2
Teff TAuger+rad Thulk anl S

For a symmetric lifetime sample with two equivalent surfaces, each surface contributes a
recombination current density to the total recombination, which is taken into account with the

IThe Jgc should reflect the photo-generation current density and the Voc ~ iVoc. The former is valid if
the series resistance is not too large and the latter is true for highly carrier-selective contacts.
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factor 2 in front of the Jys term in equation 3.6. The described method for the determination
of Jos was first reported by Kane and Swanson [101] and is denoted as the slope method
according to Kane and Swanson.

3.2. Contact resistivity measurement

The contact is an essential component of a solar cell, as it is the contact that enables the
extraction of charge carriers from the absorber. Since this thesis partly deals with the
properties of contacts, in particular with the properties of passivating and carrier-selective
POLO contacts, an essential property - the contact resistivity - is introduced below and
the transfer length method (TLM) for the determination of the contact resistivity is briefly
summarized.

3.2.1. Contact resistivity

A contact between the semiconductor and the metal can be implemented in many different
ways. For example, direct metal-semiconductor (M-S) contacts [108], conductor-insulator-
semiconductor (C-I-S) contacts [109] and many other types of contacts have been studied in
the literature [110]. The carrier transport from the semiconducting absorber into the metal
depends on the specific physics of the contact, but for many contacts the current-voltage
characteristic for the partial carrier transport — electron or holes — can be approximated by a
rectifying behavior similar to Schottky’s M-S contact [109, 111].

= afon()

The diode prefactor Jy and the ideality factor m depend on the physics of the contact.

The desired electron-selective and hole-selective contact to a solar cell is required to efficiently
transport electrons and holes from the absorber to the metal contact, respectively, and the
voltage drop due to transport of the desired species should be as low a possible. According
to Fonash [112, p. 123] and Fahrenbruch and Bube [113, p. 187], such contacts are denoted
as ohmic or quasi-Ohmic selective contacts and the transport properties can be quantified
by a specific contact resistance p.. The term ohmic implies that the J-V characteristic of
the contact is linear, the constant resistance is small and no photovoltaic effect occurs at an
ohmic contact. The specific contact resistance — also contact resistivity — p. is then simply
the inverse of the slope of the J-V characteristic at V' = 0.

Pe = (dJ vo>_l (3.8)

dv
In practice, however, perfectly ohmic contacts are rarely achieved, because the J-V character-

istic follows equation 3.7 rather than being linear. As long as the exponent m‘{g‘;T in equation

3.7 is close to zero for the desired current density, equation 3.7 can be made linear by means
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Figure 3.2.: (a) Schematic cross-section of a transfer length test structure. (b) Example of
the measured data for the TLM samples from chapter 6.3.

of a first-order Taylor approximation and the contact resistivity according to equation 3.8

reads
. mk’BT

Pe oo

This type of contact is denoted as quasi-ohmic contact.

(3.9)

3.2.2. Transfer length method

For ohmic and quasi-ohmic contacts, the transfer length method (TLM) can be used to
determine the value of the contact resistivity [111]. Figure 3.2a shows the schematic cross-
section of a TLM test sample comprising a thin semiconductor sheet, which is contacted
by metal pads with a distance d = d;, ds,... apart from each other. The current-voltage
1-V characteristic is measured between adjacent metal pads and the total resistance R,
which is the sum of twice the contact resistance R, and the lateral bulk transport resistance
Rpux through the sheet, is calculated. Rt is evaluated for several distances d and Rt as a
function of the distance d is obtained as shown in figure 3.2b. For the simplest case, Rt is
a linear function of d, since Ry, increases linearly with distance and 2R, stays constant.
Therefore, the slope of the obtained linear fit to the data corresponds to the sheet resistance
Rspeet of the semiconductor sheet and the intercept with the Rp-axis yields twice the contact
resistance R.. In figure 3.2b, the sample from the red data set has a higher sheet resistance
than the sample from the blue data and therefore the slope of the red data is steeper than
for the blue data.

To extract the contact resistivity p. from the contact resistance R, the correct area through
which the current flows must be determined. Since the sheet resistance of the semiconductor
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sheet is finite, the charge carriers underneath a metal pad experience a resistance, while flowing
through the semiconductor sheet. In order to minimize the lateral resistance contribution of
current flowing beneath the contact, the current would try to enter or leave the metal pad as
close to the edge of the metal pad as possible. On the other hand, the contact resistivity of
the metal-semiconductor contact is finite too and the current would like to occupy as much
of the contact’s area as possible to minimize the contribution from the contact resistance.
However, the latter implies that the current flows a long distance through the semiconductor
sheet and causes a large lateral resistance contribution. Finally, the current flows along the
path of least resistance and most of the current has entered or left the metal pad at a distance

Lr=./% Sphc - away from the contact’s edge, which is called the transfer length. The contact

resistivity can be calculated from

RC /A LT
Pc= ——F N
coth (LLT>

where Z is the contact’s length perpendicular to direction of the current flow and L is the
contact’s width in direction of the current flow.

The model for equation 3.10 is only accurate for one-dimensional current flow within the
semiconducting sheet and restricts equation 3.10 to thin and conductive sheets. For the
case, where two-dimensional current flow is important, Eidelloth and Brendel have reported
an advanced analysis method [114], where equation 3.10 is replaced by a more complex
expression.

(3.10)

3.3. Current-voltage characterisation of solar cells

For the development of solar cells, the characterization of the finished solar cell using current-
voltage characteristics is an essential method. Three common types of current-voltage J-V
characteristics exist: the illuminated J-V, the dark J-V and the Jsc-Voc characteristic.

3.3.1. Hluminated .J-V characteristic

As discussed in section 2.3, the illuminated J-V (also light J-V') characteristic is the most
important characteristic of a solar cell and contains information on the performance parameters
of the solar cell under investigation. In order to obtain an accurate light J-V characteristic,
which allows to compare devices independent of the measurement setup, the solar cell has
to be measured under standard test conditions (STC). A measurement under STC implies
that the solar cell’s temperature is held at 25 °C, while illuminated with a AM1.5G spectrum
with an intensity of 100mW /cm? during the J-V measurement. Since it is demanding to
generate such a spectrum with high accuracy in the lab, accurate measurements are usually
performed by an accredited certification lab and the measured result are denoted as certified
measurement. Unfortunately, a certified measurement is time consuming and costly, and is
only performed for carefully selected solar cells.

For all the other solar cells with two terminals in this thesis, the light J-V is determined at a
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cell’s temperature of approximately 25°C in a LOANA solar cell characterization system from
pv tools. The illumination is applied by a narrow-band infrared LED illumination source,
whose intensity is adjusted such that the current density of a reference cell corresponds
to a calibrated solar cell under STC illumination. This procedure is only accurate if the
calibrated cell is almost identical to the probed cell. The measurement procedure and setup
for three-terminal solar cells is outline in chapter 8.

3.3.2. Dark J-V characteristic

In addition to the light J-V, the dark J-V and the Jsc-Voc characteristics and the comparison
of the different characteristics provides important information on the physical properties
of the solar cell. The dark J-V characteristic is described similar as in equation 2.27, but
Jpn = 0 and J becomes negative.

- q(V—JRS)_ } { (q(V—JRS))_ }_V—JRS
T(V) = Jon {exp <m1 c) 1 e (U ) < - E 2R sy

If the dark characteristic curve is plotted semi-logarithmically, the recombination parameters
Jo1, Jo2, m1 and my can be theoretically determined from it. From this analysis, the
dominant recombination paths in a solar cell at dark conditions can be identified. At low
and high voltages, the shunt and series resistance can be derived, respectively. Since the
recombination behavior and the resistance parameters of the solar cell often change upon
applying illumination, the solar cell parameters should rather be extracted close to the
operation conditions, i.e. under illumination. Therefore, the analysis from above is usually
applied to the Jsc-Voc characteristic.

3.3.3. Jsc-Voc characteristic

For the Jsc-Voc characteristic, the short-circuit current density and open-circuit voltage are
measured for different illumination intensities. The obtained characteristic is theoretically
almost the same as for a series resistance-free dark J-V characteristic.

qVoc ) } [ ( 7Voc ) ] Voc
= — 1] + -1 - == 12
JSC JOl l:exp (mlkBT J02 exp kaBT RSH (3 )

The comparison of the Jso-Voc with the dark J-V characteristic can be used to determine
the series resistance.

Moreover, the recombination parameter for the solar cell under illumination can be extracted
from the Jsc-Voc characteristic. Measuring the Jso-Voc characteristic is very similar to the
Suns-Voc method and can be translated into a lifetime curve 7.g(An) to study the different
recombination paths of the solar cell.

3.3.4. Local ideality factor

From the three different J-V characteristics, a lot of information about a solar cell can be
gained, especially if the local ideality factor of the three different characteristics is taken into
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account. The local diode ideality factor m of the shifted light J-V, dark J-V and Jsc-Voc

corresponds to the inverse slope of the respective In(J)-V characteristic and calculates as
follows:

q dIn(J )} -1
V)= :
V) =0T [ av
The m-V characteristic contains bumps, humps and lumps, which can be ascribed to different
effect in a solar cell and to gain an understanding on the physical mechanisms affecting the
solar cell’s performance [115].

(3.13)
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4. State-of-the-art

4.1. Selectivity of passivating contacts

4.1.1. Quantitative definition of selectivity

In recent years, several authors defined metrics for the selectivity of contacts to solar cells
quantitatively [116-124]. The different approaches are not identical in terms of defining the
region of the contact, which provides selectivity, nor with regard to the assumed processes
involved in the carrier extraction at the contact. The definitions can be classified in two
categories: the first category of definitions compares the transport coefficients for electron
and hole transport through the contact [118-120, 123] and the second one compares the
internal versus external voltage [117, 121, 122, 124] of the solar cell. The different definition
are briefly listed here. A detailed discussion is found in chapter 5.

Pysch et al., Bivour et al. and Glunz et al. [121, 122, 125, 126] quantify the selectivity
by comparing the implied open-circuit voltage iVpc with the external open-circuit voltage
Voc. They propose to either use the difference [121, 122] or the ratio [122, 125, 126] of Voo
and iVpo as a figure of merit of selectivity.

Brendel and Peibst [120, 127] calculate the resistances from the inverse slopes of the
current-voltage characteristics at a voltage across the contact of V' = 0. They assume
a diode-like minority carrier recombination current density J,, = J. - [exp(VLT) — 1] with
recombination parameter J. and thermal voltage V7, and a linear majority carrier current
density-voltage characteristic Jy, = % with a contact resistivity p.. In this case, the selectivity
is determined from J. and p. as

()
m AV Vi
Sprender = L =~V lv=o/ Tt (4.1)

Pm (dJM ) ! Jc " Pe
AV lv=o

Smit [118] provides a detailed discussion on the selectivity of contacts. He provide two
different possibilities. The first compares the resistivities of minority and majority carrier
transport within the selective contact and result in a similar formula as that of Brendel and
Peibst. Second, Smit defines another possibility for a selectivity metric as Voo /AVoe
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Koswatta and Onno et al. define' their partial specific contact resistances p,, and p, at
open circuit conditions as the potential drop Epy — Epy, and Ery — Er, across the contact
due to the quasi-Fermi level gradient VEp, and V Ep, divided by the corresponding partial
current density j, and j,%

1 Ep,—F

pp = — - A TFM (4.2a)
q In
1 Epy — Er

Pp = — " - . (4.2b)
q Jp

Onno et al. define the selectivity metric na55>* as follows
nasu = P d ™ _ ¢ (4.3)

PM + Pm B EFn - EFp B i‘/OC

and found that under open-circuit conditions (jiotar = jp — jn = 0) their definition of the
selectivity corresponds to the ratio of the external voltage Voo to the implied voltage iVpc.
According to the equivalent circuit model proposed by Onno et al. [124], Onno et al. conclude
that the resistors act as a voltage divider between the implied and external voltage.

Tan et al., Weber et al. and Roe et al. [119, 123, 128, 129] choose a picture of the contact
commonly used in photo-electrochemistry, which is often applied to molecular, organic or
dye-sensitized solar cells [62, 130-132]. In this framework, electrons and holes from the
conduction and valence band states are transferred to electrons and holes within the ,,contact
region®“ and vice verse via an electron-transfer reaction. The transfer reaction can be described
as a chemical reaction according to Gurney-Gerischer-Marcus (GGM) rate theory [133-138]
with the corresponding rate constant k¢ and k" for the conduction and valence band reaction,
respectively. The net exchange current density for electrons between the conduction band
and the contact reads® "
S0
and the exchange current density for holes between valence band and contact is

%:m-<m—0 (4.5)

Pso

IThis definition is similar to the physical interpretation of recombination processes with recombination
resistances [72]. Shockley and Read define this resistances as R,, = % =q¢%p, and R, = % =

en ep
q2pp, where Ep; is the energy level of the trap and U, = —% and U, = % are the recombination rates.

2Note that, in accordance to Onno et al., the current densities are defined such that electron (hole)
current points from the contact (absorber) towards the absorber (contact). This implies that the electron
current density is positive, if electrons flow into the contact.

3In contrast to Onno et al., the chosen symbol for ,selectivity“ indicates that the definition of Onno et al.
is an efficiency rather than a selectivity. This fact will be discussed in chapter 5.

4Electrons are assumed as minority charge carriers.

5A derivation of the exchange current densities is found in A.3.1.
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Where jo, (jop) are the equilibrium exchange current densities, ng (ps) the carrier concentra-
tion and ngo (pso) the equilibrium carrier concentrations of electrons (holes) at the surface.
Weber et al. and Roe et al. define (electron) selectivity as the ratio of equilibrium exchange
current densities jo,, and jo, for the charge transfer reactions at the contact.

Sn,Weber = ‘]& (46)
]Op

Shockley et al. and Kroemer faced a similar challenge to quantify the performance of
emitter junctions in bipolar junction transistors. Shockley came up with the emitter injection
efficiency « as ,the fraction of emitter current carried by holes* for a pnp transistor [139].
In this case, the hole and electron current density are the majority and minority carrier
current density jy; and j,, in the p-type emitter contact, respectively and the emitter injection
efficiency is

7= D (4.7)
IM + Im

The emitter injection efficiency for typical transistors has to be a number close to 1 (0.98-1)
and already a tiny difference in + has a large impact on the performance of a bipolar junction
transistor. If base recombination is neglected, the common-emitter current gain 3, which is
the measure for the performance of a transistor, is directly proportional to the inverse of the
wemitter deficit“. Therefore, Kroemer pointed out that the ,emitter deficit* (1 — ) is a more
appropriate figure of merit for the performance [140] and that the emitter deficit for typical
transistors with v close to one is approximately the ratio of the minority and majority carrier
current density. '

TPNPUR Sl R /I (4.8)
v v B
Emitter injection efficiency is frequently used to characterize bipolar junction transistor
devices with homo-junctions [141] and hetero-junctions [142], but the emitter deficit was also
used to study metal-semiconductor [143] and metal-insulator-semiconductor [144] junctions.
Note that Kroemer’s definition is not equivalent, but somewhat similar to that of Weber et
al..
In contrast to the selectivity figure for solar cells, the emitter injection efficiency is an
established figure for bipolar junction transistors and a large data base and models for
different emitter contacts exist.

4.1.2. Quantification of selectivity

1. Pysch et al. [125, 126] introduce a method, which allows to measure the internal and
the external voltage of an asymmetric silicon wafer sample with either an electron or
a hole selective contact and a thin transparent conducting oxide (TCO) contact on
each side of the wafer®. A photo-conductance decay and a Suns-Voc measurement

6This sample architecture restricts the method to a special sort of contacts and excluded important
examples based on metal-insulator-semiconductor systems.
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reveal the iVpo and Vpe value, respectively. Using the ratio of the two values the
selectivity metric nasy can be calculated. The accuracy of this simple method strongly
depends on how accurate iVpc and Voo can be determined and on the calibration of
both measurement techniques to each other. Feldmann reported a measurement error
of iVoc — Ve in the range of 5 mV for solar cell test samples with an Vo of about
700 mV. This translates to an accuracy of better than 1% [145, p. 123]. Stolterfoht et
al. [146] replaced the photo-conductance decay and Suns — Voo method by absolute
photo-luminescence technique and current-voltage measurements of full devices for
the iVpe and Vpe determination, respectively and studied carrier-selective contacts
to organic-inorganic metal halide perovskite absorbers. However, the measurement
uncertainty in this study is probably even higher than 1% and the discussion is of
qualitative nature.

The value of the selectivity figure according to Brendel and Peibst can be found by
measuring the recombination prefactor J. of a symmetric silicon wafer sample following
the method of Kane and Swanson [101] and the contact resistivity p. by using transfer
length method [111, 147-149] or a method proposed by Cox and Strack [150].

. Tan et al. [128] used an interdigitated back-contact solar cell with a third semiconduc-

tor/electrolyte contact to probe the ratio of equilibrium exchange current densities at
the front contact. At open-circuit conditions, the sum of electron and hole exchange
current density has to vanish and the ratio of equilibrium exchange current densities is
obtained as follows.

. Con (=B exp(Trhec) -1 (4.9)
n,Weber — — — (1 _ nfs) - Vot oc .
Jop nso eXp(_T) —1

V,+.0c is the open-cicuit voltages between the electrolyte front contact and the rear p*
contact and V,+ o¢ the open-circuit voltage between the electrolyte front contact and the
rear nt contact. If perfectly selective n™ and p* rear contacts and constant quasi-Fermi
levels in the quasi-neutral wafer region are assumed, then ¢ - V,+ oc = Erpy — Epp
and ¢ - V,+ oc = Epy — Epy, indicate the position of the Fermi level Ery; within the
contact with respect to the quasi-Fermi level of holes Er, and electrons Ep,. The
selectivity metric according to Weber et al. can then be quantified by measuring V,+ o¢

and Vn+,OC-

4.1.3. Impact of selectivity on the efficiency of solar cells

Young et al. [151] and Bullock et al. [152] calculated the maximum achievable efficiency
for a silicon solar cell, when the area fraction of a contact with a particular recombination
prefactor J. and contact resistivity p. is optimized. They found that, for an optimized area
fraction, the efficiency is approximately only dependent on the product of J. and p.. Since
the selectivity metric according to Brendel and Peibst [120] is proportional to the inverse
of this product, Brendel et al. [120, 127] pointed out that the ultimate efficiency limit of a
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contact-limited silicon solar cell with optimum contact area fraction is only a function of
their selectivity metric. Therefore, the higher the selectivity of a selective contact (partially
covering the surface area) is, the higher is the achievable ultimate efficiency limit. Rau and
Kirchartz [153] demonstrated that this correlation between ultimate efficiency limit and
selectivity also holds for the selectivity definition of Weber et al. and Roe et al..

However, Glunz et al. [122] argue that, in order to achieve high efficiency, it is not sufficient
for a contact to have a high selectivity’, but furthermore needs interfacial passivation between
the contact and the absorber and a reasonable contact resistivity. Glunz’s statement is also
supported by Onno et al. [124] and Weber et al. [119]. Weber et al. pointed out that an
interfacial layer, which reduces the transfer of electrons and holes from the absorber into the
metal electrode equally, does not affect the asymmetry of the carrier transport, but improves
the passivation of the contact. For a fixed selectivity value, the contact can have different
abilities to passivate and to conduct.

However, instead of inserting an interfacial layer, one can also adjust the contact area
fraction and leave the non-contacted region perfectly passivated. The global passivation and
conduction properties of the solar cell can be scaled by the area fraction, such that, for each
selectivity value, one single optimum between passivation and conduction properties is found.
A prominent example is the partial aluminium back-suface field contact and the selective
emitter of a PERC cell or point contacts of a point contact IBC cells. The mesoporous TiOq
electron contact to organic-inorganic metal halide perovskite absorbers with a large area
fraction is another prominent example.

4.2. Passivating poly-Si-on-Oxide (POLQO) carrier-selective
junction

Classification of the author’s contribution to the field

The author had his first contact with the topic of POLO junctions during his internship
at ISFH in 2013/2014, where he worked directly with U. Rémer and R. Peibst on the first
implementation steps of POLO-IBC cells with point contacts and their interconnection by
laser welding [154]. However, only in 2015, the author started his PhD studies at ISFH
and in 2016 he was one of the first to demonstrate an interdigitated back-contact cell
with POLO junctions for both polarities with an efficiency close to 24% [155], which was
the early precursor for the p-type POLO-IBC record cell with 26.1% [156]. Furthermore,
the author determined the selectivity of the POLO junctions [157] and contributed to the
clarification of the transport mechanisms in POLO junctions [158, 159].

4.2.1. Historical evolution

In the early 1970s Takagi et al. discovered a greatly enhanced performance of bipolar junction
transistors [160], when in-situ doped poly-crystalline silicon layers were used as an alternative

"Note that selectivity for Glunz et al. means something different compared to Brendel and Peibst.
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diffusion source for the emitter formation of BJTs. Thereafter, several authors [141, 142,
161-171] studied poly-silicon emitter contacts and SIPOS (semi-insulating poly-crystalline
silicon) contacts for BJTs. A thin interfacial silicon oxide - intentionally or unintentionally
grown - was identified between the poly-silicon layer and mono-crystalline silicon surface. This
semiconductor-insulator-semiconductor (SIS) emitter junction caused the strong improvement
of emitter injection efficiency compared to conventional metal-semiconductor junctions [141,
142, 167-172] and the polysilicon emitter technology is now state-of-the-art technology for
bipolar junction transistors for decades [173].

For a solar cell, an improved emitter injection efficiency is equivalent to a higher carrier
selectivity of the (emitter) junction® and directly has an impact on conversion efficiency [120,
127]. Based on a similar interpretation® in 1980, Fossum and Shibib proposed to replace
metal-semiconductor junctions of a solar cell by a polysilicon emitter [174], whereupon the
polysilicon- or SIPOS-contact solar cell was subject to a small number of papers between
1980 and 2000 [175-186]. Impressively high open circuit voltages of 720 mV [177, 179] and
promising combinations of saturation current densities and contact resistivity [181] have been
achieved, but cell efficiencies were limited to 15.3% [184].

Only in 2010, SunPower Corp. presented a large area interdigitated back-contact solar cell
with ,passivated contacts® and a champion efficiency of 24.2% [188], which was further
increased to 25.2% [189] in 2016. Even if SunPower did not disclose the contact scheme
of their ,passivated contacts“ at that time, their publication and patent activity suggested
polysilicon-based contacts [190-199].

Frank Feldmann et al. [200-202] from Fraunhofer Institute for Solar Energy Systems (Fh-ISE)
and Udo Romer et al. [154, 203-205] from Institute for Solar Energy Research Hamelin (ISFH)
pioneered the rediscovery of polysilicon based passivating and carrier-selective contacts for
silicon solar cells in 2013 and by now many research groups followed:

« National Renewable Laboratory (NREL) and Silevo Inc. in 2014 [206, 207]

» Georgia Institute of Technology, Australian National University and ECN [208-210] in
2015

o Delft University of Technology and Ecole polytechnique fédérale de Lausanne (EPFL)
[211-213] in 2016

» Korean University, LG and the Chinese Academy of Science [214-216] in 2017

o the French National Institute for Solar Energy (INES), Trina Solar Energy Co., Mit-
subishi Electric Corporation, Nagoya University, Solar Energy Research Institute of
Singapore (SERIS) and ISC Konstanz [217-223] in 2018.

8This equivalence will be discussed in 6.5

9In fact, the authors presented a detailed minority-carrier transport model for a polysilicon contact in
terms of an effective surface recombination velocity at the polysilicon emitter contact and concluded that the
reduced surface recombination velocity of a polysilicon emitter compared to metal-semiconductor contacts, is
beneficial for solar cells and could strongly improve the conversion efficiency.

10Note that the record efficiency of silicon solar cells evolved from below 20% to 25% in the same period
using diffused metal-semiconductor junctions [187], which made other junction concepts less attractive.
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The ever-increasing interest in recent years and the rapid progress in the field promote
polysilicon based junctions as a promising candidate for future industrial solar cells. Indeed,
polysilicon based junctions are considered to be the next evolutionary step of industrial solar
cells [224]. For example, Trina Solar and Jinko Solar evaluate such cell concepts on industrial
large area solar cells and have both reported cell efficiencies close to 25% [225, 226].

In the following, the fabrication, the properties and physics of such junctions are recapitulated
by means of representative result from the literature.

4.2.2. Notation

Throughout the years, such poly-silicon-based contact schemes received various notations.
While poly-Si emitter and SIPOS contact were common in the early days, Feldmann et al.
popularized the term Tunnel Ozxide Passivated Contact (TOPCon) [201], which suggests that
homogeneous carrier tunneling is the dominating carrier transport mechanism through the
junction. But theoretical [205, 227] and experimental [158, 159, 228, 229] studies indicate
that homogeneous tunneling is not always dominating. Thus, POLy-Si-on-Ozide (POLO)
was proposed as a more general notation for carrier selective junctions to crystalline silicon,
which are based on poly-crystalline silicon-rich layers deposited on a passivating interfacial
silicon oxide [227]. This thesis follows this general notation and all carrier selective junctions
comprising a (partially) poly-crystalline silicon-rich layer deposited on a silicon oxide are
condensed in the term POLO junction.

4.2.3. Fabrication

In order to form a POLO junction to a c¢-Si wafer, the wafer surface is oxidized and a
silicon-rich layer is deposited on top of the interfacial silicon oxide. The silicon-rich layer is
doped by a p-type or n-type dopant and a junction formation annealing is performed. Finally,
the POLO junction can be hydrogenated to passivate the remaining defects at the interface
between silicon oxide and c¢-Si wafer surface.

Interfacial oxide growth

The interfacial oxide can either be grown at low temperatures by using wet chemistry, UV-
induced photo-oxidation [230], field-induced anodization [231] and plasma-enhanced chemical
vapour deposition (PECVD) [232-234], or at elevated temperature during a thermal oxidation.
For POLO junctions, acidic solutions provide a low-cost wet-chemical oxidation approach by
means of aqueous solutions with hydrochloric acid (HCI) [204], caro’s acid (H2SOj) [206],
nitric acid (HNOj3) [200, 204, 208, 209, 211, 213, 214, 223, 235], concentrated nitric acid
(HNO3 with HySOy) [236], hydrogen peroxide (HyO3) [215] or ozone-containing de-ionized
water [217, 219, 220, 230, 237]). All these wet-chemical oxidations, the UV-induced oxidation
and the field-induced anodization usually yield a 1 nm — 2nm thin silicon oxide with a large
portion of substochiometric silicon oxide species (Si2O, SiO) near the silicon surface [238,
239]. The substochiometric species cause a high defect density D;; between 5 - 10! and
1 - 10" ecm=2eV~! at the as-grown Si/SiO, and a poor passivation quality [239]. A detailed
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overview is found in reference [239]. The nitric acid oxidation of Si (NAOS) [235] and the
oxidation in ozone-containing water [230] are the most popular low-temperature methods for
POLO junctions.

Thermally grown oxides for POLO junctions are formed in a tube furnace between 600-800 °C
with a dry Oy flow and usually yield 1 nm — 3.6 nm [204, 207, 212, 221, 240, 241] thick oxides
with a lower portion of substochiometric SiO, compared to low-temperature SiO, and with a
less defective Si/SiOy interface'!.

For industrialization purposes, it would be beneficial to perform the thermal oxidation
step in-situ, thus during the silicon deposition process, and in-situ low-pressure oxidation
[218, 222, 243] and plasma-enhanced chemical vapour deposition (PECVD) [232-234] are
promising approaches in this direction. Alternatively, the wet-chemical oxidation, which can
be integrated in the cleaning procedure, is a candidate for industrial implementation.

Silicon deposition

The silicon-rich layer is deposited either by chemical vapour deposition (CVD) using low-
pressure (LPCVD) [36, 204, 211, 212, 218, 222, 243], atmospheric-pressure (APCVD) [244]
and plasma-enhanced (PECVD) [36, 206, 208, 209, 213-215, 217, 219, 221, 245, 246] chemical
vapour deposition, or by physical vapour deposition (PVD) using electron beam evaporation
(EBE) [223] and sputtering techniques [247]. Furthermore, inkjet printing of a liquid silicon-
precursor was reported [248]. All deposition techniques have their specific advantages. For
example, LPCVD produces high quality hydrogen-free amorphous or polycrystalline films
in a high-throughput quartz furnace at elevated temperatures. PECVD amorphous films
deposited at lower temperatures are of poorer quality and contain a large fraction of hydrogen,
which provokes blistering phenomena during high temperature annealing [249]. Nonetheless,
high-throughput inline PECVD processes for high quality POLO contacts were demonstrated
recently [221, 250]. APCVD represents a deposition method at atmospheric pressures and
avoids complex plasma generation modules [244].

A drawback of all mentioned CVD methods is the need for hazardous precursor gases (e.g.
silan, diboran, phosphine). This disadvantage is removed by using non-toxic target materials
in PVD systems. Furthermore, for PVD, PECVD and APCVD, the deposition occurs on one
side of the wafer only, which simplifies solar cell fabrication.

Aside from the deposition method, the composition of the silicon-rich layer affects the
properties of the POLO junction: Many groups use pure silicon, while others add carbon
[145, 251], oxygen [177, 213, 245] or nitrogen [252, 253]. Silicon-rich silicon carbide'? layers
are exclusively deposited by PECVD and contain carbon of only a few percent in order to
reduce blistering of the hydrogen-rich PECVD layer. Moreover, carbon hinders the complete
crystallization of the layer upon annealing at high temperatures, thus the layers stay mostly
amorphous and show increased parasitic absorption for short wavelengths similar to a-Si [254,

"UFor an approximatly 50nm thick Alnealed SiOy grown at 1000°C, a defect density as low as
1 - 10°cm~2eV~! and among the best passivation for a silicon surface was demonstrated [242]

12The notation silicon carbide is misleading, since the layer contain a very small amount of carbon and a
better notation would be carbon-containing silicon layer. However, the original notation from the literature
is used here.
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255], which causes a twice as high parasitic loss as for poly-Si layers under AM1.5G spectrum
[256, 257]. Oxygen is added to increase the transparency of the POLO contact, especially
in the infrared [179, 213, 245, 258], and nitrogen-containing silicon was studied for boron
diffusion barriers, in order to improve the passivation of the interfacial oxide [252, 253].

Doping

The silicon-rich layer can either be undoped, p-type doped with group III elements (boron,
aluminium, gallium, indium) or n-type doped with group V elements (phosphorous, arsenic,
antimony). The dopant-containing species (e.g. diboran or phoshine) are supplied in-situ
during silicon deposition [36, 200, 206, 208, 213, 221, 259] or ex-situ by using a boron- or
phosphorus-containing glass [204, 209, 212, 222, 260], ion implantation [211, 261-264], spin-on
dopant [265] etc. as the dopant source. Ex-situ doping requires post-deposition diffusion and
activation in a high-temperature furnace anneal.

Junction formation annealing

The silicon-rich layer on the interfacial silicon oxide forms the POLO junction upon annealing
between 750 °C and 1050 °C. The silicon layer crystallizes partially or completely!3, dopant
atoms diffuse into the silicon layer and pass over into an electrically active state. Dopant
atoms diffuse through the interfacial silicon oxide layer into the wafer and form a shallow
buried junction in the wafer [209, 262, 264, 266, 267].

Above about 750 °C, silicon oxide and silicon react, produce mobile species, the silicon/silicon
oxide interface rearranges and reduces the interface defect density [169, 181, 229, 268-271]. On
the other hand, the same decomposition reaction and rearrangement creates local disruptions
in the silicon oxide layer and induces a degradation of the surface passivation [169, 229]. The
thermal budget necessary to degrade the interfacial oxide depends on the stoichiometry and
thickness of the oxide [239, 269, 272]. As a general rule it was found, that the thermal stability
of the oxide layer increases with increasing thickness of the layer and the less substoichiometric
oxide species it contains [204, 239, 240, 269, 272].

Junction formation is traditionally performed in a tube furnace for several minutes. Another
approach, a fast firing process, which potentially can be integrated with the co-firing of
screen-printed contacts, was recently demonstrated to yield POLO junctions with reasonable
properties'® [244, 273]. Since the junction formation process of the latter is fast (<10s at
>750°C), practically no indiffusion and probably no rearrangement of the silicon oxide occurs.
The induced junction formed at the wafer interface is sensitive to interface defects and a
subsequent passivation via hydrogenation is vital [273].

It is well-known (e.g. from metal-oxide-semiconductor transistor technology) that hydrogen
improves the passivation quality of a Si-SiOy interface by saturating dangling bonds and
defects [274]. This hydrogenation approach is applied to POLO junctions by annealing them
either in a molecular hydrogen containing forming gas [36, 209, 213], with a deposited solid

13Carbon containing layers usually stay amorphous.
MA Jo of 11fA/ecm? and p. of 73mQem for an n-type contact [273]
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source of atomic hydrogen-rich Al,O3 [212, 275-277] or SiNy layers [36, 212, 275, 277] or in a
hydrogen plasma [278]. During the annealing, hydrogen diffuses from the source through the
intrinsic or doped poly-Si layer towards the Si-SiO, interface and passivates defects within the
poly-Si and the Si-SiO, interface [218, 279, 280]. Stodolny et al. found that a combination of
AlyO3 and SiNy layers in combination with fast firing yields the largest improvements [277].

4.2.4. Junction properties

The application of carrier selective POLO junctions to solar cells requires a high selectivity
of the POLO junctions, thus a combination of low saturation current density .Jy with low
contact resistivity p. [120, 127].

Except p-type POLO junctions on textured silicon surfaces, excellent passivations in terms of
Jo < 30fA/em? after a forming gas anneal (FGA)'® and Jy <10 fA /em? after hydrogenation'®
were demonstrated for various oxide growth, silicon deposition or doping techniques [36, 223,
244, 247, 281]. Prior to hydrogenation, POLO junctions with thicker and more stoichiometric,
thus thermally more stable, oxides exhibit lower .Jy values due to a higher allowable thermal
budget during the formation annealing and the related enhanced reconstruction at the SiOy /Si
interface and the reduction of the defect density. Boron doped POLO junctions, especially
with thin oxides, usually perform slightly poorer than phosphorous doped junctions, which
is attributed to several effects, such as boron enhanced silicon oxide breakup and defects
related to the boron pileup at the SiO,/Si interface [206, 265]. To avoid the latter, boron can
be replaced by gallium, which improved the passivation quality of p-type POLO junctions
for planar silicon (100) surfaces [265]. For p-type POLO junctions on textured Si, the
SiOy/Si(111) interface is well known to have a higher defect density compared to SiO/Si(100)
interface and therefore features a higher surface recombination velocity and .Jy values higher
by approximately an order of magnitude [237, 282]. However, recent optimization of the
hydrogenation treatment led to excellent Jy values of down to 8 fA/cm? for boron doped
p-type POLO junctions on textured Si and closed the gap to POLO junctions on planar Si
and n-type POLO junctions on textured Si [277].

Beside the excellent passivation with Jy<10fA/cm?, p-type and n-type POLO junctions
simultaneously provide an excellent electrical contact resistance p. <10 mQcm? to the c-Si
wafer [157, 240, 243, 252, 283]. Such POLO junctions with the corresponding carrier selectivity
values S1o above 15-16 are electrically ,invisible“ to the solar cell and the conversion efficiency
is not limited by contacts anymore.

4.2.5. Transport mechanism

The carrier transport across the POLO junction, which determines contact resistivity, depends
on the interplay of the stoichiometry and thickness of the oxide and the thermal budget of
the junction formation annealing. While for oxides much thinner than 2 nm, carriers tunnel

15This is about the same state as directly after junction formation anneal, since FGA was shown to be a
less effective method compared to hydrogen plasma treatment or annealing with hydrogen donating layers.
16This means in the following hydrogen plasma treatment or annealing with hydrogen donating layers.
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efficiently through the interfacial oxide [284-286], it is hard to explain the observed low
resistivities for thicker oxides [157, 240] with tunneling alone. Peibst et al. presented an
alternative transport model based on current flow through pinholes [205], which form during
junction formation, and confirmed pinhole transport to be dominant for thick oxides [158,
159]. Recently, Forchert et al. presented a detailed model, which is capable to calculate
recombination and transport properties of POLO junctions [287].

4.3. Three-terminal tandem cell

Classification of the author’s contribution to the field

In the year 2015, the team at NREL initiated a fruitful and still ongoing collaboration with
the author of this thesis on the topic of 3T tandem solar cells. The 3T IBC bottom cell for
tandem applications was by that time unexplored in the literature (except for Nagashima’s
work). Through the pioneering contributions of the NREL team in collaboration with
the author of this thesis in the last few years, the 3T tandem solar cell has nowadays
become popular and is currently studied by many research groups.

In detail, the author fabricated 3T-IBC unijunction bottom cell and investigated the
modes of operation of such bottom cells. He was among the first presenting the results as
an opening plenary talk at 33rd EUPVSEC in 2017 [288, 289]. He also investigated the
working principles of bipolar junction bottom cells and presented the results along with
the first PERC-like 3T bottom cell at the IEEE PVSC 2019 [290, 291]. In collaboration
with M. Schnabel et al. [292, 293], the first working 3T tandem solar cell comprising
an IBC cell was demonstrated. In collaboration with E. L. Warren, a taxonomy and
nomenclature for 3T tandems was proposed [294].

In addition to the 2T and 4T tandem cell architectures as introduced in chapter 2, a third
architecture — the three-terminal (3T) tandem — exists. If a third contact is added to a
series-connected 2T cell between the sub-cells, an extra current can be collected in such
a mid-contacted three-terminal (3T) tandem cell. The mid-contacted 3T tandem cell has
been proposed in the past [295-310] almost exclusively for I1I-V materials. While several
publications utilizes the three-terminal device to probe and current-match 2T tandems,
almost all of them recognized that adding a third mid-contact to a 2T tandem omits the
need for current-matching and enables a monolithic tandem solar cell, which combines the
monolithic design of 2T tandems and the flexibility of 4T tandems cell. More recently, Marti
et al. proposed and demonstrated a three-terminal heterojunction bipolar transistor solar cell
[311-315].

Beside the advantages of the third terminal, the interdigitated grid on the front side, which
is needed for the third terminal, implies an active cell area loss of the top cell, doubles the
shadowing losses and complicates the fabrication process [297].

For this reason, it is beneficial to move the third terminal from the front side to the rear
side of the tandem cell by using industrial-type interdigitated back contact (IBC) bottom
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cells. Around the millennium, Nagashima et al. [316] proposed this approach for the reverse-
connected tandem cell with a bottom cell comprising two majority carrier contacts. But
only in 2017, Nagashima’s work was rediscovered by several authors. Warren et al. [317,
318], Schnabel et al. [319] and Rienécker et al. [288, 289] promoted to use this concept
for current-mismatched tandem cells. Adhyaksa et al. [320] proposed to use Nagashima’s
architecture for a perovskite/silicon tandem cell comprising a bottom cell with two minority
carrier contacts. Nagashima et al. and Warren et al. elaborated the device physics by
using sophisticated semiconductor device simulators and demonstrate that both concepts
might work. However, a complete and comprehensive picture of 3T-IBC bottom cells, an
experimental verification of the simulations in reference [316, 321] and [318] and an equivalent
circuit model as use in reference [93-95] for mid-contacted 3T tandem cells was first provided
by the author of this thesis [288-291]. Djebbour et al. performed a detailed simulation study
of 3T III-V/Si tandem cells [322] and Sandbergen et al. [323] performed optical simulations
for 3T perovskite/Si tandem solar cells. Warren et al. provided a taxonomy and nomenclature
for 3T tandem cells [294].

To demonstrate the proposed 3T concept, Schnabel et al. was able to fabricate the first
series-connected 3T GalnP//Si tandem solar cell with an efficiency of 27.3% [292, 293]
and VanSant et al. a series-connected 3T GaAs//Si tandem cell with 21.3% [324, 325].
Furthermore, Tayagaki et al. demonstrated a similar 3T GaAs//Si tandem cell [326, 327].
Tockhorn et al. [328] and Wagner et al. [329, 330] presented the first perovskite/Si tandem
cell with an efficiency of 17.1%.

Module integration of 3T tandem solar cells is challenging and several author studied different
aspect [93-95, 331-334] of stringing 3T tandem cells and energy yield calculation were
performed [95, 335]. Finally, measurement procedures for 3T tandem cell have been reported
[293, 327, 328, 336].
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5. Selectivity and carrier extraction
efficiency of contacts

Background to the origins of the following chapter and why it was written
Shortly before starting my PhD studies in 2015 on the topic around charge carrier-selective
POLO contacts, U. Wirfel, A. Cuevas and P. Wiirfel published their popular paper on
“Charge carrier separation in solar cells” [116] and pointed out that selective membranes
with asymmetric conductivity for holes and electrons are necessary for charge separation.
While the author of this thesis noticed the paper, he didn’t pay much attention to it at
that time. Only through the work of Rolf Brendel on the topic of selectivity in 2015/2016
and through the encouragement of Robby Peibst to work on this subject, the author
started following the literature of “selectivity definition”. For the author it was clear at
that time that the definition according to Brendel and Peibst [127] should be applied
to quantify the carrier-selectivity of contacts [155]. The author was the more surprised
about the hint of M. Bivour [121] at the EUPVSEC in 2017 and S. Glunz [122] that the
definition of Brendel and Peibst is not compatible with a typical phenomenon observed
for non-traditional selective contacts that the Voc deviates from iVoc.

Selectivity was still not in the author’s focus in 2018, because he was busy with his
investigations on three-terminal bottom and tandem cells. However, the inspiration to
work on selectivity came threefold in 2018. First, the author found Weber’s 3T device
during his literature research, which was used to study the selectivity of organic contacts
to silicon solar cells [119]. Second, during the work on bipolar junction bottom cells from
chapter 8, the author learnt that “emitter injection efficiency” is used to measure the
quality of transistor contacts!. The third source of inspiration was the talk “A Nowel
Caliz[4Jarene-based MOF for highly selective NO2 Detection ” from Marcel Schulze at the
NanoDay 2018 of the Laboratory of Nano and Quantum Engineering in Hanover. The
talk had little to do with the work of the author on solar cells, but it pointed him to
the generality of the selectivity concept and by this later also to the definition in the
field of reaction chemistry. While the idea of the selectivity definition as found below was
born and written down in 2019, it took the author much effort to get all the ideas and
definitions sorted and written down clearly — at least for the author. The definition of the
extraction efficiency on the other hand was born during the sorting and was inspired by
the work of Koswatta [117] and Onno et al. [124] on their selectivity metric, by the picture
of conversion processes and their efficiencies provided by P. Wiirfel [64] and the early
work of De Vos on endoreversible engines [337]. M. Mancini from Technische Universitét
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Clausthal, Germany, helped sorting the ideas with thermodynamics.

A. Onno provided guidance in understanding his definition and was always open to
discussion and questions on the selectivity topic. His comments on the content of the
chapter in its earlier form in 2020 and the critical questions and discussions of R. Brendel
helped to shape the content around the precise spatial definition of the contact. In
particular, the definition of the selective electrode was the result of R. Brendel’s persistent
and constructive discussion around the spatial boundary of the contact at the electrode.
However, the motivation to work on the selectivity definition was driven not only by
inspiration, but also by the confusion that several different definitions exist. It was not
clear to the author from the current literature how the definitions were related and why
so many definitions were necessary. Therefore, in the following chapter, the author makes
an attempt to provide guidance to some extent and to present a unified version of a
definition.

The chapter is structured as follows. First, the role and functions of the components of a
solar cell are outlined and the spatial and process-wise definition of a carrier-selective contact
and carrier-selective electrode is provided. Then the selectivity and extraction efficiency are
defined and discussed in detail before deriving the specific selectivity definitions found in the
literature from the definition in this thesis. In the second part of this chapter, the correlation
between the selectivity and extraction efficiency is provided, which is the basis to calculate
the performance of a contact selectivity-limited solar cell.

5.1. The role and definition of contacts and the absorber of
a solar cell

The energy conversion of incident heat radiation from the sun into electricity proceeds in two
steps: first the heat radiation is converted into chemical energy and, in a second step, the
chemical energy converts into electrical energy [64]. For each of the conversion processes, the
solar cell requires an appropriate conversion apparatus: the photo-absorber for the conversion
of heat radiation into chemical energy and the contacts for the conversion of chemical energy
into electrical energy. Figure 5.1a shows the band diagram representation of a solar cell, which
consists of an absorber layer, an electron-selective contact A and a hole-selective contact B.

5.1.1. Photo-absorber

In a quasi-neutral photo-absorber, absorbed photons generate an excited electron-hole gas
with a chemical potential equal to the splitting of the quasi-Fermi levels Ay = Ep,, — Ep, for
electrons Ep, and holes Ep, [76, 338]. At open-circuit voltage conditions, the quasi-Fermi

'Robby Peibst encouraged the author to use the 3T device to measure contacts selectivity and pointed
out to the author that he had used the ratio of minority and majority carrier current densities as a measure
of the contacts quality in reference [205].
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Figure 5.1.: (a) Band diagram of an illuminated and open-circuited solar cell consisting
of an absorber layer (light orange), a highly doped electron-selective contact
(homojunction, grey region A) and a mobility junction for the hole-selective
contact (grey region B). (b) Magnification of the hole-selective contact B of Fig.
5.1a supplemented with possible carrier transfer processes (indicated by arrows).

level splitting is given by the internal voltage iV, thus Ay = q - iVpe. The region with
almost constant quasi-Fermi level splitting represented by an internal voltage iV defines
the absorber. In the ideal case of negligible transport losses (infinite mobilities for electrons
and holes) in the absorber, the quasi-Fermi levels are spatially constant, as shown in Figure
5.1a.

5.1.2. Contacts

To convert the chemical energy of the excited electron-hole gas into electrical energy, electrons
and holes have to be extracted separately by applying electron- and hole-selective contacts
between the absorber and the electrode with a Fermi-level Er);. The electrode represents a
highly recombination active site, not necessarily a metal electrode, where the two separated
quasi-Fermi levels Er, and Ep, of the absorber have collapsed into a single Fermi-level Ep 2.
According to references [117, 124, 189], the transition region between the absorber with nearly
constant quasi-Fermi level splitting and the electrode defines the carrier-selective membrane,
which is responsible for the asymmetry of the transport of electrons and holes [116]. The

2Note that the spatial position, where the quasi-Fermi level collapse into a single Fermi level, is not
sharply defined and may depend on the point of operation, if this position does not correspond to the
semiconductor /metal interface.
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“bulk electrode region” (blueish part in Fig. 5.1a)3 is explicitly excluded in this definition
of the carrier-selective contact because selectivity requires at least two competing processes
in order to select one process over the other. However, within the bulk electrode solely one
transport process is found. Nevertheless, the bulk electrode is an essential part of the contact
of a solar cell, which may induce additional (Ohmic) transport losses. A carrier-selective
contact, which includes the bulk region of the electrode, is denoted as the carrier-selective
contact plus electrode or in brief the “carrier-selective electrode”.

The ability of the carrier-selective contact to extract the desired sort of carriers into the
electrode, while blocking the other ones namely the carrier-selectivity determines the position
of Epyr with respect to Ep, and Ep,. Figure 5.1a shows a highly-doped and highly selective
electron-selective contact on the left hand side and an undoped mobility junction for the
moderately hole-selective contact on the right hand side. The difference of the Fermi levels
E#,, and EE,, of the two electrodes A and B is the external voltage of the solar cell i.e. the
open-circuit voltage Ve at open-circuit conditions, thus q - Voo = E4,, — EE,,;. Note that
the spatial definition of selective contacts applies to homogeneous and heterogeneous selective
membrane regions, so it may contain several different material or heterointerfaces.

Beside the spatial definition of a carrier-selective contact, it is important to take into
consideration the carrier transfer processes within the selective contact and at its boundaries.
Figure 5.1b depicts such potentially occurring carrier transfer processes (reaction) of the
carrier selective contact B. The electrons and holes in Fig. 5.1b are solely describe by the
energy value F and the position z. If for simplicity only one of the properties — E or x —
can change during a transfer process, it becomes clear that two kinds of processes can be
distinguished: vertical recombination-generation processes along the energy coordinate F
and horizontal transport processes* along the position coordinate z.

At a fixed position, an electron in the conduction band and a hole in the valence band can
recombine or can be generated e.g. via a trap state (dotted black, purple and blue lines in Fig.
5.1b). The recombination-generation processes can take place at the boundaries/interfaces of
the contact (black arrows in Fig. 5.1b) or within the selective contact (purple arrow in Fig.
5.1b).

For a horizontal process along the z coordinate, transport of electrons and holes from
the absorber through the selective contact into the electrode and vice versa takes place
(blue arrows in Fig. 5.1b). Since the recombination-generation and transport processes are
interdependent, they form a complex network of processes, which can be treated by a coupled
system of differential equations.

In the end, it is debatable, which process should be considered to describe the properties of a
selective contact and this will be discussed in section 5.2.1. However, at least three processes
are essential: the recombination at the interface to the electrode and the transport processes
of electrons and holes through the membrane. The electrons and holes at the electrode

3The electrode region also includes any majority carrier transport region at the membrane-electrode
interface e.g. metal-semiconductor interface.

4Strictly speaking, spacial transport is an irreversible process and implies dissipation of free energy.
Thus, transport is not strictly along the x coordinate, but always results in a gradient of the corresponding
quasi-Fermi level. In contrast, the recombination-generation process can be restricted to a single position in
space and can take place along the E coordinate.
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interface recombine approximately instantaneously, which ensures that the quasi-Fermi levels
of electrons and holes collapse into a single Fermi level. Since the single Fermi level is an
intrinsic property of the electrode, any contact to the electrode requires the recombination
process at the electrode and justifies the term “contact” of a selective contact. The competing
electron and hole transport processes across the membrane must be strongly asymmetric to
provide charge carrier separation [116]. The asymmetry corresponds to the carrier selectivity
of such a contact.

In addition to the three fundamental processes, any recombination process within the
membrane and at the boundaries leads to a reduction of the quasi-Fermi level splitting in the
absorber and corresponds to the passivation properties of a carrier selective contact [122]. If
these recombination channels are minimized, then the absorber is well passivated and the
contact is called a passivating, carrier selective contact.

5.2. Definition of selectivity and extraction efficiency

The two properties defined below — the selectivity and extraction efficiency — both describe
the properties of contacts to extract desired carrier vs. undesired carriers. The difference of
both quantities is that the selectivity is a kinetic property and the extraction efficiency is a
thermodynamic one. In order to achieve a certain extraction efficiency, the selectivity has to
reach a certain value for a given internal voltage.

5.2.1. Selectivity

The definition of the selectivity in this thesis is inspired by the fact that the electron and
hole transfer processes from the absorber into the electrode and vice versa can be understood
and described in terms of competing “chemical” reactions®.

In analogy to the (rate) selectivity definition of competing chemical reactions [339] in the
field of reaction kinetics, selectivity S of a selective contact/electrode in this thesis is defined
as the ratio of the net transfer rate rp of the desired process versus the effective net transfer

rate ry of all undesired processes.

D qXTp JM<wM)
Skin = — = = 5.1
b ry g Xry I () (5-1)

If the transfer rates rp and ry are multiplied by the elementary charge ¢, the rates can be
translated into current densities. The selectivity is then defined by the ratio of the desired
current density Jy(wy) of majority charge carriers and the undesired current density Jy, (z)
of minority charge carriers®. The majority carrier leave the contact at z = wy towards
the electrode. The minority charge carriers either leave the absorber at x = 0 towards
the contact or they leave the contact at x = wy; towards the electrode, which results in

SFor a detailed discussion of the contact from a chemists point of view, see appendix A.3.1.
6Note that the terms majority and minority carrier refer to the desired and undesired carrier, which
differs from the usually used definition of this terms for the absorber region.
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two different versions of selectivity. Both undesired current densities — Jy,(z = 0) and
Jm(x = wy) — differ by a generation-recombination current density J,, within the selective
membrane. Consequently, the selectivity definition with Jp,(z = wy) excludes the generation-
recombination current density Ji, but the selectivity with J,,(z = 0) takes J,, into account.
To better distinguish between the two possibilities, the former is denoted by S and the latter
by S”.

The inverse of the defined ratio of current densities in equation 5.1 corresponds to Kroemers
definition of injection deficit [140] and underlines the usefulness of the definition. Kroemer
proposed the injection deficit as a figure of merit for contacts in bipolar junction transistors
[140] and the injection deficit was quantified theoretically and experimentally for metal-
semiconductor and metal-insulator-semiconductor contacts [143, 144].

At this point, it should be emphasized that Weber et al. [119] and Roe et al. [123] have
defined their selectivity metric based on a similar idea of charge transfer reactions, which was
first worked out for a semiconductor-electrolyte contact by Tan et al. [128]. However, their
definition is considerably different to that in this thesis. First, the selective contact in their
definition is restricted to an interface and thus it has no spacial extent. Second, Weber et al.
and Roe et al. define their selectivity metric by the ratio of constant equilibrium exchange
current densities or “diode prefactors” rather than current densities, which are dependant on
the point of operation of the solar cell. As will become evident in section 5.3, the definition
of Weber et al. and Roe et al. corresponds to the selectivity coefficient Sy for the special
case of transport via thermionic emission at the contact.

For the general — but non-specific — definition of selectivity in equation 5.1, one has to specify
the rates of the processes or the respective current densities from appropriate models of
the contact region. This exercises will be performed in section 5.3 for specific examples to
reproduce the specific definitions from the literature.

5.2.2. Extraction efficiency

Since Chapin, Fuller and Pearson created the first practical silicon solar cell at Bell Labs [18],
several author have made attempts to find a thermodynamic model to take account for the
fact that a solar cell is an energy converter [64, 73-80]. The energy conversion of radiation
into electricity in a solar cell takes place in two conversion steps: First the heat radiation is
converted into chemical energy in the form of an excited electron-hole gas and second the
chemical energy of the electron-hole gas converts to electrical energy at the contact. Almost
all thermodynamic approaches [64, 73-80] assume implicitly or explicitly that the conversion
of chemical into electrical energy is loss-free. That is why they focus on the conversion of
heat radiation to chemical energy and model the thermodynamics of a solar cell similar to
a heat engine and find that the voltage efficiency” (%) is equal to the Carnot efficiency
at open-circuit conditions [64, 74, 78]. In that reports, the open-circuit voltage in fact
corresponds to the quasi-Fermi level splitting (¢ - iVoc) and is only equal to the (external)

"This term is frequently found in the papers of Baruch et al. [78, 340] and refers to the thermodynamic
efficiency of the conversion of incident radiation with semiconductor with a band gap Eq into an (internal)
open-circuit voltage.
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Figure 5.2.: Thermodynamic representation of the conversion process of chemical energy to
electrical energy. An isothermal, endo-reversible (electro-)chemical engine for
hole (electron) extraction between the two particle reservoirs models the hole
(electron) selective contact.
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open-circuit voltage Ve, if perfect conversion of chemical to electrical energy is assumed. In
the following, the conversion process of chemical into electrical energy is discussed in terms
of thermodynamics.

The thermodynamic model of this process is based on endoreversible chemical engines [337,
341-345] and is depicted in Fig. 5.2. In order to simplify the discussion, the detailed
description of the conversion process of heat radiation into chemical energy is excluded
and represented it by its end-product, namely by a quasi-constant® particle reservoirs for
thermalized conduction band electrons (red box in Fig. 5.2) and for valence band holes (green
box in Fig. 5.2) with their respective electrochemical potentials Ep,, and —Ef,. The sum of
electrochemical potentials for both reservoirs corresponds to the quasi Fermi level splitting
Ap = Ep, — Ep, in the absorber. Both reservoirs interact via irreversible transport with a
reversible chemical engine (black circle in Fig. 5.2) for hole extraction and with another for
electron extraction (red and green arrows in Fig. 5.2), which mediates the endoreversible
conversion of chemical into electrical energy. At the chemical engine of the electron contact,
electrons with a chemical potential Er,, flow irreversibly from the electron reservoir into the
engine and — due to the transport resistance? — dissipate a part of the initial chemical energy
into heat, such that the electrons in the engine have a chemical potential Erg,. One part
of the electron flux leaves the engine towards the hole reservoir and dissipates its chemical
energy into heat, which is equivalent to holes irreversibly flowing from the hole reservoir with

8The quasi-constant reservoir is justified by assuming steady-state conditions. When a particle is removed
from the reservoir, it is instantaneously replaced from the conversion process of heat radiation to chemical
energy.

9Transport resistance does not necessarily mean electrical resistance, but something, which induces
friction such that entropy is produced proportional to the flux density. Of course, the flux of electrons through
a conductor is one particular example.
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a chemical potential —Fp,, into the engine and resulting in a chemical potential —FErg, in
the engine. Another part of the electrons converts its chemical energy into electrical energy
and leaves the engine. For this conversion, the electrons and holes, which flow into the engine,
use their chemical potential to enable the separation of the electrons from holes. Since the
engine is reversible, particles, energy and entropy are conserved in the engine. The balance
equation for the particle flux, represented by an electrical current density, reads as:

Jtot,E = JE,n + JE,p (52)

Jiot, 18 the total electrical current density and Jg, and Jg, are the partial electron and
hole current density at the electron contact.
The energy flux balance equation reads as:

1
Pp = g(JEn “ Erpn—Jep - Ergp) (5.3)

Pp, is the electrical energy flux of electrons flowing out of the engine and Erg, and —Epg,
are the electron and hole electrochemical potentials of in-flowing electron and hole currents
densities. At the electrode, it can be assumed that the electrochemical potential of electrons
and holes Frg, = —FEpg, = Erg, such that the quasi Fermi level splitting in the electrode
vanishes.

Similar considerations for the hole contact lead to the following particle balance equation.

Jtot,H = JH,p + JH,n (54)

Jiot,mr 15 the total electrical current density and Jg, and Jy, are the partial electron and
hole current density at the hole contact.
The energy flux balance for the hole contact is as follows.

1
Py = a(JH,p “ Erpp—Jun - Ermn) (5.5)

Py is the electrical energy flux of holes flowing out of the engine and Erp, and —Epg, are the
electron and hole electrochemical potentials of in-flowing electron and hole currents densities.
As for the electron contact, the electrochemical potential Epp,, = —Erpy = —Ern.

In order to obtain the total energy flux, which can be used to perform work in the external
circuit (total power output), one has to balance the particle and energy flux in the external
circuit'®, where the total current density of holes and electrons compensate Jrot,iH = Jrot,p = J
and the total power output P, is simply the current density J flowing through the external
circuit multiplied by the potential difference between the electrodes.

J
Poww = Pp + Py = g(EFE — Ern) (5.6)

The total chemical energy influx, which is consumed in the conversion process of chemical
into electrical energy, is defined as the sum of the chemical potentials of both reservoirs

10This would correspond to another electrical engine, which converts electrical energy into useful work.
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Ap = Ep, — Ep, multiplied by the total particle flux density éJ flowing between both
reservoirs. The efficiency of the conversion process, namely the carrier extraction efficiency,
is the ratio of the total electrical power output P,,; versus total chemical energy influx P;,.

Pyt J - (Erg — Ern)  qVew

extract — = = 5.7
eatract = p = T (Bpa — Bry) | A (5:)

The carrier extraction efficiency turns out to be the ratio of the external electrical potential
qVest versus the internal chemical potential Ay of a solar cell, which is indeed the efficiency
of the conversion of chemical energy into electrical energy.

The extraction efficiency for a single contact can be found, if one assumes the other contact
to be perfectly reversible, which implies for a hole contact for example that Eryg = Ef),. In
the case, when both contacts are perfectly reversible, the extraction efficiency is unity, such
that the inner chemical potential is converted loss-free into external electrical work. The
overall carrier extraction process in this case is denoted to be reversible.

Under open-circuit conditions, the efficiency is as follows.

Voc

Nextract,0C = (58)
The derivation of the extraction efficiency at OC in equation 5.8 reveals that the ratio of
internal versus external voltages at OC is indeed a measure of the contact’s ability to extract
charge carriers selectively and was frequently used as a measure of contact’s selectivity by
several authors [121, 122, 124, 125, 146] in the past. This is also consistent with the finding
of Koswatta [117] and Onno et al. [124], who observed that the ratio of voltages correlates
with the partial resistances of the selective contact in their drift-diffusion simulations. Later,
Onno et al. explained the correlation by using an analytic derivation from drift-diffusion
model based on pseudo-linear transport laws for electrons and holes. Smit [118] on the other
hand proposed the inverse of the ratio in equation 5.8. Both, Onno et al. and Smit denoted
the ratio to the “selectivity metric”, but the author of this thesis suggests to use extraction
efficiency instead.

For the reader, it may sound strange to define and accept an extraction efficiency at open-
circuit condition, since neither charge carriers nor power are extracted at this operating
condition. The extraction efficiency at open-circuit conditions can be interpreted as a Carnot-
like efficiency, where also neither a (heat) flux is present nor power is extracted (see section
2.1). To the author’s best knowledge, this is the first time that equation 5.7 and 5.8 were
derived from endoreversible thermodynamics and the latter was interpreted as a Carnot-like
efficiency to convert the chemical energy of photogenerated carriers in the absorber into
electrical energy at a carrier-selective contact.

Even if it is tough to accept Nextract,0c at first, Nextract,0c and especially its analogy to the
Carnot efficiency are a powerful observation, which allows to correlate the measurable voltages
under open-circuit conditions with the extraction efficiency at maximum power output and
to calculate the maximum achievable solar cell efficiency of a contact selectivity-limited solar
cell on the basis of thermodynamic principles (see section 5.5).

One possibility to determine the extraction efficiency 7extract,mpp at maximum power output
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is to calculate the point of maximum power output from equations 5.3, 5.5 and 5.6. It would
require to specify the transport laws for each of the irreversible interactions and to solve the
algebra. An alternative approach!'! with less effort is to use the universal relationship [57]
between the Carnot efficiency and the respective efficiency at maximum power output from

equation 2.7, which yields
Tlextract,0C (59)

Textract,mpp —
2=
extract,0C

This simple equation will be used in section 5.5 to calculate the power conversion efficiency
of a contact selectivity-limited solar cell.

5.3. Derivation and classification of the specific definitions
in the literature

The selectivity as defined in equation 5.1 and the extraction efficiency as defined in equation
5.7 require additional specific information to be correlated with “measurable” properties of
the contact:

1. One has to decide, whether the electrode bulk region should be include for the selectivity
considerations or not.

2. The carrier transfer processes of the desired and undesired charge carriers have to be
selected — probably even for multiple regions in the case of non-homogeneous selective
membranes.

3. The functional relationships between the process rates/current densities for the desired
and undesired processes have to be described based on the properties of the contact
and as a function of the internal and external voltage.

5.3.1. Selectivity of carrier-selective contacts

Weber et al., Roe et al., Koswatta, Smit and Onno et al. chose the simplest possible model
system of a carrier-selective contact without electrode bulk region. They included the instant
recombination at the electrode interface and the transport of electrons and holes from
the absorber through the membrane into the electrode!?. For the latter process with the
species i=n,p, linear irreversible transport (LIT) theory'® [69] provides a linear relationship
J; = L; - F; between the current density J;, the transport coefficient L; of the membrane and

1n fact, Esposito et al. [57] do calculate the maximum power point and assume generalized transport
“laws” to obtain a general relationship for asymmetric transport properties.

12Moreover, Smit [118] discussed how generation and recombination processes within the membrane can
be included.

13Linear irreversible transport theory is used here for two reasons: 1. LIT is a general description of
transport, which is also used in thermodynamics as pointed out in section 2.1. 2. In contrast to the
drift-diffusion model, which is a local theory, LIT requires that the transport coefficient is constant and
independent of position. Thus, the use of LIT can be interpreted here as an empiric and “global” approach.
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the thermodynamic driving force F}, which depends on the internal and external voltages. In
terms of semiconductor physics, the transport laws in equation 2.19 and 2.20 locally represent
such linear laws, where the driving force is given by the gradient of the quasi-Fermi level
potential %% and the transport coefficient is the conductivity o;(x) of the membrane. This
local transport law can be used to find the selectivity, since the current densities are constant
in the membrane due to the lack of recombination or generation, but the local quantities are
hard to access. For this reason, the local laws from drift-diffusion model are reformulated by
Onno et al. [124]. Furthermore, the generalized charge control model, which is based on the
drift-diffusion model, is used to find the ratio of the current densities at the boundaries of
the selective membrane in the upcoming discussion.

Assuming that both transport processes can be described by the linear relationships with
constant transport coefficients'* as required by LIT, then the selectivity from equation 5.1
is calculated as the product of a constant selectivity coefficient Sy = 7 with the transport
coefficients Ly and Ly, for the desired and undesired process, respectlvely, and the function
Y (Fu, Fin), which depends on the driving forces Fy for the desired process and Fy, for the

undesired process.

S = jM = S+ (Fy, Fa) (5.10)

The selectivity coefficient Sy is in agreement with the discussion of Wiirfel et al. [116], who
proposed that the partial carrier conductivities at a contact have to be asymmetric. The value
of the function X(Fyr, F1,) depends on the state of operation of the solar cell and its importance
shouldn’t be underestimated. Schmidt, Peibst and Brendel [281] for example introduce such
a voltage-dependent factor in an “updated” version of their selectivity definition compared to
their prior definition [120] only to remove the voltage-dependence in their definition of the
selectivity metric, but they don’t pay attention to the voltage-dependent factor. Anyhow,
their definition differs from the definition in this thesis and the voltage-dependent function
in equation 5.10 is worth discussing.

At open circuit condition (OC), the desired process is in a detailed balance equilibrium with
the undesired process, such that Jy; equals Jy,,. The contact is equally selective for both types
of carriers and the selectivity is unity. The driving forces Fyroc and Iy, oc at OC adjust
themselves in such a way as to permit a detailed balance equilibrium between the desired
and undesired process and the value of the function X(Fyoc, Fmoc) takes the value of sio
Conclusively, if the driving forces at OC and the functional relationship ¥ are known, the
selectivity coefficient of the carrier-selective contact can be determined as follows.

1
Y(Fw,0c, Fmoc)

As will be discussed in subsection 5.4, equation 5.11 relates the extraction efficiency noc at
OC as defined in equation 5.8 to the selectivity coefficient Sy, since the driving forces are
related to the internal and external voltages.

In order to be a unifying definition, the general definition of selectivity and extraction

So = (5.11)

4 The validity of the assumption of constant transport coefficients resulting in a constant selectivity
coefficient will be discussed below.
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efficiency in this thesis should be specifiable to recover the specific definitions of the references
[117, 119, 123, 124]. To derive the definitions from the literature, assumptions about the
current densities Jy and J, from the literature will be used at open-circuit conditions.

Exponential carrier transport laws

Weber et al. and Roe et al. assume that the selective contact is define by an interface
between r = 0 and = w with w — 0, where charge transfer takes place between the
absorber at x = 0 and the electrode at x = w by thermionic emission. The current density
under such assumptions is driven by a carrier concentration difference at the interface. The
electron (hole) carrier concentration at the boundary of the membrane with the absorber
n(0) (p(0)) are denoted as the surface electron (hole) concentration ng (ps). The electron
(hole) carrier concentration at the boundary of the membrane with the electrode n(w) (p(w))
correspond to the equilibrium concentrations n(w) = ngy and p(w) = psp due to the infinitely
fast equilibration at this interface!®. The transport law reads [119, 123] for electrons

gy = Jon - ”S—l‘ (5.12)
nso
and for holes
Ds
Jp = Jop - —1| (5.13)
Pso

The equilibrium exchange current densities Jy, for electrons and Jy, for holes are identified
as the “transport coefficients” L; and the functions | "% — 1] and | — 1| correspond to the

“driving forces”'® Fj. Inserting the exponential law!” into the selectivity definition (equation
5.1) at OC (S = 1) yields

‘ps,oc . 1’
Spoc=1= : ‘7118)%)07_1’ (5.14)
nso

The orange part represents the selectivity coefficient Sy, as defined by Weber et al. and Roe
et al.. The blue part is the driving force containing function . Solving the equation for Sp,

gives
‘ ns,o0Cc 1’

SOP = = |pg,s(;)c — |

Pso

The left hand side (black/orange part) equals the definition of Weber et al. and Roe et al.,
while the blue part correspond to equation 5.11. Tan et al. [128] derived the relationship

(5.15)

15Details are found in the appendix A.3.1.

16Note that the transport coefficients and driving forces are chosen such that all constant factors are
absorbed in the transport coefficient and the operation point dependent quantities represent a normalized
driving forces. However, the units of transport coefficients and driving forces do not correspond to usual
units.

ITExponential refers here to the exponential dependence of the concentrations with the internal and
external voltages.
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between the carrier concentrations and the quasi-Fermi levels for a semiconductor-electrolyte
contact and found the following relationship.

l —_ B ol
. ’% - 1’ exp (EFn,()(,(’?lTEFM.OC> -1 exp (%) -1 ( )
- = _ _ : 5.16
P |% — 1] exp <E1§x1.(>(1]€_BJETIDP1(’(J(())> —1 exp (%) -1

The semiconductor is assumed to be in high level injection to ensure flat quasi-Fermi levels
in the absorber and flat conduction and valence bands. Substituting the quasi-Fermi level
differences by the measurable voltages yields an interesting and useful relationship, which
relates the selectivity coefficient Sy with the internal and external voltage of the device at
OC and therefore with the extraction efficiency Nexract,oc at OC.

The reader may wonder how the description of Tan et al., Weber et al., and Roe et al. applies
to the selective membrane with finite width w in Figure 5.1a and 5.1b, and whether the
relationships from equations 5.12, 5.13 and 5.15 also apply to it. This question is briefly
addressed under simplified assumptions for a solar cell operating at open-circuit conditions
in the following.

If one assumes that in the membrane region of the hole-selective contact in figure 5.1a neither
recombination nor generation of free carriers takes place and the membrane is nearly field-free,
then the electron and hole transport can be considered independent from each other. The
latter assumption is strictly only fulfilled for a nearly flat electrostatic potential within the
membrane i.e. flat conduction and valence bands.

The absorber is illuminated and excess charge carriers are generated in the absorber. The
electron and hole carrier concentration n(w) and p(w) at the electrode is lower!® than n(0) and
p(0) at the absorber/membrane interface and a concentration gradient across the membrane
region drives a current density .J, and J, of the electron and hole charge carriers through the
selective membrane towards the electrode, respectively. Electrons and holes recombine at the
electrode and maintain their lower concentrations n(w) and p(w). The independent diffusive
transport of electrons and holes through the membrane justifies the use of equations 5.12
and 5.13. Using equation 2.15 and 2.15 to evaluate the carrier concentrations yields'® for
electrons

n(0) [ FErm, — EB 1
n — n -1 = n - —_ ] =1 1
Jn = Jo () Jo _exp ( T | (5.17)
and for holes
p(0) | Efy — Ewp ]
Jo=Jy, - |—% —1|=Jy, - o e | 518
P op p(w) Op _exp ( kgT ] ( )

Assuming a solar cell at OC with a perfectly electron-selective contact (E&y; = Er,) as in
figure 5.1a, then Ep, — Efy; = ¢ © Voc and Ey — Fry, = q * (iVoc— Voc) and the relationship
of Tan et al. from equation 5.15 is obtained by inserting the “forces” into equation 5.11.

18This obviously applies only to lowly doped contacts.

19To obtain both equations, one has to assume |Ec(0) — Ec(W)| << Ep, — EB; and |Ey (0) — Ev(W)| <<
EB, — Epy, thus almost flat conduction and valence bands throughout the contact. This assumption only
holds for special cases. Thus, the validity is limited.
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One special case, which fulfills the requirement, that most of the membrane is field-free, is
a doped contact with a high hole selectivity. The hole quasi-Fermi level of such a contact
is almost flat and implies that (iVoc — Voc) << kBTT. The transport law in equation 5.18
approximates to a linear transport law by a 1% order Tailor expansion. The transport of
holes in this case is not necessarily due to diffusion only, but for such a flat quasi-Fermi level
the diffusive law and drift law are almost indistinguishable. At the end it is a transport
governed by the drop of electrochemical potential. The selectivity coefficient with the linear
approximation reads

kgT ~ €Xp (%ﬁ) -1

Sop = = , 5.19
Y apopdon  dVoc-joo) (519)
where pop, = % represents a constant resistivity for hole (majority) carriers through the

membrane. The formula on the left-hand side of equation 5.19 has the same form as proposed
by Brendel and Peibst [120] and by Smit [118]. Brendel and Peibst define the selectivity
coefficient Sy as the ratio between the resistivities for majority and minority carrier transport
motivated by the picture of U. Wiirfel, A. Cuevas and P. Wiirfel [116]. They postulate that
the majority carrier resistance corresponds to the contact resistance and the the minority
carrier transport resistance is governed by recombination at the contact [120, 281]. However,
their definition lacks to define the selective contact spatially in detail. Therefore, it was not
clear from the definition — at least for the author of this thesis — what the resistances for
minority and majority carriers imply exactly?’. Rau and Kirchartz [153] recently compared
the definition of Roe et al. [123] and Brendel and Peibst [120] and have made a clear
distinction between both of them. The former was denoted as the selectivity definition with
“kinetic character” and the latter was interpreted as the resistive definition. As we will see
below, the latter definition corresponds to an electrode selectivity, whereas the former contact
selectivity coefficient Sy is approximately infinitely high due to efficient majority carrier
transport through the membrane. This ensures that Voo =~ iVoc and the extraction efficiency
at OC approaches unity.

In summary, the assumption of independent exponential laws, as used by Weber et al. and
Roe et al., describes selective contacts with a finite membrane width if quasi-neutrality within
the membrane is ensured e.g. for highly selective contacts. The transport law for the majority
carriers simplifies to a linear one for an almost flat majority carrier quasi-Fermi level. The
condition for the latter ((iVoc — Voo) << kBTT) implies that the extraction efficiency is better
than 0.96 for silicon solar cells with an iVoc between 600 mV and 750mV.

Lastly, it should be emphasized that the independent treatment of minority and majority
carrier transport is a simplification and its validity is restricted to special cases. Therefore,
the definition of Weber et al. and Roe et al. is a special case, which however covers many
practical contacts. Anyhow, the definition in this thesis is more general than that and also
allows to describe a more general case, where the membrane is not necessarily field-free and
generation or recombination is allowed. One example of such a treatment is found in the
appendix A.3.2, where a generalized charge control model is used to describe the transport

20A private communication with R. Brendel revealed that the spatial definition of the selective contact he
had in mind does at least include the electrode.
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through the membrane and to find the ratio of the desired and undesired current densities.
The selectivity coefficient Sy becomes dependent on the point of operation, but it is still
described by the average conductivities for majority and minority carriers at a particular
point of operation.

Pseudo-linear carrier transport laws

Another approach to describe the transport within the selective membrane was proposed
by Onno et al. [124], who derive a pseudo-linear transport law for electrons and holes from
drift-diffusion equations. A partial resistance for electrons and holes is defined, which itself
depends on the position of the quasi-Fermi levels B, and Ep, for electrons and holes at the
absorber/membrane boundary, respectively, and the electrode/membrane boundary Egy. It

reads for electrons
1 . |EF n EEM |

J, = = —“FMl 5.20
Pn q ( )
and for holes
1 Ep, — EB
Jp - . | Fp FM| (521)
Pp q

Assuming a perfectly electron-selective contact (Ffy; = Er,) and open-circuit conditions,

then Fr, — Efy = q - Voo and EBy; — Ery, = q * (iVoc — Voc). The pseudo-linear laws
inserted into the selectivity definition 5.1 for the hole selectivity at open-circuit conditions
(Sp’oc = 1) yields

Spoc = P

Voc —Voc _ pn (iVoc B 1) _1
Pp Voc Py

5.22
Voo (5.22)

The ratio of average carrier resistances is identified as one version of a selectivity coefficient,
which is not the same as that of Weber et al. and Roe et al.. In particular, it is voltage-
dependent and somehow similar to the ratio of average conductivities as derived from the
charge control model in appendix A.3.2, but is not necessary the same value due to a different
averaging method?! used by Onno et al. and in appendix A.3.2. By putting the resistance
values on one side of the equation and the voltages on the other side and rearranging equation
5.22, Koswatta’s and Onno’s relationship between the partial resistances p, and p, for
electrons and holes, respectively, and the ratio of the internal and external voltage is found
as follows.

Voc o
iVoc  pntpp

Textr,0C = (523)
This quantity was referred to as the selectivity metric by Koswatta [117] and Onno et al.
[124]. As derived in section 5.2.2, the ratio of external versus internal voltage at OC can
be identified to be an efficiency of the contact to convert chemical energy of electrons and

210nno et al. use an integral over the energy coordinate and the charge control model uses an integral
over the space coordinate.
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holes in the absorber into electrical energy provided to the external circuit??. For this reason,
the author of this thesis advocates calling the quantity extraction efficiency rather than
selectivity. Anyhow, this quantity measures the ability of the contact to extract the desired
over the undesired carriers and was derived from the selectivity definition in this thesis, which
underlines the unifying character of the definition.

5.3.2. Electrode selectivity

As a final example, the definition of electrode selectivity is derived. This is particularly
relevant to recover the definition of Brendel and Peibst. The electrode selectivity includes
the electrode region in addition to the carrier-selective contact. This electrode region is not
necessarily the bulk of the metal wire, but reflects any additional external?® resistance, which
is assigned to the contact. The transport of carriers through the electrode region causes an
additional Ohmic voltage drop AVgectrode = Pelectrode * Jiotal due to a current density Jiotal
flowing through the electrode region with a resistivity pelectrode- 1The resistivity contains
the contact resistivity pc, but can also contain other contributions as needed. The voltage
drop AVgectrode Teduces the terminal voltage Vienn compared to the voltage V' as measured
between the membrane/electrode interface of the hole-selective contact and the perfectly
electron-selective contact without bulk electrode resistance. If one uses the “exponential
transport law” from equation 5.18 representing the hole transport within the membrane and
includes an additional external Ohmic voltage drop AViectrode, the transport law for the
majority carriers (holes) reads

(5.24)

q(lV — %erm - AVVelectrode) . 1)

Jp = Jop (exp KoT

where iV corresponds to the internal voltage in the absorber. For the minority carrier
(electron) current density from equation 5.17, the transport law reads

A
qa/:cerm + ‘/electrode) _ 1) . (525)

T, = Jon <exp —

Assuming a highly selective hole electrode — resulting ¢(iV — Vierm — AVileetrode) << kT
—and a point of operation far away from open-circuit or short-circuit conditions (Voo >>
Vierm >> AVilectrode), then the total current density is dominated by the hole current density
Jiotal = Jp,. The 1% order Taylor approximation of the hole transport law .J,, yields a transport
law for the majority carrier as follows.

1
‘]P = ’ (1V - %erm) (526)

kT
q?()p + Pelectrode

22Remember that at OC the extraction efficiency corresponds to a Carnot-like quantity, where no power is
provide.

23External means that the resistance is outside of the selective membrane, where quasi-Fermi level splitting
is present.
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The electrode selectivity §p of a hole-selective contact calculates to

kpT '
s e ) iV — Vierm (527
8 (POp + pelectrode) ’ JOn % . (exp q’\;;%:’:n o 1) ’
where po, = 2T is the resistance for hole transport through the membrane.
P qJOp

The blue part of equation 5.27 corresponds to the electrode selectivity coefficient, which is
similar to the selectivity coefficient of a highly selective contact in equation 5.19, but contains
the additional electrode resistance. If pejectroqe = 0, then the electrode selectivity coefficient
equals that in equation 5.19 exactly. If on the other hand, the sum of both resistances
is interpreted as the contact resistance pc = pop + Pelectrode; then the electrode selectivity
becomes

kpT

5 q iV — ‘/term

Sp = N .
oo (ot 1)

(5.28)

The blue quantity in equation 5.28 corresponds to the (electrode) selectivity coefficient as
defined by Brendel and Peibst [120] and the black factor is similar to the voltage factor in the
updated version of the definition of Schmidt, Peibst and Brendel [281] but not exactly the
same. The difference in the voltage factor is obviously due to the definition of the selectivity
by using resistances [281] compared to current densities in this thesis. Schmidt, Brendel and

Peibst define the minority carrier resistance p,, = ;17 and if the majority carrier resistance
PM = PC = 37 j“}t , then the derived electrode selectivity has to be multiplied by sz\‘;t to

exactly?® recover the definition of Schmidt, Brendel and Peibst [281]. The conversion factor
between both definitions is typically a large number, such that both quantities do not exhibit
the same order of magnitude.

From the point of view of selecting the undesired processes, Jy, as defined by Brendel and
Peibst contains all recombination processes of the selective contact [120] rather than only the
minority carrier transport through the membrane.

If the definition in this thesis is similar to Brendel’s definition, the reader may wonder what
is the added value of the definition in this thesis. At this point, it should be emphasized
again that Brendel’s definition is as special case of the definition in this thesis, which is
only valid for contacts, where the external voltage equals the internal voltage at open-circuit
conditions (Voo = iVpc). The latter is almost always fulfilled for “traditional” contacts in Si
solar cells, but is often violated for “non-traditional” contacts. Consequently, the definition
of Brendel and Peibst cannot be applied to such contacts. On the other hand, one may argue
that the condition Voo ~ iV should always be ensured for high efficiency solar cells, but
for the same reason also AVectrode Should vanish. Both conditions are on an equal footing
and a more general requirement — which is obvious and trivial — is that the terminal voltage
Vierm should be as close to the internal voltage iV as possible. In the sense of low-dissipative
selective electrodes, equation 5.27 has been derived from the more general definition in this

24Note that Vierm in the exponential function in the denominator is in fact V = Vierm + AV and was
approximated for simplicity. Furthermore, if the majority carrier transport through the membrane is efficient,
then V =iV as in the definition in reference [281].
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thesis and is valid for all contacts, which obey the condition that Vi, ~ iV and imply a low
loss due to carrier extraction — independently where the dissipation happens.

5.4. Relationship of selectivity and carrier extraction
efficiency

In the previous sections 5.2.1, 5.2.2 and 5.3, the ability of a contact to selectively extract the
desired carriers over the undesired carriers was discussed. The framework of carrier kinetics
defined the (rate) selectivity of the contact/electrode and the framework of endoreversible
thermodynamics defined the extraction efficiency of the contact. Both figures, the selectivity
S and the extraction efficiency 7exiract have one thing in common - they relate the internal
chemical potential Ay = ¢ - iV and external electrical potential ¢V, in equation 5.10 and
5.7. For any given internal potential, the extraction efficiency can be calculated from the
selectivity ratio S%, if the functional relationship of internal and external voltage in X(Fy, Fi,)
is known. This relationship at open-circuit condition was derived in 5.15, where So¢ = 1, and
leads to the following correlation?® between the selectivity coefficient Sy and the extraction
efficiency 7extract,0c for a given internal voltage iVoc.

S exp (qziconc ’ neXtract,OC) —1
" Voo (5.29)
exp (qlc? (1- Uextract,oc)) -1

Figure 5.3a shows the correlation between the extraction efficiency and the selectivity
coefficient at open-circuit conditions for different internal voltages iVoc. It is evident that
the higher the internal voltage is, the higher the selectivity coefficient has to be in order to
achieve an extraction efficiency close to unity. This is not surprising, because the equilibrium
exchange current density Jy,, for the minority carriers has to decrease to allow an increase
of the internal voltage at a give illumination, but the equilibrium exchange current density
Jom for majority carriers has to stay the same to support the extraction of photo-generated
carriers. Moreover, if Sy is constant, as assumed in equation 5.29, it is expected that the
extraction efficiency will be close to unity for low iV values due to low illumination intensity
and decrease at high iVoe. Indeed, a deviation of Suns-iVpe and Suns-Vp¢ characteristics is
frequently observed for high iV values at high illumination levels [121, 125, 126, 346-348].
At very high illumination levels, the Voc of the Suns-Vo¢ characteristic was frequently
observed to even drop with increasing illumination level [125, 126, 346, 347] and it can be
speculated that, at such illumination levels, Sy decreases with increasing illumination level
and the extraction efficiency reduces stronger than predicted for a constant selectivity.

In the following, approximations for two limiting cases - low and high extraction efficiency
with high iV - provide simple explicit relations between extraction efficiency and selectivity.

25The following discussion does solely applies to contact selectivity because at OC not external current
flows and the electrode selectivity is the same as the contact selectivity. However, the same discussion for
electrode selectivity and extraction efficiency can be conducted at a different point of operation e.g. maximum
power point.
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(a) Exact calculation of the relationship between carrier extraction efficiency
and selectivity coefficient at open-circuit conditions for different internal voltages
iVoc and (b) approximations of the relationship for low and high extraction
efficiency for an internal voltage of 750 mV.
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1. If the extraction efficiency is close to unity, thus ¢(iVoc — Voc) is small compared to

kgT, and qiVpe is large compared to kg1, then equation 5.29 simplifies to

9Voc

S o Nextract,0C . exp kT (5 30)
0= .
1-— Textract,OC qVOC/kBT

In Figure 5.3b the approximation (blue solid line) and exact calculation (red circles)
coincide for high Sy values, but differ for Sy smaller than about 10'3. The accuracy
for the predicted Sy of this approximation for an Vo of 750 mV is better than 20%
for an extraction efficiency better than 0.99, which corresponds to log;,(Sy) ~ 13. For
log,((So) >> 13, the extraction efficiency is close to unity, and internal voltage and
external voltage are almost indistinguishable. The contact’s extraction efficiency does
not limit the solar cell efficiency, which is consistent with the low-injection regime
reported by Roe et al. [123]. Since the term low-injection regime has usually a different
meaning in semiconductor device physics, it is suggested to use internal voltage limited
regime instead, because the solar cell’s efficiency will be limited by the internal voltage
(e.g. surface or bulk recombination) rather than by the extraction efficiency of the
contact.

. For a lower extraction efficiency, where ¢(iVoc — Voc) >> kT and ¢iVoc >> kgT,

equation 5.29 is approximately

q - iVoc
kT

2exrac -1 V
In Sy = Textract,0C ~4Voc

= (2nextract,OC - 1) ’ (531)

Textract,0C kBT
In Figure 5.3b, this approximation (green solid line) matches the exact calculation for
low Sy values, but deviates at higher Sy values. The accuracy for the predicted Sy of
this approximation for an iVoc of 750 mV is better than 20% for an extraction efficiency
below 0.94. Equation 5.31 refines the finding of Roe et al. [123] that Voc ~ % In Sy
in this selectivity-limiting regime.
Furthermore, equation 5.31 can be rewritten in terms of the open-circuit voltage loss
AVoe = iVoc — Voc, which is frequently used by several authors as a selectivity metric
[121, 122, 146], to yield

1 kgT
AVOC = iiVOC — QLQ 111 S() = AVOC,max — ln(lO(kBT/Qq)) : IOglo(So) (532)

with AVoc max as the maximum possible voltage loss of %iVoc at a single non-selective
contact, where electron and hole transfer processes are equally efficient, with Sy = 1.
Indeed, the open-circuit voltage loss is an indirect measure of the selectivity, but it is not
suitable for a quantitative comparison of selectivity between distinctly different samples
(e.g. different absorber), because it cannot be assumed in general that iV is constant
for different samples. For such cases, the selectivity coefficient Sy in equation 5.31 or
the extraction efficiency can serve as a figure of merit. However, AV represents a
relevant quantity from cell’s performance point of view.
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To summarize, carrier extraction efficiency and selectivity are closely related and explicit,
easy to apply formulas are derived above, which refine the findings from the literature.
From a practical point of view, it is interesting to calculate the maximum achievable power
conversion efficiency for a contact-limited solar cell with a given selectivity. Brendel et
al. [120, 127, 349] and Rau and Kirchartz [153] performed such calculations by using an
equivalent circuit model of the solar cell, where the contact area fraction was optimized.
They obtained a maximum power conversion efficiency as function of log,,(Sy) with a similar
shape as the carrier extraction efficiency in figure 5.3b, which raises two questions: Does
the calculated maximum power conversion efficiency reflects the carrier extraction efficiency?
Is it possible to directly calculate the maximum power conversion efficiency for a given
selectivity coefficient and internal voltage from the relationship between extraction efficiency
and selectivity?

5.5. Performance of contact selectivity-limited solar cells

In order to calculate the performance of a selectivity-limited solar cell, one can use an
appropriate equivalent circuit model and simply calculate the maximum power output?. In
the following, the “thermodynamic approach” based on the found correlation between the
extraction efficiency and selectivity from the previous sections is promoted.
First, let us consider a solar cell with perfectly selective contacts, which is limited by
intrinsic recombination and Lambertian light trapping only. The silicon solar cell on a
2 Qcm n-type doped 110 pm-thick wafer with Lambertian light trapping [28] is similar to
that used by Brendel et al. [127]. In the case of perfect contacts, the J-V characteristic is
governed by radiative recombination and Auger-recombination within the wafer bulk. The
J-V characteristic of such a solar cell is determined following Schéfer and Brendel [28] and
was kindly provided by S. Schéfer. The J-V characteristics of the cell is depicted in figures
2.4b and 2.4a and was discussed in section 2.3. The efficiency in = n(Sy — o0) of the cell
calculates as

iJupp - iVarpp

B (5.33)

in=

with the incident power density P, the implied current density iJypp = Jypp(So — 00)
and the implied voltage iVypp = Vipp(Sy — 00) at maximum power point operation. The
considered solar cell exhibits an implied efficiency in of 29.2% with an implied open-circuit
voltage iVoc of 755 mV.

Now, one of the two selective contacts to the solar cell is allowed to have a finite selectivity
coefficient, such that the extraction efficiency falls below unity. Furthermore, it is assumed
that attaching the contact to the solar cell does not alter the recombination behavior of
the solar cell?”. The contact-limited solar cell exhibits the following efficiency 7(Sy) with a

26This is outlined in the appendix A.3.3 and A.3.4.

27This requirement is not obvious, but is implicitly assumed for the endoreversible chemical engine in
section 5.2.2. Another detailed explanation is found in the appendix A.3.4 using the passivation efficiency of
the contact. This assumption leads to the maximum possible efficiency for a give Sp.
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current density Jypp(So) and voltage Vipp(Sp) at maximum power point operation.

JMPP(SO) ’ VMPP(SO)

n(So) = 2

(5.34)

If the implied efficiency and the contact-limited efficiency are compared by dividing one

with the other, then the efficiency ratio can be correlated with the extraction efficiency

Varpp (S . . .
Nextract MPP (S0) = %}EPO) at maximum power point operation.

1(So) _ Jupp(So) ] Varpp (So)

in iJypp iVapp

~ nextract,MPP(SO) (535)

Jmpp (So)
iJmpp

remain approximately unity for log,,(Sp) values down to 4, where the concepts derived in
section 5.2.1 and 5.3 are anyhow questionable. For this reason, it can be safely concluded for
the range of interesting selectivity coefficients that the ratio of the contact-limited efficiency
versus implied efficiency is determined by the extraction efficiency nextract Mpp(So) at maximum
power point.

The challenge is now to correlate the extraction efficiency 7extract mpp(So) with the selectivity
coefficient Sy. Fortunately, the relationship between the extraction efficiency Nextract,0c at OC
and the selectivity coefficient was derived in the previous sections and a correlation between
the Carnot efficiency and the efficiency at maximum power point from reference [57] was used
to relate the carrier extraction efficiency at OC and MPP. The latter relation adapted from
reference [57] (blue in equation 5.36) is approximately the same as the relation found from
the equivalent circuit calculations (red in equation 5.36) in the appendix A.3.4 and reads

As discussed in the appendix A.3.4, the current density ratio can be assumed to

o Textract,0C
Textract ,mpp — 9

~ 2 Nextract,0C — 1 (536)
— Textract,0C

The approximation is accurate for the “low dissipation” regime, which is consistent with the
regime, where the blue part of equation 5.36 is valid. For nexgract,oc > 0.73, the deviation
between the blue and red part of equation 5.36 is better than 20%;,... Using the relationship
between Nextract,0c and Sp for the selectivity-limited regime in equation 5.31, one finds for
the extraction efficiency at MPP

kgT kgT
=— -1 =———— " In(10) - 1 .
Tlextract,mpp q - iVOC nSO q - iVOC 1’1( O) OglO(SO) (5 37)

The power conversion efficiency of a contact selectivity limited solar cell with this relation
and equation 5.35 reads

iVoc q

1(So)

In (10) - logy(So) (5.38)

The derived equation establishes a simple relationship between the power conversion efficiency
and the selectivity coefficient, which is solely based on thermodynamic considerations and
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the selectivity definition in this thesis. It uses three well known input parameters: 1. in
and iV for the limitation by the absorber and 2. the selectivity coefficient Sy for the
limitation by the selective contact. The conversion efficiency 7(Sp) is linearly dependent on
the logarithmic selectivity coefficient log,,(Sp) in this selectivity-limited regimes, which is
only an approximation of equation 5.29 for extraction efficiencies at OC below about 0.94.
The slope of equation 5.38 is determined by the parameters of the absorber limited solar
cell and amounts to 2.29% for Auger-limited silicon solar cell from above. Brendel et al.
[127] also identified this linear regime and gave an equation based on a fit to the numerically
determined data in the linear regime, which is reproduced here for ease of comparison [127,
equation 16]:

% = 2452 - log,(Sy) — 4.424 (5.39)
0

The straight line in reference [127] has a slope of 2.45%, which is consistent with the slope
calculated here. Unlike the equation 5.38, the equation 5.39 has its intercept with the ordinate
not at the origin, but at n(Sy = 1) = —4.424 and causes a shift of both lines. Several potential
reasons for the shift between both lines are discussed in appendix A.3.4. One reason could be
that equation 5.36 is not perfectly accurate. Another reason is the difference of “selectivity”
definitions as was also recently pointed out by Rau and Kirchartz [153]. While equation 5.38
was derived from the definition of contact selectivity, equation 5.39 corresponds to electrode
selectivity. For the latter, the optimization procedure yields an optimum between passivation
and resistance, such that passivation of the contact is reduced and results in a lower internal
voltage compare to the case, where contact selectivity is not limiting. In contrast to that,
the internal voltage iVpe in equation 5.38 is assumed to stay constant and limited by the
intrinsic recombination in the absorber?®. Form this fact, it is expected that the PCE as
derived in this thesis should predict a higher efficiency compared to reference [127].

To calculate 7(Sp) for the full range of Sy, equation 5.29 is used instead of the approximated
equation 5.31 and the calculated n(Sp) is depicted in figure. The PCE for a contact-
selectivity limited solar cell as calculated by the analytic equations based on thermodynamic
considerations in this thesis exhibits a similar functional shape as that calculated by Brendel
et al. [127], but — as discussed — the linear part of the red line is shifted with respect to
the black line. In summary, the question® raised in section 5.4 can be answered as follows:
The maximum achievable PCE of a contact selectivity-limited solar cells almost completely
reflects the extraction efficiency at maximum power point operation and can be directly
calculated from the selectivity coefficient by using a thermodynamic relationship between
extraction efficiency at maximum power and open-circuit operation conditions.

28For further discussion, the reader is referrer to the appendix A.3.4, where also the passivation of a
contact is taken into account.

The questions were the following: Does the calculated maximum power conversion efficiency reflects the
carrier extraction efficiency? Is it possible to directly calculate the maximum power conversion efficiency for
a given selectivity coefficient and internal voltage from the relationship between extraction efficiency and
selectivity?
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Figure 5.4.: The maximum PCE of a contact-limited solar cell with a Si absorber. Comparison
of the maximum PCE of the analytical calculation from equations 5.35, 5.36
and 5.29 (red solid line) with the calculation of Brendel et al. [127, equation 16]
(black solid line)

5.6. Chapter summary

In this chapter, the process of carrier extraction at a contact to an absorber is discussed
from different point of views. The spatial and process-wise definition of a carrier-selective
contact is discussed in detail and the carrier-selective contact including and excluding the
electrode is distinguished, which leads to the definition of the carrier-selective electrode and
carrier-selective contact, respectively. A general definition of selectivity is provided base on a
definition borrowed from chemical reaction kinetics. The carrier extraction process can be
considered in the framework of partial electron and hole transfer reactions at the conduction
and valence bands, respectively, and the rate asymmetry of the partial reactions defines
the voltage-dependent (rate) selectivity S(V') of a carrier-selective contact and electrode.
At open-circuit condition, the rate of electron and hole transfer reactions is required to
be equal by detailed-balance considerations and S(Voc) = 1. From this relationship, a
selectivity coefficient Sy is found, which corresponds to the ratio of the equilibrium exchange
current densities for the electron and hole transfer reactions. The selectivity coefficient Sy is
equivalent to the definition of Weber et al. [119] and Roe et al. [123].

Furthermore, the carrier extraction process is elucidated from thermodynamics point of view,
where an endo-reversible chemical engine represents the process of carrier extraction from an
absorber, where carriers have a chemical potential, into the metal contact, where carriers
have an electrical potential. Thus, the efficiency of the conversion process of chemical into
electrical power defines the extraction efficiency of a contact. At open-circuit condition, the
extraction efficiency 7extract,0c is defined by the ratio of the external open-circuit voltage Voc
and the internal open-circuit voltage iV, which is consistent with the definition of Onno et
al. [124] and Pysch et al. [125], Bivour et al. [121] and Glunz et al [122] as a measure of
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selectivity.

To be a unifying definition, the definition must recover each individual definition from the
literature for a specific set of assumptions. This exercise is performed by using the general
definition in this thesis and the specific assumptions from the literature. Indeed, the definition
in this thesis is able to reproduce the definitions from the literature and highlights the specific
boundaries of validity for each definition.

Even if the extraction efficiency and selectivity describe the same carrier extraction process,
it should be noted that both quantities represent different point of views and have distinctly
different orders of magnitude. Moreover, the detailed investigation on the selectivity definition
and the definition of the extraction efficiency provides an extremely important relationship
between the selectivity coefficient and the extraction efficiency at open-circuit operation
conditions, which forms the basis for the derivation of the power conversion efficiency for a
contact selectivity-limited solar cell based on thermodynamics considerations. An analytic
expression for the power conversion efficiency as a function of the selectivity coefficient is
derived, which matches that from numerical optimization of passivation and resistance as
calculated by Brendel et al. [127]. The derived correlation reveals that the PCE of a contact
selectivity-limited solar cells is determined by a thermodynamic quantity — the extraction
efficiency at maximum power point operation — and provides a thermodynamic picture of the
carrier extraction process in solar cells.
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6. Passivated carrier-selective POLO
junctions to mono-crystalline silicon

The following chapter is partly based on peer-review papers published in [157] and [158].
The properties of the POLO junctions were determined by M. Bofimeyer during his
Diploma thesis. The author supervised M. Bofimeyer.

D. Tetzlaff, T. Wietler and J. Kriigener developed the TMAH etch process at Leibniz
Universitat Hannover to determine the pinhole density and applied the process to the
TLM samples used in the Diploma thesis of M. Boimeyer.

The following chapter studies the electrical properties of POLO junctions by means of photo-
conductance decay method and contact resistance measurements to determine the selectivity
coefficient.

6.1. Fabrication of POLO junction samples

Rbulk Rbulk

al) a2)

D Legend
poly-Si/c-Si n-type c-Si base
Bl n'c-Si
Rc,AI/pon IxCx n p0|y - Si
p-type c-Si base
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Figure 6.1.: Schematic drawing of TLM test structures for the determination of the contact
resistivity between aluminum and n* poly-Si (al) and between aluminum and p*

poly-Si (a2), TLM test structures for the determination of the combined junction
resistivity of Al / n™ poly-Si / ¢-Si (bl) and Al / p* poly-Si / ¢-Si junctions (b2)

For the following experiments n-type and p-type float zone (FZ) silicon wafers with a base
resistivity of 2.5 Q2cm and 1.5 Qcm, respectively, and a thickness of 300 pm are used. A 2.1 nm
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thin thermal silicon dioxide layer grows on both sides of the substrate wafers in a tube furnace
oxidation at 700 °C. Then, 220 nm thick intrinsic, amorphous Si (a-Si) layer is deposited in a
low pressure chemical vapor deposition (LPCVD) furnace at 550 °C on top of the silicon oxide.
The i-a-Si is doped by ion implantation with 2 x 10'® boron ions/cm? and an energy of 10keV
resulting in p-a-Si. For the n-type doped a-Si, ion implantation is performed with 5 x 10
phosphorus ions/cm? and an energy of 20keV. The sample denoted as n-type counterdoped
(cd) receive a boron implantation with a dose of 1.25 x 10 boron ions/cm? at an energy
of 10keV and a phosphorus implantation with a dose of 5 x 10'® phosphorus ions/cm? at
an energy of 20keV. The phosphorus species overcompensates the boron doping and yields
effectively n-type doped a-Si. After doping, a silicon oxide grows at 900 °C in a pyrogenic
oxidation! for 30 min and the POLO junction forms in a high temperature annealing step in
nitrogen atmosphere at 1050 °C in a tube furnace. The annealing duration of the junction
formation annealing is varied between 30 min and 80 min. Four kind of symmetric test
structures are obtained after junction formation:

« nT POLO / p-type ¢-Si / n POLO (al)
o pt POLO / n-type ¢-Si / p™ POLO (a2)
e n" POLO / n-type ¢-Si / nt POLO (bl)
« p™ POLO / p-type ¢-Si / pt POLO (b2)

The structures (al) and (bl) are either solely phosphorus or counterdoped. The samples with
a high-low junction (b1, b2) at first serve as lifetime samples to extract the corresponding
recombination prefactor Je¢ e, from photoconductance decay measurements directly after
junction formation and forming gas anneal. After that, the same samples are used to
determine the combined contact resistance of the aluminum/polysilicon/c-Si contact.

For this purpose, the four symmetric test structures are processed further to transfer length
measurement (TLM) samples as follows. A single-sided HF etch and a subsequent KOH etch
remove the poly-Si layer on the front side to avoid parasitic current flow through the poly-Si
layer on the front side during TLM measurements. The thick thermal oxide on the rear side
is stripped and a thick silicon nitride layer is deposited on the front side as an electrical
isolation. A short HF dip prior to the thermal vacuum evaporation of aluminum on the rear
side in a high-throughput tool (ATON) dissolves the native silicon dioxide layer from poly-Si.
In order to ensure, that the POLO junction is intact after metallization and the majority
carrier transport occurs across the the aluminium/poly-Si and poly-Si/c-Si inteface, some
TLM samples of each set of test structures are inspected exemplary via scanning electron
microscopy after measurement and Al removal in phosphoric acid. It is confirmed that

! Accidentally, the p* POLO samples (b2) were not oxidized. It was observed in subsequent experiments
that the oxidation dissolves boron dopants in the grown silicon dioxide and thus reduces the available
concentration of dopants in the poly-Si layer. Since the boron implantation dose is optimized for a junction
formation process with prior oxidation, the missing oxidation process leads to a larger boron concentration
within the poly-Si during the junction formation annealing. The resulting stronger in-diffusion of boron into
c-Si wafer leads to an enhanced recombination.
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aluminum does not spike through the poly-Si layer.

After metallization, photolithography and wet chemical etching pattern the Al layer and
yield a TLM pattern with pad lengths of 3mm, a pad width of 100 pm and a spacing of a
multiple of d =100 pm. For the structures bl and b2 (Fig. 6.1), where the poly-Si layer has
the same doping polarity as the wafer, reactive ion etching removes the poly-Si in between
the aluminum pads by using the Al pads as masks. Thus, the current has to flow from
the Al into the poly-Si and subsequently from the poly-Si into the ¢-Si and vice versa (see
equivalent circuits in Fig. 6.1 bl and b2). The obtained contact resistivity represents a
combined resistivity for the contacts between Al and poly-Si and the poly-Si and c¢-Si. In
order to distinguish between both contributions, the contact resistivity between poly-Si and
Al is determined separately on test structures al and a2, which feature continuous poly-Si
layers between the metal fingers and a pn junction between the base and the poly-Si layer.
Thus, the current flows from one Al finger exclusively through the poly-Si layer into the next
Al finger (Fig. 6.1 al and a2).

Special care was taken to exclude measurement artifacts of the TLM method such as edge
currents. For this purpose, the samples were laser scribed and cleaved to fit the Al finger
width of 3 mm with a distance of about 50 pm between the cleaved edge and the metal finger
edge.

All presented contact and junction resistivity values are measured on samples without
post-metallization annealing.

6.2. Minority carrier transport

The recombination prefactor, also saturation current density, Jc po, Summarizes the prop-
erties of the minority carrier transport from c-Si wafer towards the metal contact and the
recombination of minority carriers on their way to the metal contact. Photoconductance
decay measurements directly after junction formation annealing process of the TLM test
samples (b1,b2) and using the Auger recombination model from Richter et al. [350] for
p-type samples or from Veith-Wolf et al. [29] for n-type samples and the band gap narrowing
model from Schenk [351] reveals the corrected inverse lifetime /... Figure 6.2 illustrates the
injection-dependent, corrected inverse lifetime of one exemplary sample of each of the three
different POLO junctions investigated here. For the nt POLO and the cd n™ POLO sample,
the method of Kane and Swanson [101] was applied at an injection level close to 10 - Np
to determine the saturation current density. Since the doping concentration of the wafer
for the p* POLO samples amounts to about 1.1 x 10!® cm™, high level injection conditions
for the wafer would already be close to the doping concentration within the doped junction
(2 -3 x 10'® cm™) and would by far exceed the data range obtained for the p™ POLO sample
in Figure 6.2. An upper bound for the saturation current density of this samples with a high
minority carrier lifetime material is obtained from a low injection level analysis according to
Reichel et al. [352] at an injection level of 1 x 10 cm™.

After the short high temperature annealing (30 min.), the POLO junctions exhibit saturation
current densities of 2fA /cm? for n* POLO junctions and between 2 fA /cm? and 3 fA /cm?
for n* POLO junctions formed by counterdoping (cd). After the long high temperature
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Figure 6.2.: Injection-dependent, corrected inverse lifetime of the n™ (red), cd nt (black) and
pT (green) POLO junctions with the highest selectivity as summarized in table
6.1.

annealing (80 min.), the POLO junctions feature saturation current densities of 7fA/cm? for
n* POLO junctions and between 4 fA /cm? and 9 fA /cm? for n* POLO junctions formed by
counterdoping. For the high temperature annealing with a duration of 60 min, the p* POLO
junctions achieve saturation current densities below 18 fA /cm?.

The Je oy values for the nt (cd) POLO junction are consistent with the reported record
values in the literature (see 4.2.4) and increase with increasing annealing duration. Rémer et
al. speculated that this results from an increasing areal density of pinholes in the interfacial
silicon oxide [204]. This hypothesis was confirmed by Tetzlaft et al. [353] and by Wietler et
al. [158].

The value for the p* POLO junction is slightly higher than the record values found in the
literature. This is probably due to the lack of the intended oxidation process prior to the
junction formation annealing process and the used low level injection analysis. However, a
similar process with prior oxidation for the p™ POLO junction applied to a lightly doped
n-type wafer as reported in chapter 7 yields Je poy, down to 4 fA /cm?.

6.3. Majority carrier transport

A POLO contact, which has the same polarity as the wafer base, is called (base-)majority
carrier contact and the majorities almost exclusively carry the current of the current-voltage
characteristic in the dark. The dark current-voltage measurement of the TLM test samples
provides direct access to the majority carrier transport.

For all test structures, an Ohmic behavior is verified when measuring the current-voltage
characteristic between two pads. The resistance R(d) is determined as a function of the
pad spacing d with four-point measurements, using a Karl Stiss PA 200 probe station and a

72 Passivated carrier-selective POLQO junctions to mono-crystalline silicon



6.3. MAJORITY CARRIER TRANSPORT

Keithley 4200 analyzer. The R(d) curves show linear behavior? and the junction resistivity is
analyzed by using the model of Eidelloth and Brendel [114] in order to take into account the
2-dimensional current flow in the wafer. The sheet resistance values Rgpe; determined from
the slope of the R(d) curve are crosschecked with the Rgpeer values from four-point probe
(4PP) measurements. The sheet resistances are in excellent agreement.

An extensive uncertainty analysis of TLM measurements concerning the input parameter and
TLM analysis itself, e.g. geometry of TLM structures or finite lateral conductivity of metal
pads, was performed. For the evaluation of the uncertainty, the procedure recommended by
the GUM (Guide to the Expression of Uncertainty in Measurements) [354-356], namely the
propagation of distributions by Monte Carlo simulations, was used. With the determined sys-
tematic uncertainties and the resulting distributions of R and d of R(d) lines, the distributions
of the slope and the intercept of R(d) are extracted by using a least-square fitting procedure.
Then the implicit, non-linear equation derived by Eidelloth and Brendel [114] is solved for
the distributions of the slope and the intercept, as well as the metal pad width and length
and the wafer thickness as input parameter. This analysis yields an average value for the
contact resistivity and a standard uncertainty. Since this analysis is time consuming, it was
performed only for some particular samples, which represent the different orders of magnitude
of contact resistivities. A relative standard uncertainty of approximately 10% for contact
resistivities of 10 mQem?, 30% for 1 mQem?, 50% for 10~ mQem?, 70% for 1072 mQem? and
100% for 1072 mQem? was evaluated, which is in good agreement with the errors extracted
by an error analysis for a simplified TLM evaluation equation [357].

6.3.1. Aluminum/polysilicon contact resistance

Figure 6.3a summarizes the Al / poly-Si contact resistivity values obtained on the TLM
samples (al) and (a2) for two different POLO junction formation annealing durations. For
both annealing processes, the median of the contact resistivity between Al and n™ poly-Si is
below 0.1 mQcm?. Since the n* doped poly-Si exhibits surface doping concentrations above
1 x 10?° cm™, low contact resistivities have been expected from the literature on Al / ¢-Si
and Al / poly-Si contacts [111, 358]. For p* poly-Si, the surface doping concentration is
about 2 x 10! ecm™. According to the literature [111, 358], low contact resistivity values in
the order of 1072 mQcm? should be implied. The lowest contact resistivity for p* poly-Si in
Figure 6.3a is consistent to the literature and amounts to 2 x 1073 mQcm?. However, the
median results are unexpectedly high and amount to 2 mQcm? for the 30 min anneal, and to
0.1 mQcm? for the 80 min anneal. For the 60 min. anneal the contact resistivity is measured
on a single sample to 0.9 mQcm? (not shown in Figure 6.3a). The reason for the observed
higher resistivities is unclear and could not be clarified, which implies that the contribution
of the Al / poly-Si contact cannot be distinguished from the poly-Si / ¢-Si junction of the
combined Al/ poly-Si / ¢-Si junction resistivities in the following. Nevertheless, the values
obtained are sufficiently low for solar cell applications.

2An example of the measured R(d) of the POLO samples is found in section 3.2 in figure 3.2b.
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Figure 6.3.: (a) Specific contact resistances between Al and n™ doped (p™ doped) poly-Si.
The contact resistances are extracted with 1-dimensional TLM analysis.
(b) Combined specific junction resistivity between Al and n™ doped (p* doped)
poly-Si and between n™ doped (p™ doped) poly-Si and ¢-Si. The junction
resistivities are extracted with the method of Eidelloth and Brendel [114].

6.3.2. Combined aluminum/polysilicon/c-Si contact resistance

The combined Al / poly-Si / ¢-Si junction resistivities for two different annealing durations
are depicted in Figure 6.3b. For the Al / n™ poly-Si / n-type ¢-Si junction resistivities the
expected dependency on the POLO junction annealing process shows up. The higher the
thermal budget, the lower the junction resistivities. This finding is consistent with the picture
of a certain break-up of the interfacial oxide upon annealing [205, 227, 240]. In general, the
junction resistance values are very low, with median values below 10 mQcm?. For the 80 min
anneal, they are even lower than 1 mQcm?. It should be mentioned, that many data points of
Al / n* poly-Si / n-type ¢-Si junction (and counterdoped structures) are not shown, because
the junction resistivity has such a small value (<<1mfcm?) that it is not possible to apply
the analysis of Eidelloth and Brendel [114]. Therefore, it can be assumed that the mean
resistivity value of n* POLO junctions for the long anneal is lower than 1 mQcm?, which is
in accordance with recently published results by Kokbudak et al. and Fong et al. [243, 283].
For the Al / p* poly-Si / p-type ¢-Si junction resistivity on samples with a junction formation
annealing of 60 min, the median junction resistivity is 0.4 mQcm?.

Since the Al / n* poly-Si contact resistivity is about two orders of magnitude smaller than
the combined resistivity, the latter attributes to the the n* poly-Si / ¢-Si junction. In case
of p* POLO junctions, it cannot be distinguished between the Al / p™ poly-Si and the p™
poly-Si / ¢-Si junction because the Al / p™ poly-Si contact resistivity and the combined
resistivity are of the same order of magnitude. The upper limit for the p* poly-Si / ¢-Si
junction resistivity is less than 1 mQcm?.
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6.4. Transport mechanism
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Figure 6.4.: Optical microscopy ((a)-(c)) and scanning electron microscopy ((d)-(f)) images of
POLO samples annealed at 1050 °C after etching TMAH. Sample N30, N80 and
P60 correspond to the cd n™, n™ and p*™ POLO samples in table 6.1. Reproduced
from [158], with the permission of AIP Publishing.

Pinhole-mediated carrier transport [205, 227] is the likeliest model for the carrier transport in
a POLO junction with an interfacial silicon oxide thicker than 2nm. Proving the existence of
pinholes, the pinhole model predicts a pinhole density between about 10° cm™ and 10° cm™
for POLO junctions with good electrical properties [205, 227]. Finding pinholes with such a
density using transmission electron microscopy is a demanding task [229, 359]. For this reason,
Tetzlaff et al. developed a large area magnification method of nanometer-sized pinholes
by using highly etch rate selective tetramethylammonium hydroxide (TMAH) etching [353,
360]. On the account of a several orders of magnitude larger silicon etch rate over silicon
oxide of the TMAH solution, TMAH etches the poly-Si layer of a POLO junction and stops
at the interfacial silicon oxide. In the presence of a pinhole in the interfacial silicon oxide
layer, TMAH underetches the silicon oxide and leaves an etch pit in the silicon substrate
underneath the pinhole. The etch pit density (EPD) as determined by optical or scanning
electron microscopy provides a direct measure of the pinhole density in the interfacial silicon
oxide [353, 360].

In order to correlate the pinhole density and the electrical properties of a POLO junction
and to examine the validity of the pinhole-mediated transport model, the selective etching
method was applied to the TLM test samples from the previous sections®. Figure 6.4 depicts
the optical and scanning electron microscopy images of three different samples. Table 6.1
summarizes the resulting EPDs and the electrical properties of two nt POLO samples with
annealing durations of 30 min and 80 min and a p™ POLO sample with an annealing duration

3A detailed discussion can be found in reference [158].
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Table 6.1.: Saturation current density, junction resistivity, etch pit density and selectivity of
POLO junctions formed at 1050 °C with a 2.1-nm thin interfacial oxide

Sample Anneal duration [min| Je ey [fA/cm?]  popory, [mQem?]  EPD [em™] Sy

cd n* 30 3 9.1 6.6 - 10° 15
nt 80 7 0.6 1.1 - 108 15.8
pt 60 <18 0.4 1.6 - 10  >15.5

of 60 min. In general, all examined samples show a considerable density of pinholes, while the
sample with the lowest thermal budget exhibits the lowest density together with the lowest
Jeopoly and highest pe por,. During a longer junction formation annealing of the n™ POLO
junction, the pinhole density increases and causes a decrease of pc po,. The higher Je popy, of
7fA/cm? for the n™ POLO sample with 80 min. annealing originates from a higher Auger
recombination® of about 3.5 fA /cm? of the stronger and deeper in-diffusion of phosphorous
underneath the interfacial oxide, which on the other hand stronger shields minority carriers
from recombining at the silicon oxide interface or within a pinhole and weakens the effect of
an enlarged pinhole density.

The found pinhole densities were used as input parameters in Wietler et al. [158] for the
pinhole model proposed by Peibst et al. [205, 363] to predict pcpoy. The modeled and
measured pc poly are in excellent agreement [158] and corroborate the conclusion that the
major carrier transport mechanism in POLO junctions with a >2nm thick interfacial silicon
oxide is indeed mediated by pinholes. Moreover, Folchert et al. studied the temperature
dependency of the junction resistivity for one of the cd nt POLO sample with 30 min
annealing duration and found excellent agreement with pinhole-mediated carrier transport
[159].

6.5. Selectivity of POLO junctions

Lastly, the selectivity of the POLO junction should be discussed. As detailed in 4.1.1,
the selectivity has been defined in several fashions and implied different techniques for the
determination of selectivity.

The definition of selectivity proposed by Brendel and Peibst has the advantage that it uses the
established methods for the determination of J. and p. and thus allows an exact determination
of both parameters. Selectivity according to Brendel and Peibst [120] can be then calculated
from J. and p. as determined for POLO contacts in the previous sections. The highest
selectivity values Spp according to Brendel and Peibst for different samples are given in table
6.1. All POLO junctions achieve values beyond 15, which is sufficiently high for Si solar cells
to ensure that the carrier extraction efficiency is almost unity.

4The recombination is calculated by using the program EDNA 2 [361, 362] for measured ECV doping
profile. The Auger contribution for the cd n* POLO sample with 30 min anneal in table 6.1 is about
0.5 fA /cm?
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6.6. Chapter summary

In this chapter, nt and p* POLO junction with an interfacial silicon oxide thickness larger
than 2nm are prepared and their electrical properties are investigated. For n™ POLO
junction after a short (30 min) junction formation anneal, a saturation current density of
2 fA /cm? and simultaneously a junction resistivity of below 10 mQcm? is determined. For n™
POLO junction with a long anneal (80min), a saturation current densities of 7fA /cm? and
simultaneously a junction resistivity of 0.6 mQcm? is found. For the p* POLO junction with
a 60 min-anneal, a saturation below 18 fA /cm? and simultaneously a junction resistivity of
0.4mQcm? is observed.

The excellent junction properties of POLO junctions were shown to result from a pinhole
density in the order of between 5 - 10°cm™ and 1 - 10%cm™ and the transport is mediated
by pinholes as predicted by Peibst et al. [205, 363]. The resulting logarithmic selectivity
according to Brendel and Peibst [120] of POLO junctions exhibits values larger than 15.
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7. Interdigitated back-contact cell with
POLO junctions

Parts of the following chapter are based on peer-reviewed papers in reference [155, 157].
The presented POLO-IBC cell builds on existing processes and ideas that have been
developed for years at ISFH for different technologies. In particular, A. Merkle has
contributed to these processes and cell development. The presented POLO-IBC cell has
been developed in the EU-project HERCULES, where A. Merkle, R. Peibst and the
author have been working together. U. Romer developed the POLO technology in his
PhD thesis at ISFH. The author has developed the inkjet process for the structuring
of the POLO-IBC cell and A. Merkle has developed or adapted all essential processes
for the fabrication of the POLO-IBC cell. The author established the cell process for
the POLO-IBC cell for the first time at ISFH and supervised the fabrication of the first
POLO-IBC cells in close collaboration with A. Merkle and R. Peibst. A. Merkle supervised
the fabrication of the 24.25% efficient cell and performed most of the measurements. The
author analyzed the cell and performed all simulations.

The samples with isolated poly-Si p™n*-junctions were designed, partially fabricated,
measured, simulated and analyzed by the author. The fabrication of the POLO-IBC cell
with parasitic poly-Si pTn™-junction was supervised and partly performed by the author.
The author measured the cells and performed the modelling.

In the following chapter, POLO junctions are integrated on the rear side of an interdigitated
back-contact cell. The formed parasitic poly-Si p*n™-junction on the rear side of the cell
and its influence on the cell performance is investigated in detail. The parasitic junction
is removed and a POLO-IBC cell with isolated p* and n™ poly-Si regions is presented and
analysed.

7.1. Fabrication process for POLO-IBC cell

Small ion-implanted and inkjet-patterned interdigitated back contact solar cells with POLO
junctions for both polarities (POLO-IBC cells) with an active cell area of 20 mmx20 mm
are processed on saw-damage etched 156 mmx 156 mm n-type Czochralski silicon wafers with
a base resistivity of 3.75Qcm and a thickness of 160 pm. In addition, full-area implanted
boron and counterdoped (boron overcompensated by phosphorus) POLO reference regions
are integrated on the wafer to facilitate process monitoring.
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Figure 7.1.: (al) Cell precursor before and (bl) after texturization yielding a trench between
the p™ and nt poly-Si regions. (a2) and (b2) show the corresponding top view
micrographs (field of view: 1200 pm x 600 pm) of the rear side of the cell precursors
(al, bl). (c) Schematic drawing of a final POLO-IBC cell with POLO junctions
for both polarities separated by a textured trench.

After growing a 2.1 nm thin thermal silicon dioxide layer on a RCA-cleaned wafer in a tube
furnace, undoped amorphous silicon (a-Si) is deposited on both sides by using LPCVD.
Hereafter, the front side of the wafer receives a full-area phosphorus implantation, followed by
masked phosphorus and and full-area boron implantations on the rear side. For the latter the
phosphorus locally overcompensates the boron and an interdigitated pattern with different
pitches between 603 pm and 1175 pm (Fig. 7.1(al) and (a2)) is formed. For the masking of
the implantations, a sputtered dielectric layer (SiOy) is patterned by inkjet-printed hotmelt
wax (Pixdro LP50 from Meyer Burger) and a subsequent wet-chemical etching in hydrofluoric
acid (HF).

After the removal of the dielectric implant mask, a high temperature treatment at 1050 °C
with a duration of 60 min is performed, in order to form the POLO junctions. During this
step, a thick silicon dioxide layer grows on top of the poly-Si during a wet thermal oxidation.
The detailed fabrication parameters for the POLO junctions are the same as in subsection
6.1. Figure 7.1 (al) shows a cross-section of the sample at this precursor stage. At this stage,
as presented in Figure 7.1 (a2), the p* and n™ poly-Si at the rear side touch each other and
form a parasitic lateral pn junction within the poly-Si.

In the next process step, the thermally grown SiO, layer is patterned via inkjet printing a
hotmelt wax mask on the rear side and subsequently etching in HF. At the same time, HF
removes the SiOs from the front side of the wafer. The remaining SiO, on the rear acts as
an etching barrier for a subsequent texturization process, which yields a textured front side
and a separation of n™ POLO BSF and p* POLO emitter regions by a textured trench of a
width of 100 pm.

After removing the SiO5 mask, the cell precursors are passivated with a silicon nitride double
layer on the front side and an aluminum oxide/silicon nitride layer stack on the rear side.
Figures 7.1(b1) and (b2) depict the precursor stage of the cell, where the parasitic pn junction
within the poly-Si is removed and the cell is passivated.

In order to create contact openings, the rear side dielectric layers are locally ablated using a
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picosecond UV laser (SUPER-RAPID from Lumera). The circular local contact openings
with a diameter of 40 pm are arranged in two interrupted lines for the p™ poly-Si region and
a single interrupted line for the n* poly-Si region. The obtained contact opening fraction
(area of contact openings referred to the respective areas of emitter and BSF) amounts to
2.5% for the emitter and 2% for the BSF region. The contact openings fraction with respect
to the total cell area is about 2.4%. After laser contact opening, an additional silicon dioxide
layer is sputtered on the front side passivation layer to improve the optics and the cell is
anneal at 360 °C on a hot plate to cure the sputter damage.

A 10 pm-thick layer of aluminium is vacuum evaporated on the rear side in an industrial
high-throughput tool from Applied Materials. The evaporated aluminium layer grows as
a compact and almost smooth layer on the planar regions (n™ POLO BSF and p™ POLO
emitter). In the textured trench region, the aluminium layer exhibits high roughness due to
self-shadowing effect of the oblique evaporation angle with respect to the pyramidal facets
[364, 365]. Then the aluminum layer is capped in the same tool with a sputtered 80 nm-thin
SiOy layer. The SiOy layer covers the smooth surfaces conformally, but cannot do the same
for the rough aluminium layer in the trench region. This fact is used in the subsequent etching
step in phosphoric acid to selectively remove the Al in the trench region, while preserving the
Al in the planar regions. The latter process is referred to as the self-aligned RISE contact
separation [366-368].

7.2. Parasitic recombination in lateral polysilicon
pn-junction

One key challenge for the integration of POLO junctions into IBC cells is the formation of
parasitic pn-junctions with poor recombination behavior within the highly defective poly-Si
[155, 193, 196, 240, 369, 370]. In the following, the current-voltage characteristic of isolated
lateral poly-Si pn-junctions and its influence on the recombination behavior of POLO-IBC
cells with and without parasitic poly-Si pn-junctions is studied.

7.2.1. Current-voltage characteristic of lateral poly-Si pn-junctions

Samples with isolated lateral poly-Si pn-junctions as shown in Figure 7.2a serve as test
structures for the four-point measurements of the current density-voltage (J-V') characteristic,
using a Karl Stiss PA 200 probe station and a Keithley 4200 analyzer.

The sample preparation is briefly as follows. Intrinsic a-Si is deposited on top of a 100 nm
thick silicon dioxide, which acts as dielectric isolation layer against the Si substrate. Full-area
boron (dose: 2 x 10! ¢cm™) implantation and counterdoping with masked phosphorous (dose:
5 x 10" ecm™) implantation, wet oxidation and junction formation at 1050 °C for 60 min is
performed. The thermally grown SiOs is removed in HF. A full area deposited aluminum
layer forms the electrical contact with the poly-Si. It is patterned by means of inkjet printing
an etch barrier and wet chemically etching the aluminum.

!Details on the estimation of the diffusion profiles and the field strength are found in appendix A.1.1.
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Figure 7.2.: (a) Schematic cross-section of the sample to measure the J-V characteristic of
the isolated poly-Si pn-junctions. (b) Estimated lateral boron (green line) and
phosphorus (red line) dopant distribution at the poly-Si pn-junction and the

resulting electric field strength (black line) in equilibrium!.

In order to obtain the the current density from the measurement of the current-voltage
characteristic, it is essential to know the relevant area for the scaling. In the case of the
samples with the isolated pn-junctions, the cross-sectional area of the pn-junction is of interest.
In the following a pn-junction cross-section area of 8.7 - 107%cm? is used as calculated from
the product of the length of the pn-junction of 5.8 mm and its height of approximately 150 nm.
The height corresponds to the p™ poly-Si thickness after oxidation. This makes sense because
the poly-Si thickness is determined by the oxidation prior to the high temperature annealing
at 1050°C. At this stage, the thickness of the p* and n* poly-Si amounts to 150 nm and
110 nm, respectively. During the junction formation at 1050 °C, phosphorus diffuses several
micrometer from the n* region into the boron-doped p™ region and forms an interdiffused
pn-junction within the 150 nm-thick poly-Si layer.

Figure 7.2b illustrates the estimated lateral diffusion profiles of phosphorus and boron at
the poly-Si pn-junction, which shape the properties of the junction. The center of the
depletion region at x; = 0 lies approximately 16 pm away from the n* doped poly-Si region
with constant phosphorus concentration and supports the assumption that x; = 0 is within
the 150 nm-thick poly-Si layer. The net charge density close to z; = 0 in equilibrium can
be approximated by a linear relationship p(z;) = Np — Na = a - x; and the interdiffused
lateral pn-junction is denoted as a linearly graded junction with impurity gradient a. The
impurity gradient for the diffusion profile in figure 7.2b amounts to 3.1 - 10?2 cm™. When
analyzing the electrostatics of the linearly graded junction by solving Poisson’s equation
2.14 within the depletion approximation [61], one obtains the width of the depletion or
space-charge region (SCR) W, of about 130nm and the electric field strength distribution
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as shown in figure 7.2b. At this conditions, the maximum field strength in the depletion
region at zero-bias of about 0.1 MV /cm is rather small to enable field-enhanced tunneling,
but field-enhanced Shockley-Read-Hall (SRH) recombination is already significant [371, 372].
Thus, Shockley-Read-Hall recombination dominates the J-V characteristic of the lateral
pn-junction in this thesis and the J-V' characteristic obeys equation 7.1.
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Figure 7.3.: (a) Current-voltage characteristic and (b) diode ideality factor of the isolated
lateral poly-Si pn-junction test structure as shown in Figure 7.2a. A two-diode
model (blue solid line) with variable ideality factors and a series resistance fits the
experimental data (red circles). The diode characteristic without series resistance
(black dotted line) is derived from the diode model with series resistance by
setting it to zero.

Figure 7.3a illustrates the measured J-V characteristic of the lateral poly-Si pn-junction,
which exhibits an exponential voltage-dependency with a local ideality factor m close to 2
and saturates at high voltages due to series resistance. A high ideality factor is consistent
with defect-mediated space charge region recombination [85, 86, 88-90, 371-373|, which in
its simplest form can be approximated at forward bias condition with V' >> #8T a5 follows?.

qniWy < qV
JSCR: T ex

2T T 2k BT)
n;, Wp and 7, are the intrinsic carrier concentration, the width of the SCR at V = 0 and the
charge carrier lifetime within the SCR. Equation 7.1 corresponds to a single diode model

(7.1)

2Note that this approximation is not accurate, because it assumes a voltage-independent SCR width,
which assures a constant pre-exponential factor and ideality factor. However, this model is frequently used in
textbooks due to its simple form.
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without series resistance, where the pre-exponential factor is the saturation current density.
The simple single diode model allows only a rough analysis of the experimental data in a
narrow range of moderate voltages. As shown in figure 7.3b, the reason for that is obviously
the ideality factor-voltage (m-V') characteristic of the diode, which is injection-dependent
rather than constant and smaller than two. The ideality factor rises from m < 1 at low
voltages (V < kBTT) to a maximum of 1.93 at a voltage between 200 mVand 300 mV. Then
it decreases again until above 500 mV series resistance starts to play a significant role and
causes the ideality factors to rise steeply. The m-V characteristic is consistent with more
sophisticated models [86-89, 374] and numerical solution [85, 90].

For the sake of simplicity?, a single diode model following equation 7.1 is used to fit the
J-V data in Figure 7.3a in the voltage range between 200 mV and 500 mV and to roughly
estimate the order of magnitude of the charge carrier recombination lifetime 7, within the
poly-Si pn-junction. The diode fit yields a pre-exponential factor of 2.56 x 10~* A /em? and
predicts a charge carrier lifetime 7, of about 40 ps for Wy, =130nm and n; = 1 - 10*° cm™.
The lifetime is in good agreement with reported values by Dutoit and Sollberger [375], by
Peibst et al. [376] and by Hollemann et al. [377], and induces a strong recombination within
the parasitic lateral pn-junction.

To investigate the influence of the recombination within the parasitic poly-Si junction on
the overall performance of the POLO-IBC cell by means of equivalent circuit modelling
in the following subsection, a two-diode equivalent circuit model with an additional series
resistance (red part of the circuit in figure 7.4) is used to obtain an equivalent circuit
model representation of the parasitic junction. The diode model incorporates the correct
voltage-dependence of the ideality factor by using the series resistance Rg para, the individual
ideality factors mp; and mps of the two diodes and the corresponding saturation current
densities Jpo; and Jpgq as free parameters to fit the J-V and m-V characteristics. The
blue solid lines in figure 7.3 depict the J-V and m-V characteristic of the two-diode model
calculation with Jpg;=2 - 107° A/em?, Jp2=2.23 - 107* A/cm?, mp1=1.607, mps=2.089
and g para=1.42 - 10~* Qcm?. The modelled data in blue coincides with the experimental
data in red and the deviation of the current densities (ideality factors) at each voltage point
above 100mV is below 1.5% (1%).

While the combination of the two diodes represent the recombination of the parasitic junction,
the series resistance originates most likely from lateral transport in the poly-Si layer between
the metal pad and the pn-junction? and therefore is specific for the test structure rather than
the parasitic pn-junction. The resistance-corrected two-diode model is illustrated as black
dotted line in figure 7.3.

3In appendix A.1.2 a more sophisticated device simulator is used to confirm the simplified procedure.

4The absolute value of the series resistance of 1.42 - 10~% Qem? results from scaling the current to the
area of the pn-junction. Before scaling, the resistance amounts to 16 {2, which is about the same as the
estimated resistance for the lateral transport.
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7.2.2. Recombination behavior of POLO-IBC cells with and without
parasitic poly-Si pn-junctions

In the following, the J-V and m-V characteristics of a POLO-IBC cell with a parasitic poly-Si
pn-junction (pn cell) is compared with a POLO-IBC cell, where p™ and n™ poly-Si regions
were separated by means of a wet-chemical removal of the parasitic pn-junction (trench cell).
Both cell fabrication processes follow subsection 7.1, but for the former the patterning of
the thermally grown SiOs for the trench separation is omitted in order to keep the parasitic
junction. Furthermore, inkjet printing and wet-chemical etching is used for the contact
opening and the metal contact separation of the cell with parasitic junction instead of laser
contact opening and RISE contact separation as for the trench cell. Nevertheless, both cell
types are similar except for the parasitic junction and the appearing differences in J-V and
m-V characteristics mainly reflect the influence of the latter. The the Jsc-Voc characteristic
and the J-V characteristic in dark conditions and under AM1.5G illumination are measured
with the solar cell analysis system LOANA from pv-tools GmbH.

Parasitic junction Solar cell

... o
Spo’ JP1 I?SI vara JD1 JD2 R S
| [JRsw |V
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Figure 7.4.: Equivalent circuit model of a solar cell with a parasitic junction. A two-diode
model with diodes D1 and D2, a series resistance Rg, a shunt resistance Rgy
and a photo-generating current source (Jpy) represents the solar cell without
the parasitic junction (black circuit model). The isolated parasitic junction
consists of two parallel diodes P1 and P2 with a resistance Rg para in series (red
circuit). The model for a solar cell with parasitic junction is found by parallel
interconnection of the model without parasitic junction with the isolated parasitic
junction. This is indicated by red dotted lines between both sub-circuits.

Figure 7.4 shows an equivalent circuit model of such a solar cell with a parasitic poly-Si
pn-junction. The parasitic pn-junction, represented by a two-diode model with a series
resistance (red circuit in figure 7.4), adds to a two-diode model of the solar cell without
parasitic junction (black circuit in figure 7.4) in a parallel connection [240]. As evident from
the model, the parasitic junction increases the dark current of the solar cell, modifies the
ideality factor and diminishes the cell performance.

Figure 7.5 compares the dark J-V characteristic and the m-V characteristic of the Jsc-Voc
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measurement® of the cell with and without parasitic junction. As expected, the dark current
density of the cell with parasitic junction is by more than one order of magnitude higher than
for the trench cell. The local ideality factor of the cell with a parasitic junction at low voltages
is larger than 2 due to a rather low shunt resistance of 40 kQcm? and drops to about 1.75 at
450 mV, where it matches the local ideality factor of the trench cell. Above that voltage, the
ideality of the trench cell decreases steadily until it reaches 1 at 720 mV.The ideality of the
cell with parasitic junction remains around 1.7 and then increases again for voltages above
550mV. This trend of the m-V characteristic of the cell with parasitic junction above 400 mV
resembles the m-V characteristic as already observed for the isolated parasitic junction with
a finite R para (Fig. 7.3b).
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Figure 7.5.: (a) Dark current-voltage characteristic of the cell with and without parasitic
junction. (b) Local ideality factor of the cells in (a) calculated from the Jsc-Voc
characteristic, which is free of series resistance effects in contrast to the dark
J-V in (a). A two-diode model (blue solid line) with variable ideality factors and
a series resistance fits the experimental data (red circles). The calculated m-V
characteristic of the cell with parasitic junction (solid lines in (b)) is derived
from the same diode model as in (a), but with Rs = 0 and Rs para = 0Qcm?,
0.3 Qcm? and 2 Qem?.

Beside the qualitative discussion of the cell’s characteristic, the equivalent circuit model in
figure 7.4 is suited to predict the J-V and m-V characteristic of the cell with a parasitic
junction, when the characteristic of the trench cell and that of the isolated parasitic junction

5Jsc-Voc characteristic blinds out the series resistance effects of the cell as compared to the dark J-V.
Therefore, m-V characteristic reflects the recombination behaviour of the cell — even at large voltages, where
otherwise the series resistance dominates.
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are known. The model parameters of the isolated parasitic junction were determined in the
previous subsection and the model parameter of the trench cell are calculated by fitting a
two-diode model to the dark J-V of the trench cell as shown in figure 7.5a. The the fit yields
the following model parameters: Jp ;=28 fA/cm? with mp; = 1, Jpge=2.8nA/cm? with
mpa = 2, Rg=0.4 Qcm? and Rgp=700kQcm?. As the series resistance and shunt resistance
differ for the trench cell and the cell with parasitic junction, the values as found for the
cell with parasitic junction of Ry =0.6 Qcm? and Rgy=40kQcm? are used for the equivalent
circuit model calculation.

The contributions of the black and red sub-circuits to the superposed model in figure 7.4 is
obtained by weighting the parameters of each sub-circuit with their area fractions. The area
fraction of the trench cell remains 1, because it is assumed that both cells exhibit the same
characteristic if the parasitic junction is removed. The areal fraction £pp of the parasitic
junction with respect to the cell area Ay is obtained as

App _ Lpp * dpp

pu— pum . 2
gPD Acell Acell 7 ( ‘ )

where the area of the parasitic junction App is deduced from the length Lpp and the height
dpp of the junction. The pn meander length density % of the parasitic pn-junction of the cell
from figure 7.5a is calculated to 20.4 cmy,/cm?cen from the geometry of the applied mask for
ion implantation. As discussed above for the isolated pn-junction, the height of the junction
dpp corresponds to the thickness of the p™ poly-Si layer of 150 nm. Therefore, the areal fraction
for the parasitic junction amounts to 3.06 - 10~% and the diode parameter for the parasitic
junction become &pp + Jpg1=6.12nA /cm? with mp; = 1.607 and &pp * Jp2=68.3nA /cm?
with mpy = 2.089. The series resistance Rgpara is adjusted to the experimental data. The
calculated and experimental m-V characteristic in figure 7.5b gives only a good agreement,
if Rs para ~0.2-0.3 Qcm? (blue solid line). For other values of Rg par. (black and green solid
line), calculated and experimental m-V characteristic deviate significantly at high voltages.
A resistance value of about 0.2Qcm? coincides with a conservative estimate of the sum of
resistances for lateral electron and hole transport® to the parasitic pn-junction of 0.0892cm?
and 0.095Qcm?, respectively. Therefore, it can be concluded that Rg par. originates from
lateral transport.

Finally, the dark J-V characteristic of a cell with parasitic junction is calculated by using
the equivalent circuit model with the given model parameter from above. Figure 7.5a reveals
a remarkably good agreement of the calculated J-V characteristic and the experimentally
determined dark J-V characteristic for a cell with a parasitic junction. The relative deviation
of the current densities at each voltage point is below 20%. The fact that the addition of a
parasitic junction to a trench cell replicates the cell with a parasitic junction, indicates that
any difference in performance between both cells originates from the parasitic junction. Table
7.1 summarizes the modeled and measured performance metrics for both cell types. The
modeled performance metrics for the trench cell only moderately reproduce the experimental
ones, which is associated with the moderately well fitted diode model due to a non-ideal
recombination behavior of the trench cell (see figure 7.5a). The source of this non-ideality

6The resistances were calculated according to Wyeth [378].
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is discussed in section 7.3. The model 2 for the cell with parasitic junction, on the other
hand, achieves a better agreement with the experimental data, especially with FF and pFF.
A less optimal anti-reflection coating of the cell with parasitic junction leads to a lower Js¢
as compared with the trench cell.

A comparison of model 1 and model 3 with the same Js¢ indicates that adding a parasitic
junction with an area fraction of 3 - 1074 szpn /em?cqp to a trench cell leads to a performance
loss of about 70 mV in Vo, 10%.ps in FF and 5%,y in efficiency. However, the performance
improves significantly upon a reduction of the area fraction by a factor of ten in model 4 and
a cell with an efficiency of about 23% is predicted. Such a reduction of the area fraction can
either be implemented by reducing the poly-Si layer thickness or by using an interrupted
trench as has been patented by SunPower Corp. [192, 193]. If the area fraction of the
parasitic junction is optimized such that the parasitic effect of the junction on the forward
characteristic is minimized, then the implementation of the parasitic junction can even be
beneficial. The reverse breakdown characteristic of the junction equips the cell with an
integrated bypass diode [379]. The poly-Si pn-junction discussed in subsection 7.2.1 exhibits
a breakdown voltage of about 5.5V (see appendix A.1.3).

Table 7.1.: Performance metrics of modeled and measured cells with and without parasitic
junction. Model 1 is the black two-diode model from figure 7.4. Model 2, 3 and
4 represent the superposed model (red and black circuit) from figure 7.4 with
different input parameters.

Jsc [mA/em?] Voo [mV] FF [%] pFF [%)] n [%]

trench exper.® | 41.57 +£0.79 727.1 + 2.5 80.23 + 0.52 - 24.25 + 0.49
model 1 41.57 718 82.9 84.3 24.5
exper.? 39.44 634 72.8 75.6 18.2
parasitic | model 2° 39.44 648 72.0 75.1 18.4
junction | model 39 41.57 650 73.0 75.2 19.7
model 4¢ 41.57 706 78.6 80.1 23.1

a Certified measurement at Fraunhofer ISE CalLab.

b In-house measurement with LOANA cell tester.

¢ Jsc, Rs and Rgy of cell with parasitic junction assumed.

d Jsc, Rg and Rgy of trench cell assumed.

€ Parameters as for model 3, but with a ten times smaller area fraction £épp = 3 - 1075 of parasitic junction.

7.3. Performance of POLO-IBC cell

In order to access the full potential of a POLO-IBC cell, a complete removal of the parasitic
poly-Si pn-junction is performed. Figure 7.6 shows the certified current (power) density-voltage
characteristic J-V (P-V'), the quantum efficiency and reflectance data of an ion-implanted,
photolithography-free POLO-IBC cell with trench separation’. For the AM 1.5G reference
spectrum, the POLO-IBC cell generates a maximum power density of 24.25 mW /cm? with a

"Cell results for this cell architecture were for the first time presented at the 6" International Conference
on Silicon Photovoltaics, Chambery, France in 2016 [155].
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short-circuit current density Jsc of 41.57mA /em?, an open-circuit voltage Voc of 727.1mV
and a fill factor FF of 80.23%.

In the following, the optical and recombination properties of the POLO-IBC cell are discussed
and input parameters for a device simulation are determined. The device simulation of the
cell forms the basis to examine the influence of recombination and junction resistance of the
POLO junction on the cell performance.

7.3.1. Optics

The measured Jgc is consistent with the predicted photo-generated current density of
41.57mA /em? from an area-weighted average of the Sunrays simulation for the boron-doped,
phosphorus-doped and trench cell regions. Figure 7.6a depicts the averaged reflectance from
the simulation, which provides a good framework to discuss optical losses. The deviation
between simulation and experiment at short and long wavelengths arises most likely from the
uncertainty in the input parameters for the used materials.

The double layer anti-reflection coating on the front side of the cell provides a low reflectance
of the cell between 300 nm and 1000 nm (figure 7.6a) and the current loss due to front side
reflection amounts to 0.42mA /cm? from the simulation. In addition to that, the 12 nm-thick
SiNy passivation layer absorbs 0.24 mA /cm? of the incoming light. At wavelengths above
1000 nm, the properties of the optics of the rear side of the cell show up. Parasitic absorption
within the poly-Si and aluminum cause a loss of about 0.96mA/cm? and 0.43 mA /cm?,
respectively. The loss due to transmission in the trench region amounts to 0.63 mA /cm?.
The largest loss of 2.06 mA /cm? originates from the escape reflectance due to a finite ab-
sorption path length of a non-perfect light trapping scheme. A comparison of a raytracing
simulations of the cell with a perfect planar versus textured rear side — as the reference for
an improved trapping scheme — reveals that about 0.8 mA /cm? are lost due to the planer
rear side of the cell.

It can be speculated that the optical properties of the POLO-IBC cell from figure 7.6a
are similar to the 25% efficient cell of SunPower Corp. with a thickness of 145 pm [380],
which exhibits a Jso of 41.53mA /cm?. In contrast to that, Kaneka Corp. has reported a
short-circuit current density of 42.3mA /cm? for a 165 um-thick cell with an efficiency of
26.3%. The Jgc of the latter is the same as for the simulated POLO-IBC cell with a perfect
planar rear side (table A.2) and it can be speculated that Kaneka’s cell implements a textured
rear side to enhance the absorption path length. Thus, enhancing the absorption path length
with a textured rear side for the POLO-IBC cell, halving the thickness of the poly-Si layers
and of the passivating front SiNy layer, and optimizing the dielectric layer thickness on the
rear side would boost the Jsc by more than 1 mA /cm?. Alternatively, a thicker c-Si wafer
can be used, which allows approximately the same Jsc improvement [156, 381].

After correcting the external quantum efficiency with the measured reflectance and the
simulated parasitic absorption in the anti-reflection coating [382], the internal quantum
efficiency reflects the carrier collection efficiency of the cell. The POLO-IBC cell collects the
photo-generated carriers with a collection efficiency of almost unity over the entire wavelength

8Details can be found in appendix A.2.1.
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Figure 7.6.: (a) Reflectance R, external quantum efficiency EQE and internal quantum
efficiency IQE and (b) certified current-voltage and power-voltage measurements
of a 24.25% efficient POLO-IBC cell. The internal quantum efficiency is obtained
by dividing the EQE by 1—R— Apara sim, Where Apara sim is the parasitic absorption
in the anti-reflection coating®.

range and highlights the high quality of the cell.

7.3.2. Recombination

A low recombination rate in the bulk and at the surfaces of the cell provides the high V¢
of the POLO-IBC cell. On symmetric reference samples with a resistivity of 3.75Qcm, a
saturation current density Jy,+ of 3fA/cm? and Jy,+ of 4fA/cm? for the n* and p* POLO
contacts, Jogons of 15fA/cm? for the front side passivation and Jgear of 6 fA/cm? for the
trench passivation on the rear side is found. The SRH bulk lifetime® of the boron-doped p*
(counterdoped n™) POLO reference sample amounts to 2ms (10ms) and of the phosphorous-
doped n™ POLO sample to more than 100 ms. This strong improvement of the SRH bulk
lifetime for samples with phosphorous-containing POLO junctions is consistent with an
impurity gettering effect during the junction formation annealing as reported by Kriigener et
al. [266]. Since the precursor of the cell contains each of the differently doped poly-Si layers
during the gettering process, it is impossible to predict the correct SRH bulk lifetime from
the reference samples for the final cell.

At cell level, the Jsc-Voo characteristic of the cell contains information about the recombina-
tion behavior of the cell and can be used to calculate the effective minority carrier lifetime

9The intrinsic lifetime, which takes only radiative and Auger-recombination into account, amounts to
120 ms.
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Figure 7.7.: (a) Measured and modeled effective minority carrier lifetime and (b) corrected
inverse lifetime calculated from Jgo-Vpoc characteristic of a 24.25% efficient
POLO-IBC cell.

vs. excess carrier density curve [102, 383] under the assumption of homogeneous carrier
distribution and steady-state conditions [384, eq. 7 and 9 under steady-state conditions].
The Jsc-Voc characteristic was measured using the solar cell analysis tool LOANA from
pvtools with an infrared light emitting diode (LED) array with an emission wavelength of
850nm. The expected photogeneration is as homogeneous as for a photo-conductace decay
measurement with an infrared filter (cutoff at 750 nm).

Figure 7.7a (blue circles) shows the effective minority carrier lifetime of the POLO-IBC
cell, which first increases with decreasing excess carrier density and then decreases again.
By fitting a modeled effective lifetime curve (red solid line) to the experimental data, the
effective lifetime can be decomposed in Auger- and radiative recombination (black dashed
line), surface recombination (blue dashed line) and constant SRH bulk recombination (grey
dashed line). The SRH bulk lifetime 7, and the total surface saturation current density
Jos total are then obtained from the model. It is evident from figure 7.7a, that the model can
only match the experimental lifetime curve if a parallel non-ideal diode recombination path
with ideality larger than unity is added (green dashed line). Thus, the model for the effective
carrier lifetime contains four free parameters: the SRH bulk lifetime 7., the total surface
recombination current density Jys tota1 and the ideality factor m,e. and saturation current
density Jyrec 0f the non-ideal diode recombination.

In order to minimize the number of adjustable parameters for the modeled effective lifetime,
the total surface recombination current density Jog totar is determined to 9fA/ cm? in figure
7.7b according to Kane and Swanson [101] from the experimental lifetime data in figure 7.7a,
which is obtained from Js¢-Voc measurements. However, the total area-weighted surface
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recombination current density calculated from the PCD measurement of the reference samples
amounts to 19 fA /cm?. This difference is most likely due to the fact that the front surface
reference with 15fA /cm? does not reflect the situation in the final cell. If the total surface
recombination current density of 9fA/cm? as determined from figure 7.7b is correct and
the area-weighted saturation current densities from the reference samples of the rear side
of the cell are subtracted from the former, then it can be speculated that the front surface
recombination current density Jy front is restricted to values below 5fA/ cm?, which is a typical
value for SiNy double layer passivations measured on similar wafer material in other batches.
If the model parameters of the lifetime model are adjusted to m,=10ms, Jog tota=9 A/ cm?,
Myee=1.7 and Jyec=0.4nA/ cm?, the modeled effective lifetime in figure 7.7b matches the
experimental lifetime within £5% at each data point. At an implied maximum power
point voltage of 636 mV, which corresponds to an excess carrier density of about 1.5 x 10
cm™, the recombination consists of 7% Auger and radiative recombination, 20% SRH bulk
recombination, 27% surface recombination and 46% non-ideal diode recombination.

The strong non-ideal recombination along with the series resistance limit the fill factor to
80.23% for the POLO-IBC cell.

7.4. Device simulation of a POLO-IBC cell

In order to break down the loss channels of the POLO-IBC cell and to use an appropriate base-
line device model for the subsequent series resistance analysis, the Quokka2-implementation
[385, 386] of the Conductive Boundary model [387] and the following input parameters
from the previous subsection or reference samples are used: Jy,+=4fA/cm?, Jy,+=3fA/cm?,
Jo pront=5 fAJem?, o trench =06 fA /cm?, Ty, =10 ms, specific wafer resistance ppu=3.75 Qcm,
sheet resistance Rapeet n+ =118 /0 and Rgpeer p+ =239 /0 of the 188 pm-wide n* and 552 pm-
wide p™ poly-Si layer, a unit cell width (pitch) of 952 pm perpendicular to the finger and a
trench width of 106 pm. The geometry of the respective contact openings was described in
subsection 6.1. The non-contacted and contacted poly-Si regions exhibit the same passivation
properties. The generation profile is derived from an analytic model [388] fitted to the
measured reflection in figure 7.6a. Since the parasitic absorption at the front side of the
cell is neglected during the fitting procedure, it is expected that the photogeneration is
slightly overestimated. The external circuit of the simulation adds a shunt resistance Rsy
of 10 MQcm? and an external recombination diode with an ideality factor mye. of 1.7 and a
saturation current density Jjec=0.4nA/ cm?.

7.4.1. Recombination behavior

Figure 7.8a depicts the measured Jso-Voc characteristics and the characteristic of the simu-
lated cell with (red solid line) and without (green solid line) the external recombination diode.
The simulated cell with external diode matches the measured characteristic within a maximum
deviation of 12% at each data point and underlines the necessity of the recombination path
with higher ideality to fit the measurement.

Since the LOANA system measures the Jsc with a flash lamp rather under a AM1.5G

92 Interdigitated back-contact cell with POLO junctions



7.4. DEVICE SIMULATION OF A POLO-IBC CELL

~JNLELJL N BN L BN B L B L ‘, 20 LI LI L B L N B B B L B B B B 4:

2 L e oy =42.2mAlcm? 4 1

b E fc‘1 =730 mV @ 1cm? POLO-IBC cell]

- - oc 1 8 — ' -

E 4103 [ PFF =833% Quokka E T r @ 4cm? POLO-IBC cell

<, E P =25.7% Suns-Voc 3 [ @_0 ]

= 104 L JeoV, simulation u‘i 1.6 | dome Quokka

5 POLO-EC wextdosed £ [ riselsc simulation

o - . w/o ext. diode o E w/ext. 1

£ 409 cel 2 141 diode ]

) _E _ 2 (0] [ ]

E F Jg 15 =41.9 mAlcm S - 1
= - 4 ’ O

&} - Voo =733 (739)mV [a) B .

106 |, 1.2 | —

g pFF =83.5(84.9) % [ N

N pn =25.6(26.3)% - 4

10—? [ Al I AT AT EN A A A AN A A AN A A A 1 O -I 1 [ | 1

300 400 500 600 700 800 400 500 600 700
Voltage [mV] Voltage [mV]

(a) (b)

Figure 7.8.: (a) Current-voltage characteristic and (b) local ideality factor of a Quokka
simulated cell with (red solid line) and without an external diode (green solid
line) and of the analysed 24.25% efficient POLO-IBC cell (blue circles). For
comparison, (b) shows the m-V characteristic of a 4 cm? RISE-IBC cell with
an efficiency 23.7% (red circles) and of a 1cm? POLO-IBC bottom cell with a
floating nt POLO front contact (grey circles) as discussed in section 8.
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spectrum, the Jgc is determined from a reference cell, which has to be calibrated to a similar
cell as the measured one. In the case of the measurement in figure 7.8a, no calibrated
measurement of a POLO-IBC cell was available and the reference cell was calibrated to the
RISE-IBC cell published in reference [389], which has distinctly different properties compared
to the POLO-IBC cell. Therefore, the Jsc of the POLO-IBC cell is strongly overestimated.
The correct Jsc of the cell of 41.57mA /em? is by about 0.3 mA /cm? lower than the simulated
one, which results from the overestimation of the photogeneration profile in the simulation by
neglecting the parasitic front side absorption of approximately 0.3mA /cm?. The simulated
Voc of 733mV, the pseudo fill factor pFF of 83.5% and the pseudo efficiency pn of 25.6% are
in accordance with the measured V¢ of 730mV, pFF of 83.3% and pn of 25.7%. The ideality
factor of the simulated (red solid line) cell follows that of the measured cell (blue circles) in
figure 7.8b. This reflects the good agreement of Jsc-Voc characteristics and validates the
model.

If the external recombination diode is turned off, then the simulated Jso-Voc characteristic
deviates significantly from the experimental one, the ideality factor (green solid line in figure
7.8a) decreases from 1.3 to 1.1 at maximum power point voltage Vi, and the simulation
predicts a gain in Voc and pFF of 6 mV and 1.4%.y,, respectively. The corresponding pn of
26.3% can be considered as a projection for a POLO-IBC cell, where the recombination with
higher ideality can be suppressed.

The origin of the non-ideal recombination of the external diode is hard to pinpoint because
several sources can be responsible for it. The small cell size of 4 cm? and the cleaved edge
can act as a resistance-limited recombination mechanism and induce the poor recombination
behavior [90, 390, 391]. A 4cm? RISE-IBC cell without poly-Si junctions [389] (red circles)
and a 1cm? POLO-IBC cell with a n™ POLO front surface field (grey circles) should show
similar non-ideal recombination behavior as the 4 cm? POLO-IBC cell, if edge recombination
is important. However, the idealities of the 4 cm? RISE-IBC and 1 cm? POLO-IBC cell follow
that of the simulated cell without the external diode. This suggests that edge recombination
is not the dominating recombination mechanism at voltages around 600 mV and above. In
the case of the 4 cm? POLO-IBC cell, an incompletely removed parasitic poly-Si pn-junction
could also be the origin of the different behavior. With a significant areal fraction, e.g.
several percent of the initial areal density, the parasitic junction would increase the ideality
factor and reduce the performance. Indeed, the reverse dark J-V characteristic of a cell
processed on the same wafer indicates a breakdown around 5.5V, but the current density
is limited by a high resistance. From the reverse characteristic, an areal density of up to
5 x 1075 or 2% of the initial areal density of the parasitic junction can be estimated, which is
sufficient to significantly reduce the pFF. Lastly, the surface passivation at the front side,
which is in high level injection around 600 mV, can provide a pathway for the non-ideal
recombination behavior. Since the SiO, for the anti-reflection coating was sputtered onto
the front surface passivation and the observed detrimental damage of the passivation was
cured during an annealing at 360 °C, the front surface passivation is a good candidate for
the non-ideal recombination behavior. Indeed, a degradation of the pFF and subsequent
regeneration upon moderate annealing of the final cell was observed and can be an indication
for the degradation and re-passivation of such a surface.
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Finally, it is concluded that the external diode recombination originates from a non-optimized
cell process, which is hard to pinpoint. An improved ideality for the 1 cm? POLO-IBC cell,
which is close to the ideality of the simulated cell without external diode recombination, is
demonstrated in figure 7.8b. This cell has an n™ POLO passivating contact on the front side
instead of a dielectric passivation layer stack and the trench width is slightly increase to
ensure a complete removal of the parasitic junction.

7.4.2. Series resistance

The total series resistance of the cell Ry is composed of contributions from the transport
within the metal grid Rgmet., from the lateral current flow within the poly-Si layers Rg o1y,
the current flow within the base Rgpase, from the POLO junction Rgjoly/c-si at the poly-
Si/c-Si interface and the Al/poly-Si contact Rs a Jpoly-si- The series resistance is analytically
described as the sum of these contributions.

Since the POLO junction resistivity cannot be taken into account directly in Quokka 2'°, the
POLO junctions are represented by their recombination current densities at an imaginary
poly-Si/c-Si interface and by a combined contact resistivity p. within the contacted area.
The combined junction resistivity is defined as the area weighted superposition of the contact
resistivity at the Al/poly-Si interface and the junction resistivity at the poly-Si/c-Si interface,
which is attributed to the Al/poly-Si interface.

Pe = Pe,Al/poly-Si T W " Pe,poly-Si/c-Si (7.3)
poly-Si/c-Si

pe represents the combined junction resistivity, pe ai/poly-si the contact resistivity of the
Al/poly-Si contact, pe, poly-si/e-si the junction resistivity of the poly-Si/c-Si junction and
Aprjpory-si and Apgly-si/e-si the respective contact areas of both junctions.
For the definition of the combined junction resistivity, an infinite conductivity of the poly-Si
layer is assumed, so that the area Apoy-si/c-si is independent of any transfer length and no
current crowding effects occur beneath the Al/poly-Si contact. This assumption can be
relaxed by introducing a transfer area Ar oly.si/c-si into 7.3, similar to the transfer length
of TLM measurements. Equation 7.3 is therefore a lower limit for the combined junction
resistivity. In contrast to that, if the lateral conductivity of the poly-Si layer tends to zero,
then no lateral current flows through the poly-Si layer and Apory-si/c-si = Aal/poly-si i equation
7.3. The sum of pc al/poly-si and pe, poly-si/e-si is the upper limit for the junction resistivity.
Both limits are used for the Quokka simulations.
This simplification enables one to include the contact resistivity of the Al/poly-Si interface
and the junction resistivity of the poly-Si/c-Si interface into the Quokka model, which already
considers the other series resistance terms Rg poly and Fg pase- The series resistance from the
metal grid Rg met is calculated analytically [392] to about 20 mQcm? for the 20 mmx 20 mm
cell with an aluminum thickness of 10 pm and is taken into account as an external series

1Tn Quokka 2, a single contact interface is defined via a conductive boundary with a saturation current
density, a contact resistivity and sheet resistance. For the POLO-IBC cell, one needs two interfaces, the
poly-Si/c-Si and the Al/poly-Si interface, for an exact representation.
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resistance in the simulation.

The series resistance is simulated as double level light series resistance [393] as implemented
in a Quokka series resistance curve simulation and the J-V data is extracted from illuminated
J-V simulations.

To calculate the combined junction resistivity for the pt POLO contact, the median values of
the measured resistivities in section 6.3 of pe, a1/poly-5i=0.9 mQem? and pe poly-si/e-si=0.4 mQem?
AAl/poly-si

for the 60 min annealing process and the area fraction of the laser contact opening o es
poly-Si/c-Si

of 2.5% are used. The resulting lower and upper limit according to equation 7.3 for the
pT POLO contact amounts to 0.91 mQcm? and 1.3mQcm? and is set to 1 mQcm? in the
simulation. For the n* POLO contact, only measurements for the junction formation anneal
with 30 min and 80 min were performed and it can be assumed that the value for junction
resistivity of the poly-Si/c-Si contact for an anneal with a duration of 60 min is between
the mean values of 1.3 mQcm? and 8 mQcm? for the process with a duration of 80 min and
30 min, respectively. The lower and upper limits for the combined junction resistivity of the
n* POLO contact amount to 0.04 mQem? and 8 mQcm?.

When the combined junction resistivity for the n™ POLO contact is varied between the lower
and upper boundary in the Rg-curve simulation, then the simulated POLO-IBC cell exhibits
a series resistance between 0.26 Qcm? and 1.26 Qcm?. For a combined junction resistivity
of 1.2mQcm? for the nt POLO contact, the simulated series resistance coincides with the
experimental series resistance of 0.4 Qcm? and confirms the low junction resistivity of POLO
junctions on cell level. The corresponding simulated light J-V' characteristic matches the
LOANA-measured characteristic (figure 7.9a), except that the Jsc from LOANA measurement
is overestimated. Since the Vo and the fill factor FF of the cell are functions of the logarithm
of the illumination level [91], the slightly higher Js¢ leaves Voc and FF mostly unaffected.
As already observed for the Jsc-Voc charateristic in figure 7.8a, Voc and FF of the simulated
cell are by about 5mV and 0.3% higher than in the measurement. This indicates that the
recombination behavior in the model does not perfectly reflect the experimental situation.
However, the simulated cell is still a good approximation of the experimental cell within the
typical measurement error and provides an insight into the loss mechanisms in the cell.

7.4.3. Practical efficiency limit of POLO-IBC cells — a free energy loss
analysis

The developed Quokka model provides access to the breakdown of loss channels within the
24.25%-efficient POLO-IBC cell by means of the free energy loss analysis [394]. The loss
analysis of the simulated POLO-IBC cell in figure 7.9b reveals that the cell is limited by the
resistance loss in the wafer and poly-Si layers, followed by bulk recombination, recombination

HThe in-house measured illuminated J-V, which is used here for comparison with simulations, is ac-
companied by the full set of J-V characteristics: dark J-V, Jsc-Voc, series resistance from double level
light method [393]. This set of J-V characteristics was used throughout this chapter to obtain the input
parameters for the simulations. Therefore, it makes sense to compare the simulation with the in-house
measurement. However, for an absolute performance comparison, the certified J-V measurement with an
efficiency of 24.25% should be referred to.

96 Interdigitated back-contact cell with POLO junctions



7.5. CHAPTER SUMMARY

50 , T 0.6
E & 0.5 4
TAr £ 2
s 2 3 .
< - 2 04 I )
S r £ = g c
> 0 | exper. | sim @ 2 9 S =
? T S 03, K ° 2 3
S [ JscmAem? | 422 | 418 > & g R
2 20 F Voolmv] 728 | 733 S 0.l S 2 T g
g [ FF[%] 81.19 | 81.5 s = g b o g
3 1obn [ 24.95 | 24.97 5 3 o S
- w 0.1 1 = 5 5
[ 2 o
0 P BT BT R i
0 200 400 600 800
Voltage [mV]

(a) (b)

Figure 7.9.: (a) Simulated (blue solid line) and LOANA-measured'!(red circles) illuminated
current-voltage characteristic of the certified 24.25% efficient POLO-IBC cell. (b)
Free energy loss analysis of the simulated POLO-IBC cell. Grey bars represent
resistive losses and red bars recombination losses.

in the external diode, resistance loss at the contact interface and front surface recombination.
The transport resistance in the bulk and poly-Si layer can be eliminated by using smaller
features (e.g. smaller pitches or point contacts) and/or less resistive wafer material. Bulk
recombination can be suppressed by increasing the minority carrier diffusion length with
high lifetime float-zone (p-type) material. The external diode recombination is avoided by
careful process optimization, e.g. by using a front surface field or low resistive wafers to
ensure low-level injection conditions at the front side of the cell. The large contribution of
the contact resistance is probably due to the small contacting fraction of the Al/poly-Si
interface and a non-optimized laser opening process of the dielectric layers, which might lead
to contact resistivities of the Al/poly-Si contact of around 1 mQcm?.

If the four electrical loss channels are addressed and reduced to almost zero, the potential
of the POLO-IBC cell is far above 26% [381]. By further improving the optics, it can be
speculated that the practical efficiency limit of this cell is above 27% [395]. In fact, the
subsequent development of the presented POLO-IBC cell to a photolithography-patterned
POLO-IBC cell on a thick 1Qcm FZ p-type wafer has lead to efficiencies as high as 26.1%
[156] and to pseudo efficiencies of cell precursors around 27% [156, 395].

7.5. Chapter summary

In this chapter, a photolithography-free fabrication process flow for an interdigitated back-
contact cell with POLO junction for both polarities was presented, the challenges of integrating
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polysilicon-based contact on the rear side and the properties of the resulting POLO-IBC cell
were discussed.

First, when implementing p* and n* doped poly-Si on the rear side of the cell, the touching
n* and p* regions form a parasitic p*n* graded junction within the poly-Si reduces the
performance of the POLO-IBC cell significantly. To understand the influence of the parasitic
junction on the performance of the cell, the parasitic junction was studied isolated from
the cell on test samples. It was found that the J-V characteristic of the isolated parasitic
junction reproduces the expected behavior, when strong depletion region recombination takes
place. The estimated carrier lifetime responsible for the strong recombination is in the order
of several picoseconds.

In a second step, the parasitic junction was removed during the cell fabrication process and
the dark and light J-V characteristic of the final cell were determined. The characteristic
of the cell with removed parasitic junction was superposed with the characteristic of the
isolated parasitic junction and excellent agreement was observed between this superposed
characteristic and the characteristic of a cell comprising a physical parasitic junction. Thus,
it was concluded that it is essential to remove the parasitic p™n* poly-Si junction almost
completely.

The photolithography-free cell process with the implemented trench separation of the n* and
pt doped poly-Si regions of a POLO-IBC cell yielded a POLO-IBC cell with a certified power
conversion efficiency of 24.25%. A detailed analysis of the optics and the recombination
behavior of the cell is presented. A pronounced non-ideal recombination path is observed,
which leads to a high local ideality factor at maximum power point and significantly reduces the
pFF. Next, the certified POLO-IBC cell was simulated by using Quokka and the determined
input parameters. In order to correctly reproduce the non-ideal recombination behavior
of the measured cell, an external diode with an ideality factor of 1.7 and a saturation
current density of 0.4 fA/cm? has to be included. In that case, the Jsc-Voc and the m-V
characteristic of simulated and measured cell show a good agreement. The determined
contact resistances are included to calculated the illuminated J-V characteristic and a good
agreement is achieved, which highlights that the excellent properties of POLO junctions from
chapter 6 are maintained in the final device. Finally, a free energy loss analysis is performed
to identify main loss channels and a practical efficiency limit for the POLO-IBC cell above
27% is anticipated.
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8. Three-terminal interdigitated
back-contact bottom cell

Parts of this chapter are based on references [288—291, 294], which are the result of
a fruitful collaboration between the National Renewable Energy Laboratory, Denver,
Colorado and the author of this thesis. The collaboration on the topic of three-terminal
tandem solar cells was initiated back in 2015 by A. Tamboli, S. Essig, P. Stradins and R.
Peibst.

E. L. Warren, W. E. McMahon, M. Rienécker, K. VanSant, R. C. Whitehead, R. Peibst
and A. C. Tamboli developed the taxonomy, nomenclature and loading topology for 3T
tandems.

All three-terminal devices were designed by the author and fabricated mostly by H.
Kohlenberg and the author. The author measured all devices, analysed the data and
modeled the devices by means of equivalent circuit modeling. E. L. Warren, M. Schnabel
and R. Peibst contributed to the discussion of the working principles of unijunction devices.
E. L. Warren performed Sentaurus simulations, which supported the understanding.

P. Stradins and the author derived the Ebers-Moll model under illumination and discussed
the working principles of the bipolar junction bottom cells. They came up with the
simplified picture of a diffusion resistance for the minority carrier transport through the
cell [291].

The author developed the laser contact opening process for the high efficiency unijunction
bottom cell. He invented and developed the simplified PERC-like bipolar junction bottom
cell based on the idea from R. Peibst for the PERC-like single-junction POLO-IBC cell.

In previous sections, an interdigitated back-contact cell with passivating and carrier-selective
POLO contacts was developed, which on one hand maximizes the photo-generating current
through the back-contact configuration and on the other hand maximizes the open-circuit
voltage by using passivating and carrier-selective contacts. Solar cells of this type have already
achieved an efficiency of 26.7% with a-Si/c-Si heterojunction contacts on n-type wafers [396]
and an efficiency of 26.1% with POLO contacts on p-type wafers [156]. As a result, the
potential of single-junction silicon solar cells with a theoretical limiting efficiency of 29.5%
28, 29] is nearly exploited!. To further improve the efficiency significantly, the inherent hot

IThis statement is the personal opinion of the author. Of course, about 3% is still a significant difference.
Considering the complexity of the record Si cells, it seems to the author that it is easier to achieve higher
efficiencies with a tandem solar cell.
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carrier thermalization loss has to be addressed e.g. by splitting the solar spectrum through
multiple junctions stacked optically in series [37].

In the simplest version of a tandem solar cell comprising a POLO-IBC cell, a separately
fabricated wide band gap top solar cell is mechanically stacked on a POLO-IBC cell from the
previous section. Top and bottom solar cells share the solar spectrum, but operate electrically
independent from each other in a four-terminal (4T) tandem configuration. Theoretically, a
4T dual-junction solar cell with a Si bottom cell is capable of achieving an efficiency well above
40% for a wide range of top cell band gaps [44, 397]. Practically, such a 4T-GalnP//POLO-
IBC and a 4T-GaAs//POLO-IBC dual-junction solar cell with a conversion efficiency of
31.5% [398] and 32.6% [399, 400], respectively, were demonstrated with bottom cells similar
to that presented in section 7. Furthermore, a 4T-GalnP/GaAs//POLO-IBC triple-junction
solar cells with a conversion efficiency of 35.4% [398] was fabricated. This highlights the
efficiency potential of a tandem cell over the single-junction POLO-IBC cell and establishes
a benchmark for Si-based tandem solar cells.

An alternative to mechanically stacking the sub-cells, where the top solar cell is monolithically
integrated on a POLO-IBC cell, simplifies the fabrication of the tandem and facilitates the
in-coupling of light into the bottom cell. Monolithic integration of a top solar cell on an
interdigitated back-contact cell requires the bottom cell to have a third front contact, such
that the rear contact of the top cell can be series-connected to the bottom cell. A required
three-terminal IBC bottom cell and a top solar cell form the three-terminal (3T) tandem
solar cell.

As describe in chapter 4, three-terminal tandem solar cells with the third terminal in-between
of both sub-cell — a middle electrode — were demonstrated since the 1980s. Nagashima et
al. [316, 321] proposed to use an interdigitated back-contact cell as the bottom cell for this
purpose around the millennium. In the year 2015, the team at NREL initiated a fruitful and
still ongoing collaboration with the author of this thesis on the topic of 3T tandem solar
cells. The 3T IBC bottom cell for tandem applications was by that time unexplored in the
literature (except for Nagashima’s work). Through the pioneering contributions of the NREL
team in collaboration with the author of this thesis in the last few years, the 3T tandem
solar cell has nowadays become popular and is currently studied by many research groups.
In the following chapters, this novel? three-terminal bottom cell architecture is studied in
detail. First, all possible permutations of a three-terminal tandem solar cell comprising a
three-terminal bottom cell are summarized and a nomenclature for 3T tandem and bottom
cells is established®. Two different types of bottom cells - the unijunction and the bipolar
junction bottom cell - are required to implement all permutations. The operation of both
types of bottom cells is studied by means of experiments and analytic models. Design rules
are deduced for each cell type from the models and finally two attractive versions of a
bottom cell are demonstrated - a high performance, lab-type bottom cell and a low-cost,
industrially-feasible bottom cell.

2Tt was novel to the tandem community — especially to the perovskite/silicon tandem commmunity — in
2016 and is now being adapted by an ever growing community.

3The taxonomy and nomenclature was developed by E. L. Warren in close collaboration with W. E.
McMahon and the author of this thesis.
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Figure 8.1.: Taxonomy and nomenclature of 3T tandem solar cells comprising 3T-IBC cells.
Light red and light green colors indicate electron-dominated (n-type) and hole-
dominated (p-type) absorber materials, respectively. Grey absorbers can be
intinsic or either p- or n-type. Red (green) contact layers represent electron
(hole) selective contacts.

8.1. Taxonomy and nomenclature’

There are many potential ways to construct a tandem solar cell with three terminals from
two different absorber materials. Different bottom cell architectures, absorber materials for
top and bottom cells and different interconnection schemes between top and bottom cell can
be permuted. Figure 8.1 summarizes all possible types of 3T tandem solar cells comprising
an interdigitated back-contact bottom cell with three terminals.

8.1.1. Bottom solar cell

A 3T-IBC bottom cell needs an absorber (e.g. silicon) and three carrier-selective contacts.
The carrier concentration for holes and electrons in the absorber at equilibrium can be of the
same order of magnitude, then the absorber is intrinsic. But often the absorber in equilibrium
is either conductive for electrons or for holes, because the majority carrier concentration

4The following section is based on a peer-review paper published in [294].
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exceeds the minority carrier concentration significantly®. If the absorber is conductive for
electrons, then the bottom cell is denoted to n-type IBC cell (red absorber in figure 8.1). If
it is conductive for holes, it is referred to as p-type IBC cell (red absorber in figure 8.1). An
iIBC bottom cell refers to a cell with an intrinsic absorber (not shown in figure 8.1).

The carrier-selective contact to the absorber at the front side of the bottom cell is an electron-
or hole-selective contact and the rear side of the bottom cell accommodates one electron-
selective contact and one hole-selective contact. One of the rear contacts (contact at node
Z in figure 8.1) has the same polarity as the front contact and the other rear contact has
the opposite polarity (contact at node R in figure 8.1). To construct a two-terminal both
side-contacted bottom cell, one needs only the front contact with a particular polarity and
the rear contact with the opposite polarity. The front contact is denoted as contact F for
front and the rear contact with the opposite polarity is contact R for “root” The rear contact
with the same polarity as the front contact is superfluous for the operation of a two-terminal
bottom cell. It is added to obtain a three-terminal bottom cell and therefore is denoted as
the additional contact Z, where Z stands for the German word “zuséatzlich” for additional.
Finally, one has to define the majority carrier type of the absorber and of the front contact
to obtain a unique defintion of the bottom cell. If the majority carrier type (polarity) of the
front contact and the absorber is the same, then the front contact and the Z rear contact
are selective for the majority carriers of the absorber and the root contact is selective for
minority carriers of the absorber. In other words, contact F and Z are “majority carrier
contacts” and contact R is a “minority carrier contact”®. A 3T-IBC cell, which exhibits two
majority carrier contacts and a single minority carrier contact, is similar to a unijunction
transistor. It is referred to as “unijunction bottom cell”. If the polarity of the front contact is
opposite to that of the absorber, then contacts F and Z are minority carrier contacts and the
root contact is the majority carrier contact. The 3T-IBC cell resembles a bipolar junction
transistor architecture because of its single majority carrier contact and two minority carrier
contacts, and is referred to as a “bipolar junction bottom cell”.

A unique and compact notation for the different bottom cell architectures facilitates the
usage of a clear language. The proposed notation [p or nj[u or b]IBC in Warren et al. [294]
contains two properties of the bottom cell:

1. The type of the majority carrier in the absorber, where p identifies the holes and n the
electrons as the majority carrier.

2. The number of minority carrier contacts, where u stands for unijunction with a single
minority carrier contact and b is for bipolar junction with two minority carrier contacts.

Permuting the two properties, leads to four different bottom cell: pulBC, nulBC, pbIBC and
nbIBC. A 3T-IBC bottom cell with a p-type absorber and a single minority carrier (electron
selective) contact for example, as shown in the first column of figure 8.1, is then referred

5This classification according to absorber conductivity is useful for silicon, but not necessary for the
physical understanding of 3T bottom cell.

6Note that the terms “majority” and “minority” carrier refer to the equilibrium carrier concentrations of
the absorber.
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to as pulBC bottom cell. The bottom cell from the last column of figure 8.1 with a n-type
absorber and two minority carrier (hole selective) contacts, is referred to as nbIBC bottom
cell.

If the absorber is intrinsic, no majority carriers exist and the notation needs an extension to
uniquely describe the bottom cell. In this case, the polarity of the root contact R is added.
A bottom cell with an intrinsic absorber and an electron-selective root contact R is denoted
as (nR)iIBC.

8.1.2. Top solar cell

The top solar cell consist of an absorber material with a wide band gap enclosed by one
electron-selective and one hole-selective contact”. In the compact notation, the top solar cell
has a single descriptor like the placeholder “top” in figure 8.1 or the absorber material e.g.
“perovskite” or “GaAs”.

8.1.3. Three-terminal tandem solar cell

As for any tandem solar cell, the bottom and top solar cell are optically connected in series
to obtain a spectrum-splitting device, but the electrical interconnection of both sub-cells in a
three-terminal tandem solar cell offers an additional possibility — the reverse connection —
compared with an electrically series-connected two-terminal tandem solar cell. Figure 8.1
shows tandem solar cells with series-connected and reverse-connected sub-cells.

In a series-connected tandem solar cell, the hole-selective (electron-selective) rear contact of
the top solar cell meets the electron-selective (hole-selective) front contact of the bottom cell
at the midpoint (or focal point) F of the tandem. To provide an efficient carrier transport
across this focal point, fast inter-band-recombination of electrons and holes has to be ensured
by a tunnel or recombination junction [401-404].

If the top solar cell polarity is reversed, i.e. the cell is turned around, compared to the
series-connected configuration, then an electron-selective (hole-selective) rear contact of the
top cell meets another electron-selective (hole-selective) front contact of the bottom cell and
efficient carrier transport across the focal point F is ensured, when the both electron-selective
contacts form a low-resistive ohmic contact.

Finally, the full notation for a 3T tandem solar cell contains the descriptor for the top and the
bottom solar cell and for the interconnection scheme, where “s” stands for series-connected
and “r” for reverse-connected. For example, a 3T tandem cell comprising a GalnP top solar
cell interconnected in series with a nuIBC bottom cell is referred to as GalnP/s/nulBC.

8.1.4. Loading topology

The definition of the three different terminal nodes F, Z and R of a bottom cell and T, Z and
R of the tandem cell facilitates the definition of voltages and currents of a three terminal

"Hypothetically, the top solar cell can have three terminals, but such top solar cells are not discussed
herein.
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CczZ

Figure 8.2.: Nomenclature of currents and voltages and the loading topology of a 3T bottom
cell. Common Z (CZ), common R (CR) and common F (CF) denote loading
topologies, where the contact Z, R or F is the common contact in the circuit.

device. As depicted in Figure 8.2 for a 3T bottom cell, the current density flowing in or
out of each terminal F, R and Z is termed Jg, Jg and Jz and the voltage between a pair of
terminals F—Z, R-F and R-Z is sz, VRF and VRZ-

For 3T devices, two of three terminal pairs are loaded. This is indicated by thick lines
connecting the terminals of the bottom cell in figure 8.2. The resulting topology exhibit one
common terminal between the loads. Figure 8.2 (smaller current wheels) shows the three
possible topologies: common Z (CZ), common R (CR) and common F (CF)%. For example,
the bottom cell in the following section is probed between terminals R and Z, and between R
and F simultaneously. The common terminal of this topology is the root terminal R and this
measurement configuration refers to CR.

8.2. Fabrication and characterization of 3T bottom cells

8.2.1. Cell fabrication process of the 3T unijunction bottom cell

Figure 8.3 shows the ion-implanted and inkjet-patterned interdigitated back contacted solar
cells with POLO junctions for both polarities with an active cell area of 7.6 mm x 15.5 mm,
which is prepared following the cell process described in section 7 and reference [155] and
[157]. The p™ POLO contact (R) and the n* POLO contact (Z) are separated by a 100 pm
wide textured trench region and form an interdigitated pattern with a pitch of 952 pm on

8The notation follows that of bipolar junction transistors, where the topologies are common emitter,
common base and common collector.
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Figure 8.3.: Schematic cross-section of the unijunction three-terminal interdigitated back
contact bottom cell (nuIBC) and measurement setup in common rear (CR)
configuration

the rear side of a saw-damage etched 156 mm x 156 mm n-type Czochralski silicon wafer
with a base resistivity of 4Qcm and a final thickness of 155um. The applied p™ POLO
and nT POLO junctions exhibit low contact resistivity of around 1 mQcm?, while featuring
excellent passivation qualities, resulting in a saturation current density Je po, of 4 fA /cm?
and 2 fA/cm? per side, respectively [157]. In order to permit a 3T operation of the bottom
cell, a passivating and carrier-selective nt POLO majority carrier contact is applied to the
front side of the cell. For measurement purposes, the n™ POLO front contact receives an
aluminum front side grid with a finger distance of 1778 pm and a finger width of 240 pm
through a silicon shadow mask [405]. The rear side is finished according to section 7 and
reference [157].

8.2.2. Cell fabrication process of the 3T bipolar junction bottom cell

A bipolar junction POLO-IBC Si bottom cells with an active cell area of 7.6 mmx15.5 mm is
fabricated using a 300 pm-thick, p-type FZ-Si wafer with a nominal base resistivity of 200 2cm
and a bulk lifetime close to the intrinsic limit of approximately 100 ms after POLO junction
formation [266]. Figure 8.4 shows the schematic cross-section of the cell. The processing of
the ion-implanted and inkjet-patterned bottom cell mostly follows that of subsection 8.2.1 or
reference [157], except that a p-type wafer is used instead of n-type one and the n™ POLO
contact at the front side is patterned. The full-area passivating n* POLO contact F at the
front side and the n* counterdoped POLO contact Z at the rear side are now minority-carrier
contacts and exhibit Jy ¢ values of 13fA/cm? and 5fA/cm?, respectively. The pt POLO
contact R on the rear side is the majority-carrier contact with a Jy ¢ of 4fA/cm?. The n*
POLO contact (Z) and pt POLO contact (R) form an interdigitated pattern with a pitch of
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Figure 8.4.: Schematic cross-section of the bipolar junction three-terminal interdigitated back
contact bottom cell (pbIBC) and measurement setup in CR configuration.

952 pm. The area fraction of the n™ POLO contact Z amounts to about 50% and of the p*
POLO contact R to 24%. A trench with a width of 120 pm separates both contact polarities.
In order to avoid parasitic effects at the front contact, the n™ POLO contact is patterned by
inkjet-printing a hotmelt mask on the front side and wet-chemical etching during the trench
pattering step. To passivate the region, where the n™ POLO contact has been removed, a
layer stack of Al,O3 and SiNy is deposited on the full area of the front side. The dielectric
layer stack on the n™ POLO front contact is ablated locally to provide electrical contact
with an area fraction of 10% to the evaporated aluminum layer. A SiO, layer, which is
sputtered on the front side, is patterned via laser ablation to yield a line pattern with a pitch
of 300 pm and a line width of 100 pm. The remaining SiO, protects the aluminum during
the subsequent aluminum etch, which is required for the RISE contact separation on the rear
side and produces a metal grid pattern on the front side.

8.2.3. Characterization

Figures 8.3 and 8.4 also show a schematic of the measurement setup. In order to exclude
voltage drops across the setup, four-point probe measurements are conducted using a Stss
PA 200 probe station and a Keithley 4200 parameter analyzer. The p™ POLO root contact
(R) is grounded, and currents and voltages are measured at each n™ POLO contact (F or Z)
using source measurement units with a measurement and source accuracy better than 0.05%.
The illumination is applied by a halogen lamp through the texturized trench regions at the
rear side for the unijunction bottom cell and to the front side for bipolar junction bottom cell.
Without careful control and monitoring, the temperature of the cell can increases steadily
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from 25°C during a single J-V measurement due to radiative heating and insufficient heat
sinking. A gaseous nitrogen stream acts as the heat sink for the cell and the measurement
chuck. A thermocouple, which is in contact with the interdigitated rear side of the cell,
measures the cells temperature. It is ensured that the temperature difference during data
acquisition as well as within a set of J-V/ measurements at the same illumination level is
smaller than 2 K.

The circuit between contact node R and contact node Z is defined as the RZ circuit, for which
Vg7 is varied and Jz is measured. The circuit between contact nodes F and R is defined as
the FR circuit. The 2T current-voltage characteristic of the RZ (FR) circuit, thus between
the contact R and the respective nt POLO contact Z (F) of the bottom cell, is measured as
follows. While one circuit is swept, the current density in the other circuit is held constant.
Thus, if the RZ circuit is probed, the current density Jr flowing into the front contact F is
forced to a constant value, which emulates a series-connected top cell. Different values of
Jr mimic different top cell materials with different band gaps, thicknesses, or variations in
the irradiation spectrum. The illumination level is characterized by using the short-circuit
current density Jzsc for the unijunction cell and Jp gc for the bipolar junction cell, while the
non-probe circuit was open (Jgp=0 for the unijunction and J;=0 for the bipolar junction).
The short-circuit current density Jzgc or Jpgc is set to a value of 10mA/ cm? by adjusting
the distance between lamp and cell. This photocurrent density mimics the current density in
a GalnP/GaAs//Si tandem [398, 400, 406]. For other top cell materials with different band
gaps, other photocurrent densities in the bottom cell might apply. However, for simplicity
and without loss of generality all measurements in the following are conducted at the same
illumination level.

The total power Psriota1 is obtained as the sum of the powers extracted at the FR circuit
Psr pr and at the RZ circuit Pst rz, thus by the sum of the products of the voltages Vyp and
Vrz and the corresponding current densities Jp and Jy of the FR circuit and the RZ circuit.
The maximum power point (MPP) is determined from the total 3T power in equation 8.1
rather than individually for each of the sub-circuits.

Psriotal = Jr - VRr +Jz © VRz = Ps1pr + Pa1RZ (8.1)

8.3. Operating principle of 3T bottom cells

The operation principles of unijunction and bipolar junction bottom cells are investigated
experimentally in detail below. Even if both cell types appear differently and (in detail) have
to be physically modeled differently, they still have a common operation principle in a 3T
tandem solar cells.

Therefore, the first part of this section deals with the unijunction bottom cell and discussed
the operation in detail. The second part presents the operation of a bipolar junction bottom
cell, but in a less detailed discussion. It rather confirms that bipolar junction bottom cells
operate in a similar manner as unijunction bottom cell in a 3T tandem.
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Figure 8.5.: Measured two-terminal Jz-Vgy (red line) and Jg-Vgp characteristic (blue line)
at an illumination level corresponding to Jzsc = 10mA/ cm?. Red and blue
triangles indicate the maximum power point of the RZ circuit and the FR circuit,
respectively. Orange diamonds illustrate the operation points for a current-
limited bottom cell (RZ circuit) with a current point (CP) at Jr of 2.5 mA /cm?
(CP2.5) and 5mA /cm? (CP5)

8.3.1. Unijunction bottom cell

The 3T IBC bottom cell for tandem application has been a rather unfamiliar type of solar
cell and its J-V characteristic along with the modes of operation differ significantly from
commonly used 2T cells for single-junction and tandem applications [318]. Therefore, the
2T operation of a 3T IBC cell is explored first by using solely one of the majority carrier
contacts and it is reviewed how the 2T-operated 3T IBC cell would operate in a 4T and 2T
tandem to establish a benchmark for the subsequently introduced 3T operation.

Two-terminal operation

The 2T J-V characteristic of the FR circuit and the RZ circuit is measured. The respective
current density of the non-probed circuit is set to 0mA /cm?. Figure 8.5 shows the matching
2T J-V characteristic of the FR (blue line) and the RZ circuit (red line) with equal Jz sc and
Jrsc of 10mA/ cm?, equal open circuit voltages Vrz,oc and Vgr oc of 651 mV and equal fill
factors FFrz and FFrp of 74.8%. The maximum electrical power density Por pr mpp €Xtracted
from the FR circuit amounts to 4.87mW /cm? (Vrp mpp = 530mV, Jg mpp = 9.2mA /cm?),
which is in accordance with the maximum electrical power density Por rz mpp 0f 4.88 mW/ cm?
(VRzmpp = 534mV, Jz 00 = 9.2mA /ecm?) extracted from the RZ circuit. In contrast to
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simulated cells with diffused full-area metal contacts [317], the high performance® of the
investigated 3T IBC cell originates from the high contact selectivity of the POLO junctions
[120, 127, 157] and facilitates the study of a nearly ideal 3T IBC cell with little parasitic
effects. From the model that will be introduced in subsection 8.4.1, it follows that a suitable
grid geometry and the use of low resistance POLO contacts (compared to simulations in
Warren et al. [318]) result in comparable series resistances for the FR and RZ circuit and the
matching J-V characteristic of the FR and RZ circuit. The scenario of measuring the FR
circuit with a floating Z contact is similar to a 2T back-junction double-side contacted Si
bottom cell and the scenario of measuring the RZ circuit with floating F' contact resembles a
2T IBC Si bottom cell with a front surface field. Both bottom cell architectures were recently
used in high efficiency 4T tandem cells [398, 406], where the bottom cell would extract the
maximum power density Porpr or Porryz at its own MPP independent of the top cell.

In a 2T tandem with series-connected sub-cells;, where the n™ POLO front contact (F) of
the bottom cell is facing towards the top cell, the hole current density collected at the rear
contact of the top cell has to correspond to the electron current density supplied at the front
contact of the bottom cell and vice versa. The bottom cell operation complies with the
familiar 2T operation modes of a tandem cell under current-matched and current-mismatched
conditions [407]. Ideally, the current density from the top cell corresponds to Jp o1 mpp of an
independently working bottom cell at MPP (blue triangle in figure 8.5) and the Si bottom
cell delivers the same power density Por pr mpp @5 in the independently working 4T tandem.
This ideal situation of current-matching is only achievable with perfectly current-matched
top cells for a particular solar spectrum, and excludes relevant cases such as GalnP, GaAs
and methylammonium lead iodide (MAPI) perovskites and varying solar spectra. In the
current-mismatched case of large and narrow top cell band gaps, the top cell or the bottom
cell limits the current density of the tandem, respectively, and the power density of the 2T
tandem cell is reduced. As an example of current-mismatched operation and as benchmark for
the following description of 3T operation, two special operation points for a current-limited
2T bottom cell at a current point (CP) of Jr of 5mA/cm? (CP5) and 2.5mA /cm? (CP2.5)
are shown in figure 8.5. These current points represent operating states of the bottom cell in
a tandem, with a large band gap top cell and thus the low top cells current density limits the
bottom cells performance. The bottom cell delivers less power compared to the operation at
its overall maximum power point. Up to this point, the 3T IBC cell using solely two terminals
and the resulting 4T and 2T tandems have been described using state-of-the-art solar cell
models [60, 407, 408]. As soon as a third terminal (a second majority carrier contact) is
added to a 2T Si cell, the cell and the operation of such a cell changes significantly [289, 311,
318].

Three-terminal operation

In order to study the 3T IBC cell under operation conditions similar to a tandem cell, a
given operation point of the top cell (such as its maximum power point) is emulated by a

9Note that the illumination intensity of the cell is rather low and corresponds to the situation in a
GaAs/Si tandem.
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Figure 8.6.: (a) Measured J;z-Vgz characteristics (red) for different Jg values at an illumination
level corresponding to Jzsc = 10mA/cm? in two-terminal (2T) operation. Grey
dotted line is a guide for the eye and indicates the maximum power point
(MPP) voltage for the 2T operation (Jp = 0mA /cm?). (b) Corresponding power
densities at 3T-MPP for Jg value between -20mA /cm? and 20 mA/cm?: The
total three-terminal (3T) power density Psrmpptotal (green squares) and the
corresponding fraction of Pyt mpp total contributed by the FR circuit Pyr mpp rr
(blue circles) and the RZ circuit Pyrmpp,rz (brown triangles). The yellow star
represents the maximum power point for 2T operation of the cell in either FR or
RZ circuit.
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constant current source. Since the FR circuit of the bottom cell would be series-connected to
the top cell circuit in a 3T tandem, Jr in the FR circuit has to correspond to the current
density of the top cell and thus Jg is forced to a certain constant current density. The Z
contact is now used to inject or to extract majority carriers via the RZ circuit into or out
of the bottom cell, which implies the CR loading configuration. The J-V characteristic of
the RZ circuit is measured at different, but fixed Jr values. As in case of the two-terminal
operation, a photocurrent density is generated, which corresponds to a Jzgc of 10 mA /cm?
in the 2T-operated 3T cell. The resulting J-V curves for different Jr values are shown in
figure 8.6a.

If Jp = 0mA/cm?, the Jz-Vgy characteristics follows the Jz-Vryz of the 2T-operated 3T-IBC
cell from figure 8.5. Positive Jg shift the J-V characteristic of the RZ circuit to lower
current densities and negative ones shift it up to higher current densities. The sum of the
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current densities Jz gc and Jp at short-circuit conditions is constant, which is consistent with
Kirchhoft's current law. The 3T-MPP voltage of the RZ circuit for different applied Jg is
nearly constant (grey dotted guide to the eye line in figure 8.6a).

The voltage of the RZ circuit (Vgz) at 3T-MPP is similar, but not identical, to the voltage
Vrr of the FR circuit for the investigated current densities Jr. This means that the n™ doped
rear root contact is nearly in equilibrium with the n™ doped front contact via the n-type
base. The electron quasi Fermi levels of both contacts are at almost the same position. A
detailed discussion of an equivalent circuit model, the J-V characteristic and the origin of
the voltage drop Vrr — Vrz is provided in section 8.4.1. Figure 8.6b shows the maximum
electrical power density extracted from the RZ circuit (Psrmpprz) and from the FR circuit
(P31 mpp,Fr), as well as the resulting total electrical power density Pst mpp.total as a function
of the current density Jr. All power densities for the 3T measurements were determined at
the maximum of the total power density Psr total-

Depending on the magnitude and sign of Jg, four different operation modes of the bottom cell
are possible. Figure 8.7 illustrates the current flows of electrons and holes in the investigated
bottom cell and a hypothetical top cell, which is emulated by the constant current source.
Three modes of operation for the series-connected subcells (Jr > 0) and a single one for
reverse-connected ones (Jp < 0) are discussed in the following.

Current-matched operation of series-connected tandem For the current-matched scenario
of the bottom cell in figure 8.7, Jr matches the photo-generated electron current density
Jr 2T mpp 10 the bottom cell of 9.2mA /cm? and the whole photo-generated electron and
hole current in the bottom cell is collected at the front and root contact of the bottom
cell, respectively. The bottom cell operates like it would be the case for a rear-junction
double-side contacted Si bottom cell in a current-matched 2T tandem (grey dotted line in
figure 8.6b). Since no surplus photo-generated electron current is left or missing in the bottom
cell, no electrical power is left for the RZ circuit (Pyr mpprz=0mW /cm?) and the additional
contact Z is not required. The FR circuit of the cell extracts the entire power density
P31 mpp FR = P37 mpp.total (blue circles in figure 8.6b) and the total power density extracted
by the 3T bottom cell Pyrmpp total (green squares in figure 8.6b) equals the maximum power
density extracted by the current-matched 2T bottom cell Por prmpp (vellow star in figure

8.6b).

Operation in series-connected tandem with current-limiting top cell If the applied
current density at the front contact Jg is smaller than Jg o1 mpp, the scenario of a current-
limiting top cell is emulated. The current density of the FR circuit is smaller than the
photo-generated current density in the bottom cell and surplus electrons and holes remain
in the bottom cell, if only the FR circuit is used. In a 3T bottom cell, the additional
majority carrier contact Z enables the collection of the excess majority carriers (electrons)
and the root contact now collects the surplus hole current density. As a consequence, the
RZ circuit can extract the excess power density from the bottom cell, unlike the 2T case,
where the excess power density dissipates within the cell. The power density of the FR circuit
Ps1 mpp,pr decreases with decreasing Jrp > 0, but the power density extracted by the RZ
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series-connected (top/s/nulBC) reverse-connected (top/r/nulBC)
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Figure 8.7.: Different operation regimes of a three-terminal interdigitated back contact (3T-
IBC) bottom cell in a series-connected tandem cell (top/s/nulBC) with current-
matched subcells, with current-limiting top cell and with current-limiting bottom
cell or in a reverse-connected tandem cell (top/r/nulBC). Yellow arrows represent
hole current flow and blue arrows electron current flow. Red and blue watt
meters represent the calculation of the powers at the 3T-MPP from the J-V

measurements in figure 8.6a for the RZ and FR circuit.
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circuit P mpprz (brown triangle in figure 8.6b) increases to almost the same extent. Finally,
if a minor resistive effect is neglected, the net power density Psr mpp.total 1S constant and equal
to the current-matched case. The resistive effect will be discussed in more detail using an
analytical model in subsection 8.4.1.

Operation in series-connected tandem with current-limiting bottom cell On the right
hand side of the current matching line in figure 8.6b, Jp is larger than Jp o1 mpp and thus
a current limiting bottom cell is emulated (limiting bottom cell in figure 8.7). In contrast
to the 2T tandem case, where the top cells current density and power extraction would be
limited by the low electron current density of the bottom cell, no such loss occurs in the 3T
case. The rear majority carrier contact Z in the 3T bottom cell enables efficient majority
carrier (electron) injection into the bottom cell. The injected majority carrier current density
at contact Z re-balances the electron current density at the front contact of the bottom cell
to match the hole current density at the rear contact of the top cell. Now, the rear and front
contact of the top cell would collect the entire photo-generated electron and hole current
densities in the top cell. The top cell would operate at its maximum power point similar to a
top cell in a 4T tandem. The injection of electrons at the contact Z appears as a negative
extracted power density Psr mpprz in figure 8.6b, which is synonymous to power injection
into the bottom cell by the RZ circuit. The power density extracted at the FR circuit
P31 mpp Fr increases with increasing Jr and is larger than the power density Pyt mpp rr in the
current-matched 2T case. Nevertheless, the net 3T bottom cell power density Pst mpptotal
remains approximately constant for all values of Jr investigated.

To enable this type of operation, the excess electron current density injected at contact Z has
to be provided from the front contact T of the top cell or externally e.g. from the module
string.

Operation in reverse-connected tandem If the current density Jr at the front majority
carrier contact of the bottom cell is negative, then the reverse-connected tandem cell is
emulated. The top cell is turned around in the reverse-connected tandem, which features a
hole collecting contact T at the front side of the top cell, a hole collecting contact R on the rear
side of the bottom cell and a common electron-collecting contact between top and bottom cell
(reverse-connected in figure 8.7), instead of a coupling layer as in a series-connected tandem.
A pn-n-np bipolar junction transistor-like structure forms by introducing the additional rear
majority carrier contact Z [311, 316, 321]. The reverse-connected tandem cell is therefore
unique for 3T tandem cells and does not have a working 2T equivalent. The front contact of
the top cell collects the photo-generated holes and the rear contact of the top cell collects the
electrons within the top cell. The collected electron current density by the rear contact of
the top cell is then injected into the front majority carrier contact of the bottom cell and
induces a negative extracted electron current density Jr. The rear majority carrier contact
7 of the bottom cell collects the injected and photo-generated electrons and the rear root
contact R collects the photo-generated holes in the bottom cell. In order to separate the
holes of each cell and to provide efficient electron flow from the top into the bottom cell,
hole-blocking and simultaneously electron-transparent layers is necessary at the common
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contact at the center (focus F) of the tandem cell. Figure 8.6b shows the power densities
of each sub-circuit in the bottom cell. Since the rear additional contact Z of the bottom
cell collects the photo-generated electrons from the bottom cell and the injected electrons
from the top cell, the extracted power density in the RZ circuit Pyr mpp rz exceeds the power
density of the current-matched case Por mpprr. The injected power at the front contact F
appears as a negative extracted power density Psr mpprr and the net power density of the 3T
bottom cell has approximately a constant and maximum power output P37 mpp total. HOwWever,
due to large current densities Jz, the resistive effect is more pronounced compared to the
series-connected operations and reduces the net power density slightly.

In summary, it was demonstrated that, if resistive effects are neglected, the 3T bottom
cell can be operated at a similar maximum power point independent of the magnitude and
direction of the applied current density Jr at the front contact of the 3T bottom cell.

8.3.2. Bipolar junction bottom cell
Two-terminal operation

The 2T J-V characteristic of the FR and RZ circuit is measured, while the respective current
density of the non-probed circuit is set to 0 mA/cm?. The measurement of the RZ circuit
is similar to a front floating emitter IBC cell [409] and that of the FR circuit similar to a
floating rear emitter cell [410, 411]. Figure 8.8a reveals that for the device under investiga-
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tion, the RZ circuit provides a similar maximum power density of Por gz mpp=3.55mW/ cm?
(VRz.2T mpp=437TmV, Jz o7 mpp=8.1 mA /cm?) as for the FR circuit of Pyt pR mpp=3.6 mW /cm?
(VRF 2T mpp=437mV, Jp o7 mpp=8.2 mA /cm?) and both J-V characteristics match well.

The moderate performance of the device is probably caused by resistance-limited recombina-
tion'? as suggested in figure 8.8b by the local ideality factor of the dark J-V characteristics
[90]. At voltages below 300mV, the dark characteristic is dominated by a finite ohmic
shunt resistance of 5kQcm? and 11kQcm? for the dark FR and RZ circuit characteristic,
respectively, and a hump shows up in the local ideality. At moderate voltages between
300mV and 550 mV, a second hump is observed, which originates from resistance-limited
recombination [90]. The origin of this second hump is most likely due to the following:
The laser contact opening of the dielectric layer on top of the POLO junctions leads to an
irregular poly-Si layer within the contact opening with a thickness down to less than 50 nm
[156]. On the irregular poly-Si layer, a small amount of aluminum was observed to penetrate
through the POLO junction with scanning electron microscopy imaging. The penetrated
aluminum forms localized Schottky contacts to the lowly-doped p-type wafer and acts as
resistance-limited recombination center. Furthermore, the penetration of aluminum through
the floating n™ POLO contact can cause floating junction shunting. Since the passivation of
a floating junction relies on the band bending, i.e. a built-in voltage between the base and
the floating junction, a shunted floating junction leads to a poor passivation of that junction
and diminishes the fill factor and open-circuit voltage [90].

For voltages beyond 550 mV, the series resistance of 1 Qcm? and 1.1 Qcm? for the dark FR
and RZ circuit characteristic, respectively, leads to an expected increase of the local ideality
factor. A large series resistance of around 1 Qcm? is expected from lateral majority-carrier
(holes) transport in the highly resistive wafer base at low injection conditions and it can be
concluded that only a small part of the series resistance stems from electron transport at the
POLO junction or the metal grids. Due to the m-V characteristic, the 2T J-V can not be
described by a two-diode model accurately.

The absolute performance of the examined cell is sufficient to demonstrate the working
principle of a 3T bipolar junction bottom cell and to identify its limitations.

Three-terminal operation

As will become evident, the 3T operation is almost the same as for the unijunction bottom
cell. Therefore, it is summarized only briefly.

Figure 8.9a depicts the measured Jz-Vgyz characteristics for different Jp between -20 mA / cm?
and 20 mA /cm?.

If Jp =0mA/ cm?, the Jy-Viy characteristics follows the Jz-Vgyz of the 2T-operated 3T IBC
cell. Positive Jg shift the J-V characteristic of the RZ circuit to more negative current
densities and negative ones shift it up to more positive current densities. The 3T-MPP
voltage of the RZ circuit has a minimum around 440 mV for a Jr of 5mA /cm? and increases
to about 490 mV for a Jp of & 20 mA /em?. The voltage of the RZ circuit (Vgz) is similar, but

10Resistance-limited recombination was discussed in the context of the parasitic poly-Si pn junction in
figure 7.4.
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Figure 8.9.: (a) Measured Jz-Vgyz characteristics (red) for different Jr values at an illumination
level corresponding to Jzsc = 10mA /cm? in two-terminal (2T) operation. Grey
dotted line is a guide for the eye and indicates the maximum power point
(MPP) voltage for the 2T operation (Jr = 0mA/cm?). (b) Power densities
for J; values between -25mA /cm? and 22.5mA /cm?: The total three-terminal
(3T) power density Psr mpp.total (green squares) and the corresponding fraction of
P31 mpp total contributed by the FR circuit Psr mpp rr (blue circles) and the RZ
circuit Pyt mpprz (brown triangles). The yellow star represents the maximum
power point for 2T operation of the FR circuit of the cell. Operation modes A,
B, C, D correspond to figure (a), (b), (c), (d) in figure 8.10.
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Figure 8.10.: Different operation regimes of a three-terminal interdigitated back contact
(3T-IBC) bottom cell in a series-connected tandem cell (top/s/pbIBC) with
current-matched subcells (a), with current-limiting top cell (b) and with current-
limiting bottom cell (c¢) or in a reverse-connected tandem cell (top/r/pbIBC).
Yellow arrows represent hole current flow and blue arrows electron current
flow. Red and blue watt meters represent the calculation of the powers at the
3T-MPP from the J-V measurements in figure 8.9a for the RZ and FR circuit.

not identical, to the voltage Vrr of the FR circuit for the investigated current densities Jg.
The origin of the voltage drop Vgr — Vrz is discussed within the framework of an equivalent
circuit model in subsection 8.4.2. Figure 8.9b shows the maximum electrical power density
extracted from the RZ circuit (Psypmpprz) and from the FR circuit (Pstmpprr), as well as
the resulting total electrical power density Psrmpp.total @ @ function of the current density
Jr. All power densities for the 3T measurements were determined at the maximum of the
total power density Psr total-

Depending on the magnitude and sign of Jg, four different operation modes of the bottom
cell are possible as already discussed for the unijunction bottom cell. Figure 8.7 illustrates
the current flows of electrons and holes in the investigated bottom cell and a hypothetical
top cell, which is emulated by the constant current source.

Current-matched operation of series-connected tandem If Jr matches the current density
Jr 2T mpp = 8.2 mA/ cm? of the 2T-operated bottom cell at maximum power point, then the
complete photo-generated electron current density is collected at the minority carrier contact
F at the front side and no electrons are left for the rear minority carrier contact Z of the
bottom cell (figure 8.10a). No electrical power is extracted from the RZ circuit, but the whole
power is extracted from the FR circuit and equals that of the 2T reference case Por pr mpp-
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Operation in series-connected tandem with current-limiting top cell If Jp is smaller
than Jg o1 mpp, the scenario of a current-limiting top cell (figure 8.10b) is emulated.

The additional rear minority carrier contact Z enables the collection of the excess minority
carriers (electrons), which are not collected by contact F. The power density of the FR circuit
P31 mpprr (blue circles) decreases and that of the RZ circuit Pyt mpprz (brown triangles)
increases to almost the same extent with decreasing Jr. First, the total power density
increases slightly to a maximum power density at a Jp of 7.5mA /cm?. Then the total power
density Psr mpp,total decreases again for decreasing Jr.

Operation in series-connected tandem with current-limiting bottom cell If Jg is larger
than Jg o1 mpp, @ current-limiting bottom cell is emulated (figure 8.10c). The additional rear
minority carrier contact Z in the 3T bottom cell enables efficient minority carrier (electron)
injection into the bottom cell and the injected minority carrier current density re-balances the
electron current density at the front contact F of the bottom cell in such a way that the hole
current density of the top cell is “matched”. The injection of electrons at the rear minority
carrier contact appears as a negative extracted power density Pt mpprz in figure 8.9b, which
is synonymous to power injection into the bottom cell by the RZ circuit. The power density
extracted at the FR circuit Pyr mpp rr increases with increasing Jp and is larger than the
power density Por prmpp in the current-matched 2T case. The net 3T bottom cell power
density PsT mpp,total decreases slightly.

Operation in reverse-connected tandem For negative Jg, the operation of a reverse-
connected tandem cell is emulated (figure 8.10d). The front contact of the top cell collects
the photo-generated holes and the rear contact of the top cell collects the electrons within
the top cell. The electron current density collected by the rear contact of the top cell is then
injected via the minority carrier contact F at the front side into the bottom cell. The minority
carrier contact Z at the rear side of the bottom cell collects the injected and photo-generated
electrons and the majority carrier contact R collects the photo-generated holes in the bottom
cell. The extracted power density in the RZ circuit Pspmpprz €xceeds the power density
Pyr prmpp Of the current-matched case. The injected power density at contact F appears as
a negative extracted power density Pyt mpprr. The attainable total power density from the
3T bipolar junction bottom cell is lowered.

8.3.3. Summary of the common principles of operation

In the previous subsection, the similar operation principles for unijunction and bipolar
junction bottom cell were discussed. Both bottom cells showed that they maintain their
power output approximately constant independent of the current density applied from the
top cell to the front contact. This is enabled by the fact that efficient transfer of charge
carriers between the front contact F and contact Z is ensured. However, for the unijunction
bottom cell majority carriers and for the bipolar junction bottom cell minority carriers are
exchanged. Thus, the transport of charge carriers between the F and Z contact determines
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how efficient the 3T operation is performed!!. In the following, detailed models for both cell
architectures are presented and the transport between the front contact F and contact Z will
be discussed.

8.4. Equivalent circuit model

The qualitative picture of a 3T-IBC cell, as presented in the previous section, is sufficient to
describe the operation and the physics of a 3T-IBC cell in a simple and clear manner. The
J-V characteristics were presented. The occurrence of a voltage difference between contact F
and Z, and a power density loss was observed. This observation will now be discussed and
explained in detail below.

8.4.1. Model of a unijunction bottom cell

In order to quantitatively model the J-V characteristic of a 3T bottom cell at each terminal,
the 3T bottom cell is described by extending a simple and well-established two-diode solar cell
model [412] to the 3T model shown in figure 8.11a. Using this extended model, the observed
voltage difference Vzr = Vrz — Vgrr between the rear majority carrier contact Z and front
majority carrier contact F together with the power density loss APst mpp.total, Which causes a
parabolic shape of Psr pp total, is €xplained. The inner part of the circuit model (between
nodes 1 and 2) is the two-terminal two-diode model. The two-diode model is composed of
a current source providing a photo-generated current density Jpy, diodes with an ideality
factor of one and two with the corresponding diode current densities Jp; and Jps, a series
resistance Rg and shunt resistance Rgy. This part of the full model is characterized by the
cells current density Jr at the root contact R and the cell voltage V. The cell voltage equals
the diode voltage Vp reduced by a voltage drop across the series resistance Rg'?. Equation
8.2 describes the relationship between the current density Jr and voltage Vi of the inner
part of the model, the 2T cell, and is still valid for inner part of 3T cells.

Jr(Ve) = Jpn — Jp1 — Jp2 — Jsu

qVe+Jr - Rs) 1)
kT

q(Vc+JR : Rs) _1) B Ve+ Jr - Rs
2kgT Rsu

Jop1 and Jy po are the corresponding saturation current densities of diode 1 and 2. ¢ is the
elementary charge, kg is the Boltzmann constant and 7" is the temperature. The two-terminal
model is extended to a three-terminal model by introducing an additional majority carrier
contact, the third terminal. The current path at node 1 in figure 8.11a is divided in two
current paths, which connect the rear majority carrier contact Z and the front majority
carrier contact F. Kirchhoffs point rule is applied to node 1 and the cells current density Jgr

= Jpp — Jo,Dl ) <exp (8.2)

- JO,D2 ) (exp

U This fact becomes evident in the following modelling section.
I2Note that the full series resistance of the 2T cell is Rg + R; with i = F, Z.
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Figure 8.11.: (a) Detailed equivalent circuit model of a unijunction three-terminal (3T) bottom
cell with two majority carrier contacts and a single minority carrier contact.
The circuit model between nodes 1 and 2 is a 2T double diode model. (b,c)
Model of a 3T tandem solar cell comprising a simplified equivalent circuit model
of the 3T bottom cell series-connected (b) or reverse-connected (c) with a top
solar cell.

decomposes into the sum of the current densities at the front majority carrier contact Jr and
rear majority carrier contact Jz as described in equation 8.3.

Jo = Jp+Jy (8.3)

The model introduced so far (with Rz = 0 and Rp = 0) in figure 8.11a is intuitive and
therefore commonly used for mid-contacted 3T tandem solar cells [93, 295, 298, 304, 306] as
shown in figure 8.11b and 8.11c (with Rz = 0 and R = 0). However, several authors [297,
300, 305, 413, 414] reported effects resulting from resistive coupling of top and bottom cell in
a mid-contacted 37T cell architecture (as shown in figure 8.11b and 8.11c). This is consistent
with the observation from the previous subsection for a 3T nulBC bottom cell that a voltage
difference Vzr = Vrz — Vrr arises between the two majority carrier contacts accompanied
by a power density loss APsr mpptotal- 1hus, additional resistances are introduced, which
induce a voltage drop proportional to the corresponding current densities: Ry at the rear
majority carrier contact Z and Ry at the front majority carrier contact F. In this case, the
terminal voltage V; is given by equation 8.4 as the cell voltage less the voltage drop across
the terminal resistance R;, where i is either F or Z and indicates the probed terminal.

Vi=Ve—-Ji - R (8.4)

The unijunction 3T bottom cell's equivalent circuit model is now fully described by figure
8.11a and equations 8.2, 8.3 and 8.4.

In order to validate the equivalent circuit model, all model parameters are determine in
the appendix A.4. Analytic equations are used to explain the arising voltage difference Vg
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Figure 8.12.: Comparison of measured (red circles) and calculated (solid lines) Jg-Vgp char-
acteristic for different Jy.

and the parabolic power 10ss APs7 mpp total- Both result from Joule heating due to a current
density flowing through the introduced resistances Rz and Rg. The Jg value, where power
density is maximized (APt mpp totar=0), can be calculated as follows:

Ry

———  JRmop = J] 8.5
Ry, + Rp R,mpp F EP (8.5)

JF,STPmaX =
Equation 8.5, which describes the operation point, where power is maximized, is identical to
equation A.17, which determines the equipotential between the two majority carrier contacts
Z and F. Consequently, the power output is maximized for the equipotential case. This can
be illustrated as follows. Since Vzpmpp = 0mV for the equipotential case, Rz and Ry are
in parallel and the majority carrier current divides across the two resistors according to the
current divider rule. The current flows along the path of least resistance and minimizes the
resistive power loss. For the introduced resistances Rz and Rr approximately the same value
of 160 mQem? is found. Figure 8.12 compares the calculated and measured J-V characteristic
using the determined resistances and shows a good agreement.
It is now interesting to discuss the origin and physical meaning of Ry and Rp. Naturally,
majority carrier transport resistances, which are distributed within the bottom cell, are
considered as the origin. The lumped resistance value for the majority carrier transport is
found by solving Poissons equation for the given geometries and sheet conductivities of the
bottom cell by means of a finite element analysis in the appendix A.4. It is found that the
lateral transport resistance within the poly-Si layer at the front side has about the same value
as Rp and the lateral resistance within the wafer, which reflects the rear side geometry, has
approximately the same value as Ryz. Therefore, Rr correlates with the sum of all resistances
at the front side and Ry to those at the rear side. For the ideal case, Ry = Rp = 0 and
requires at least an infinitely large conductivity within the wafer. This is not achievable for
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a real device and the voltage difference Vzp 1, between the two majority carrier contacts
accompanied by the parabolic shape of Pyp mpptotal is an inherent property of unijunction
3T-IBC cells. However, for several scenarios e.g. small grid dimensions'® and large base
conductivity'4, the ideal case is approached.

Design guidelines for a unijunction bottom cell

From the equivalent circuit models of a 3T unijunction bottom cell and the detailed discussion
of the introduced resistors Rg at the front and Ry at the rear base contact, design guidelines
can be deduced for the bottom cell of efficient 3T tandem cells.

For measurement purposes, the experimental 3T unijunction bottom cells discussed in previous
subsections were fabricated with a front side metal grid. However, in a monolithic tandem
cell, the front side metal grid will be replaced by a transparent full-area contact, between
the top and bottom cell. The transparent full-area contact between top and bottom cell
can be a tunnel junction for the series-connected tandem cell and at least a common Ohmic
carrier-selective contact!® for the reverse-connected tandem cell. Replacing the grid by a
full-area contact will eliminate lateral current flow at the front side of the bottom cell and
thus the front side lateral resistance, which was the largest contributor to Rg. The full-area
contact between top and bottom cell might add another resistive component to Rg, but it is
anticipated that Ry is small in a well-designed 3T tandem solar cell.

Reverse-connected tandem solar cells

In a reverse-connected 3T tandem (figure 8.11c), current is injected from the top cell into the
bottom cell through the front contact F of the bottom cell and the injected current density
accompanied by the photo-generated current density in the bottom cell has to be collected at
the rear contact Z of the bottom cell. Thus, Jz is approximately constant with varying top
cell band gaps and equal to the photo-generated current density in the Si bottom cell without
a top cell (=44 mA/cm?) [415, 416]. For wide top cell band gaps, Jr at the front contact
of the bottom cell is small and the power dissipation at R is minor. The photo-generated
current density in the bottom cell is large and the resistive power loss is governed by Ry. For
narrow top cell band gaps, Jrg becomes larger and a significant amount of power is dissipated
at the Rp resistor. The current density and the power loss at the rear contact Z remain
almost constant. Due to the constant and large J; of approximately 44 mA /cm? (compared
to lower Jggr), the power loss of a reversed-connected 3T bottom cell with a wide band gap
cell (>1.7eV) is similar to a conventional IBC cell and the Ry has to be minimized for highly

13E.g. if the pitch approaches the wafer thickness.

11f grid dimensions are small, then the current flow becomes approximately single dimensional and
the resistance can be approximately calculated by multiplying the wafer thickness with the specific wafer
resistance. For a 150 pm-thick wafer with a specific resistance of 1 Qcm, the resistance is 15 mQcm? and
induces a voltage difference below 1 mV for a maximum current densities of 40 mA /cm?.

15This common Ohmic carrier-selective contact can be a single “layer” or any barrier in the energy band
for the carriers to be blocked. The common contact prevents the exchange of one sort of carriers between
both sub-cells. Two adjacent carrier selective contacts, e.g. n* POLO and the electron transport layer of a
perovskite cell, would fulfil this function.
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efficient 3T tandems. The Rp should be kept low for narrow band gap top cells.

In summary, bottom cells for highly efficient reverse-connected tandem cells should be
designed similar to high efficiency IBC single junction solar cells with low Ry values [156,
157, 396, 417]. Large-scale industrial-type IBC cells with a total series resistance of 0.4 Qcm?
and an efficiency of 25.2% as reported by Smith et al. [189] are an excellent choice for
industrialization of reverse-connected tandem cells.

Series-connected tandem solar cell

A 3T unijunction bottom cell with a small Ry =0.1Qcm? and a large Rz =1Qcm? in a

series-connected tandem cell with a top cell around 1.7 €V (as shown in figure 8.11b) dissipates
only a small amount of electrical power into heat power across the two resistors, since the
current density at the front contact of the bottom cell is matched to the top cell current
density (&~ 22mA /cm?) [44, 416] and no surplus carriers have to be collected or injected at
the highly resistive rear base contact. For wider band gap top cells, the photo-generated
current density of the bottom cell exceeds that of the top cell. The power dissipation at
the front contact of the bottom cell reduces while the rear base contact has to collect the
excess current density in the bottom cell and the resistive gain at front side is compensated
by the loss at the rear contact. For very high band gaps (>>2 eV) the resistive loss is mostly
governed by the rear contact, while the loss at front contact vanishes. This situation is
comparable to that in a single junction IBC cell.

For top cells with a narrow band gap, the top cell current density exceeds the photo-generated
bottom cell current density. The rear contact Z of the bottom cell injects the missing majority
carriers to rebalance the current density mismatch at the front contact F of the bottom cell.
Thus, the current density and the power dissipation increase at the Rp and Ry resistors with
decreasing top cell band gap. However, the current density at the front contact of the bottom
cell is always larger than at the rear contact Z by the photo-generated current density. Rg is
therefore more important than Ry. As a consequence, it is necessary to minimize Rp and to
ensure sufficiently low Ry values of 3T bottom cells in a series-connected tandem solar cells
with top cells with narrow band gaps (<<1.7 €V). For tandem cells with a top cell band gap
between 1.6 eV and 1.8 €V, a high Ry of up to 10 Qcm? is tolerable to keep the loss below
0.5%. For wide top cell band gaps the Ry has to be low and Ry becomes less important.
To conclude, a bottom cell as designed for reverse-connected tandem cells would perform
well in a series-connected tandem cell, but the design is not optimal in terms of fabrication
complexity and performance. Bottom cells for series-connected tandem cells follow slightly
different design rules. The bottom cell has to minimize the Rp resistance as for the reverse-
connected case, but allows larger Ry values. This relaxes the requirements for the design of
the IBC grid and offers the potential to reduce the complexity and costs of cell production
while maintaining acceptable Ry values. One possible approach to optimize the design of a
bottom cell for a series-connected 3T tandem is to start from the sample IBC cell in figure
8.3 and to reduce the contact fraction of the majority carrier contact contact Z, which would
result in an increased contact and lateral resistance component of the Ryz. This simultaneously
maximizes the emitter fraction and therefore avoids electrical shading effects. Additionally,
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Figure 8.13.: (a) Schematic of the cross-section of a bipolar junction three-terminal bottom
cell overlaid with the modified Ebers-Moll transport model. The asterisks
in F* R* and Z* indicates the “inner” terminal node in figure 8.13b. (b)
Detailed equivalent circuit model of a bipolar junction three-terminal bottom
cell including shunt and series resistances.

the performance of the bottom cell might benefit from choosing a higher wafer resistivity due
to lower defect and Auger recombination and lower free carrier absorption.

Given the fact that low contact fractions for the majority carrier contact Z are acceptable for
series-connected 3T tandem cells, another approach would be to use a simple double-side
contacted cell concepts similar to Peibst et al. [35], which may be extended to a 3T cell by
inserting a small fraction (0.1-1%) of (non-passivating) majority carrier-type point contacts at
the rear side of the cell with a millimeter scale distance between the contacts. Such contacts
can be realized by laser-fired and bonding contacts [31, 418] in a two-level metallization
scheme [419] and would provide a low-cost, but high efficiency approach for series-connected
3T tandem cells. The use of laser-fired and bonding contacts in a two-level metallization
scheme would furthermore facilitate the interconnection into 2T modules.

8.4.2. Model of a bipolar junction bottom cell

In the previous section, the possible operation modes of a bipolar junction bottom cell were
presented based on experimental observations. The voltage difference between both minority
carrier contacts and the power dissipation observed in figure 8.9b (Ps1 mpp.total) 1S less intuitive
compared to the unijunction bottom cell. In order to understand the physics behind the
operation modes and the mechanisms associated with the power dissipation, an equivalent
circuit model for a bipolar junction bottom cell is presented in the following.

Figure 8.13a shows the cross-section of a bipolar junction bottom cell (pbIBC), which is
overlaid with the equivalent circuit model of a bipolar junction bottom cell. The detailed
derivation of the circuit model from drift-diffusion model is presented in appendix A.5.1.
Figure 8.13b extends this equivalent circuit model by incorporating a shunt resistance Rgy ;
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and a series resistance R; at each minority carrier contact ¢ = Z,F' and a lumped series
resistance Rg at the majority carrier contact R. If the shunt resistances are neglected, then
the inner circuit model between the nodes Z*, F* and R* simplifies to that in figure 8.13a.
Figure 8.13a is used to motivate the equivalent circuit model and figure 8.13b contains the
labels of each circuit element.

The bipolar junction bottom cell consists of a p-type absorber material, a majority carrier
(hole) contact and two minority carrier (electron) contacts. The majority carrier (hole)
contact is assumed to be a perfectly hole-selective ohmic contact and therefore a loss-free wire
connects contact R* in the circuit model. Each minority carrier contact forms a rectifying
junction with the absorber and diodes DZ at contact Z* and DF at contact F* account
for this fact in the equivalent circuit model. The voltage Vpz or Vpr across the diode
controls the minority carrier concentration in the absorber at the contact’s boundary and
thus the current density Jpyz or Jpr through the diode. Furthermore, a voltage difference
Vb.zr = Vbr — Vbz between the contacts F* and Z* results in a spatial gradient of minority
carrier concentrations in the absorber from the contact with the higher potential to that with
the lower potential. The resulting gradient of the chemical potential drives a diffusive transfer
current density Jcr of minority carriers between both minority carrier contacts. This is
represented with a voltage-controlled current source!®. The obtained equivalent circuit model
without illumination (Jpnz = Jpnr = 0) is the well-known Ebers-Moll transport model for
bipolar junction transistors [99].

To arrive at the final bipolar junction bottom cell model with illumination in figure 8.13a,
constant current sources for the photo-generation in the absorber are superposed with the
Ebers-Moll transport model. Superposition principle applies in this case because the obtained
differential equations of the drift-diffusion model are linear (see appendix A.5.1) [408]. The
corresponding model equations for the bipolar junction bottom cell in the simplest version
(without shunt and series resistances) are as follows.

Jor = Js - [exp(4RE) — exp(457)]

Jz = Jpenz —Joz+Joer=(1-T) - Jpn — Jopz - [eXp(q,;;D;,?) — 1]+ Jor
(8.6)
Jr = Jenr —Jor —Jor =T+ Jpn — Jopr - [GXP(%) —1] = Jor

Jrn = Jz+ Jr = Jpn — (Jpz + JoF)

Jg is denoted as the base transport coefficient!”. Jo,pz and Jy pr are the saturation current

densities of the diodes DZ and DF, respectively. Jpynz and Jppp are the photo-generated

current densities at diodes DZ and DF', respectively. The total photo-generated current

density Jpy is the sum of Jpy, 7 and Jpp p. The normalized photo-current density at the front
Jph,F

terminal of the bottom cell ' = T is a number between 0 and 1, and describes the fraction

6rectangular current source symbol
"Tn the context of bipolar junction transistor models, Js is often called (transport) saturation current
density or intercept current density [99, 420-423]
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of the total photo-generation, which contributes to the photo-generated current density at
diode DF. Appendix A.5.2 provides a detailed discussion of I" and concludes that I" reflects
the spatial distribution of photo-generated carriers through the generation profile. I' can be
calculated explicitly by numerical integration of tabulated data or analytic expressions of the
generation profile!s.

Note that the model in equation 8.6 is derived for low-level injection condition. However,
Gummel’s charge control relation [420, 421] and it’s extension [424] represent the most general
relation for the transfer current density Jor and provide an equivalent circuit model for
high-level injection conditions (see appendix A.5.1). The obtained circuit model is almost
the same as in figure 8.13b, but Jg is now voltage-dependent.

The model equations 8.6 can now be used to calculate the total power density Psr total
extracted from a 3T bipolar junction bottom cell by summing up the powers extracted at
each minority carrier terminal.

Pstiotal = Jz - Voz +Jr - Vor = Ppn — Po — FPor
Py, =(1=D)Jpn - (Voz+ 5 Vor)

Py =Jpz - Vpz+Jpr - Vor

Per =Jer - (Vbr — Vbz)

Similar to a unijunction junction solar cell, the total power density includes a photo-generating
term Ppy, and the diode recombination term Pp for the diodes DZ and DF. Additionally in a
bipolar junction bottom cell, the transfer process of minority carriers! between contact F*
and contact Z* dissipates a power density Por. Conclusively, the Pyp mpp total Curve in figure
8.9b is expected to exhibit a point of operation at a current density Jr gp, where Pst mpp total
is maximum. This point of operation relies on minimizing the power dissipation and hence
requires that contact Z* and F* are at the same potential to ensure that the transfer current
density (Jor = 0) and dissipative power density (Por = 0) vanish. For the latter conclusion,
it is assumed that Jypz and Jypr are similar.

Equipotential operation — Vzg mpp = 0

The fact that the power density Psr mpp.total 1S maximized at equipotential operation (Vpz gp =
Vorep) was also found for the 3T unijunction bottom cell (equation A.20) and therefore
applies as a general rule of thumb to 3T bottom cells. For example, if Rz and Rp in figure
8.13b are taken into account, then another dissipative power density Pres(Jor) has to be
added in equation 8.7. Now, Pres + Por is minimized® and Jor is not necessarily zero.

18p_ Stradins pointed out in a private communication that this statement is only true for a single dimensional
cell. For a 2- and 3-dimensional model I" will be modified by lateral transport.

9Note that this loss is not caused by recombination in the absorber, since the model equation were derived
under the assumptions of an infinite minority carrier lifetime in the absorber.

20 Again, it is assumed that Pp does not change significantly with Jor in the range of interest.
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However, the equipotential operation (Vrzep = Varprp) still reflects the operation point,
where Pyt mpp total 18 maximized.
Since the 3T bipolar junction bottom cell in this section is designed such that Ry and
Ryp are negligibly small, the effect of Pres is neglected in the following and Jor = 0 in
case of equipotential operation. Under that conditions, the maximum power point voltage
VbzEPmpp = VDF,EPmpp fOr the equipotential case can be calculated from equations 8.6 by
using a Taylor approximation as follows?!.

Vbr,EP,mpp = VDZ,EP,mpp = VEPmpp = E[J‘h -~ In <Jph> — Ay (8.8)

q Jopz + Jo,pr

If the Taylor approximation is performed around a voltage of 514mV (corresponds to
qvﬁg% = 20), Ay and A, are about 0.955 and 2, respectively. The Taylor approximation is
also accurate for values between 440 mV and 720 mV within a relative error margin of 2.5%.
For decent solar cells, diode saturation current densities Jo pr and Jy pz between 20 fA/ cm?
and 50 fA /cm? for each of the DF and DZ diodes are typical. For a photo-current density
of about 10mA /cm?, a voltage Vigpmpp between 575mV and 600 mV for the equipotential
case is expected. In contrast to this prediction, the experimental cell in figure 8.9a exhibits a
voltage Vepmpp of about 445 mV only. However, equation 8.8 does not include parasitic effects
like non-ideal diode recombination, shunt or series resistance and the voltage value above
575mV can be considered as an upper estimate. The current density Jr gpmpp extracted
from contact F* under equipotential operation is determined by a photo-generation current
density and a diode recombination current density.

VEPm
Jr EPmpp = L Jpn — JopF - <exp (]Z:?Tm) - 1) (8.9)

The exponential diode recombination defines the current density at the maximum power
point as it would do for all type of solar cells (see section 2.3). The exponential recombination
current density is typically small compared to the photo-generation current density and does
not change considerably upon a deviation of the voltage from the equipotential operation.
Therefore, in the case of equation 8.9, I'Jpy, determines the current density Jg gpmpp, Where
equipotential operation of the cell leads to a maximum in P37 mpp total- Since I' depends on the
photo-generation profile within the cell, the optics of the cell and especially the illumination
spectrum are important factors. If the front side of a Si bipolar junction bottom cell is
illuminated with AM1.5G spectrum, most of the carriers are generated close to the front side
and I" is close to unity. For monochromatic illumination of a Si cell with a wavelength close
to the absorption band-edge, an almost equal amount of carriers is generated at the front
and rear side of the cell and I approaches % for the case of homogeneous generation. Both
cases are illustrated in figure A.14.

The investigated cell in figure 8.9b is illuminated from the front side with a tungsten-halogen
lamp with a spectrum, which can be approximated with black-body radiation with a body
temperature of about 3000 K [425]. A ray tracing simulation of the bipolar junction bottom

21The derivation of this equation can be found in the appendix A.5.3.
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cell similar to that in appendix A.2.1 with the black-body spectrum yields the generation
profile of the investigated cell and I' is calculated to be about 0.84 by numerical evaluation
of the integral in equation A.62. Conclusively, most of the photo-generated carriers are
generated close to the front contact and Jp gpmpp in figure 8.9b is close to the current density
of the current-matched case, in which all photo-generated current is collected at the front
junction.

Voltage Vzr mpp in non-equipotential operation

For any operation state outside of the equipotential one, a minority-carrier transfer current
density Jor # 0 is required to flow between both diodes. The diode voltages are not equal
anymore and a power density Por mpp is dissipated.

Figure 8.14a shows the evolving voltage difference Vzp mpp as function of Jp pypp. For the
current density Jg gpmpp 0f about 6.6 mA /cm?; the voltage Vg mpp i zero and Jg gp mpp can
be used to calculate the transfer current density (blue x-axis at the top of figure 8.14) as®?

qVDF,m qVEP,m

JF,EP,mpp - JF7mpp = JCT + JO,DF : (exp e exp pp) ~ JCT- (810)
kgT kgT

For small magnitudes of Jormpp close to equipotential operation in figure 8.14, Vzp mpp
appears to be a linear function of Jor mpp, but saturates logarithmically for larger magnitudes
of JCT,mpp-
In the framework of the equivalent circuit model, the following explicit equation for Vzp mpp
as function of Jor mpp is obtained by rearranging the relationship between Jor mpp and the
diode voltages Vpz mpp and Vpr mpp in equation 8.6.

2kgT JoT.m
J— P . 3] , PP
VZF,mpp - VDF,mpp - VDz,mpp = 7(] arcsinh

(8.11)

4(VDZ.mpp+VDF,mpp)
2%kpT

2 - Js - exp

The voltage Vg mpp depends on Jor mpp, through the inverse hyperbolic sine function, which
is qualitatively in agreement (at least for small Jop mpp) With the experimental observation
in figure 8.14a. The denominator of the argument of the inverse hyperbolic sine consists of
Js multiplied by an exponential function, whose exponent contains the average of the diode
voltages Vpz mpp and Vpp mpp. As pointed out in appendix A.5.4, the average of the diode
voltages approximately equals the equipotential voltage Vipmpp as long as ¢Vzp mpp << kT’
In that case, the average voltage represents the quasi-Fermi level splitting in the absorber
and therefore the exponential function is a measure for the minority carrier concentration.
Furthermore, equation 8.11 approximates to the following linear transport law for ¢Vzp mpp <<
2kgT.

kBT JCT,m
VZF7mpp ~ q . J e q];‘)ZIP,mpp - Rdiﬁ ’ JCT,mpp (812)
S Xp kT

22The approximation is quite accurate as long as Jg >> Jo pr and Jg >> Jy pz in equation 8.6, which
is required for a useful 3T bipolar junction cell. In this case the red part of equation 8.10 can be safely
neglected.

128 Three-terminal interdigitated back-contact bottom cell



8.4. EQUIVALENT CIRCUIT MODEL

Transfer current density J., [mA/cm?]

Transfer current density J; ., [MA/cm?] T.mpp

30 20 10 0 -10

UL L LN LN LA N LA

constant V. =445 mV

40 30 20 10 0 -10 -20

-IIIIIlIIIIIIIIIIlI'IIIIIIIIII

constant V. =445 mV

av,mpp_

N
o

av,mpp

full model calculation

1.0 é JF,EP,mpp

full model calculation @

measurement
measurement :

Voltage Vg
[N
o

A
o

0.5

&
o

EJF,EP,mpp
_80IIIIIIlIIIII'IIrIIIIIIII

-20 -10 0 10 20
Current density J¢ ., ,[MA/cm?]

0.0

' FENE FEEEE FEEEE e« TS P

30 20 -10 O 10 20
mpp Current density J, [mA/cm?]

(a) (b)

Power loss due to transfer current Per ,,, [MW/ecm?]

F,mpp

Figure 8.14.: (a) Measured and calculated voltage difference Vzp mpp = VRFmpp — VRZmpp
between rear minority carrier contact Z and front contact F at the maximum
total power point. (b) Comparison of experimentally determined and calculated
power density loss Pormpp @s @ function of the transfer current density Jor mpp-

In this linear operation regime, a voltage difference between both minority carrier contacts
drives a transfer current density proportional to a transport resistance Raig(Vipmpp). This
diffusion resistance Rgyr is then defined as the resistance, which minority carrier experience,
when they flow through a semiconductor [64].

kgT

Ri - 2 813
T s - oxp Webme (8:19)

Js for a p-type base with a thickness Wg, a minority carrier diffusion coefficient D, g, an
equilibrium minority carrier concentration npo and with a sufficiently large minority carrier
diffusion length calculates as follows (see also appendix A.5.1).

. an,B n
WB B,0

Using the definition of Js and the Einstein relation between D, g and minority carrier mobility
[n,B in equation 8.13 yields a familiar form for the diffusion resistance.

WB WB

i - .
q pmB - MBo * €xp? e 4 Pnp "B

Js (8.14)

Rdif—f - (815)

The denominator of Rg;r turns into the conductivity of the base for minority carriers, which
is the product of the elementary charge ¢, minority carrier mobility p, g and the minority
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carrier density ng.

The derived equation 8.11, 8.12 and 8.15 allow to calculate the voltage Vzr mpp as a function
of the transfer current density Jor mpp from material properties and the equipotential voltage
of the cell. For the cell in figure 8.14 with a wafer resistivity of 200 Qcm, thus a dopant
concentration of 6.7 - 10'® cm™, the minority carrier concentration ng amounts to 4.2 - 103
cm™ at an equipotential voltage of 445mV and a temperature of 28°C. The diffusion
resistance Rgg calculates to 3.25 Qcm? from equation 8.15 with an electron mobility of 1378
em?V-1st and a wafer thickness of 300 pm.

The calculated voltage Vzp mpp from equation 8.11 with the same input parameters and an
assumed constant average voltage of 445 mV follows the linear relationship in equation 8.12
for qVzr mpp << %kBT . The calculation matches the experimental data in this linear regime
well, which underlines the usefulness of the diffusive resistance picture.

The diffusion resistance is an intuitive representation of the “minority” carrier transport
through the base and provides a simple way of understanding the operation principle of
3T bottom solar cells. In fact, equations 8.12 and 8.15 are not only valid for the low-level
injection case, where the designation “minority carrier” has its justification, but can also be
derived by using the (generalized) Gummel’s charge control relation [420, 424]**. Since the
charge control relation is also valid for high-level injection, it follows that the picture of a
resistor from equations 8.12 and 8.15 also holds if the concentration of electrons and holes is
similar.

For qVzp mpp > 2kgT, the calculation predicts a more than twice as high magnitude for
VzF mpp as compared to the the experimentally determined one. The deviation results from
the assumption that the average voltage %(VDZ’mpp + Vopmpp) ~445mV is constant for
Jer > 0. This assumption approximately holds for small values of Vzp mpp, but breaks down
for larger values. When the full model from equations 8.6 and 8.7 with Jp, =10mA /cm?,
['=0.69, Jopz = Jopr =11 pA/cm? and Js =320 pA/cm? is used to calculated the maximum
power point, it turns out that the average voltage almost equals the equipotential voltage for
VzF mpp < £10mV. Beyond £10mV, the model with constant average voltage overestimates
VZzF mpp, While the resulting Vzp mpp from the full model as function of Jop mpp, agrees well
with the experimental data in figure 8.14a.

Power density loss Pct mpp in non-equipotential operation

The voltage Vzp mpp drives a transport of minority carriers through the absorber and causes
a power density loss Pormpp. The power density loss Por mpp is calculated from the total
power density Psrmpp.total (figure 8.9b) by subtracting the absolute maximum of the total
power density Pt mpp total (ST mpp = 0) from Pyp o total. This implies the assumption that
the complete loss results from the current transfer, such that the transfer current density
JoT mpp has to vanish in order to maximize the Pyt mpptotal. The power density loss Por mpp
is shown in figure 8.14b. For small |Jor mpp| values around equipotential operation, the loss

23In the case of Gummel’s charge control relation, Jor still follows equation 8.6, but now Jg depends on
the diode voltages Vpz and Vpp, which control the base charge. In the equipotential case, Jg reaches some
value Jg gp and as long as Vzrp << Vgp and ¢Vzr << kT, the contribution of biasing the junctions to the
total base charge is neglible and Jg stays approximately constant.
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grows quadratically with |Jor mpp|, Which is consistent with irreversible thermodynamics for
linear transport laws (as in equation 8.12) [45, chapter 16] and was discussed in the context of
semiconductors by several authors [64, 69, 70, 394]. In this linear regime, the power density
loss Pormpp can be calculated by multiplying the transfer current density Jor mpp With the
voltage Vzr mpp from the linear transport law in equation 8.12.

~ .72
Permpp = JoTmpp * Vzrmpp = Rait JCT,mpp (8.16)

For the general case, equation 8.11 can be used to calculate Vzp iy, as the input parameter
for equation 8.12. Figure 8.14b (red solid line) depicts such a calculation for the same set of
parameters, especially a constant average voltage Vipmpp 0f 445mV, as for the calculation
of Vzp mpp in figure 8.14a. As discussed for the calculation of Vzp 1pp, the assumption of a
constant average voltage Vepmpp = %(VDF,mpp + Vbz.mpp) 1s useful for the linear regime, but
breaks down beyond this approximation. For this reason, the calculated Por mpp matches the
experimental data close to the equipotential operation (small |Jor mpp|), but overestimates
the loss for larger |Jormpp| values. In the latter case, the full model calculation, where
Vor,mpp and Vpz mpp are calculated numerically, yields a better agreement and demonstrates
that the loss is inherently due to the operation of the bipolar junction bottom cell.

For well-designed bipolar junction bottom cells, it is necessary to keep the power density
loss Pormpp small and therefore a well-designed bottom cell should operate close to the
equipotential operation state, which renders the linear approximations from equations 8.12,
8.15 and 8.16 extremely valuable.

However, the experimental data shown in figure 8.14(b) refers to a bottom cell, which is
far from being ideal and thus one expects the loss to be much smaller for better solar cells
with higher Vipmpp. Figure 8.14(b) shows two examples with an average voltage Vipmpp
of 500 mV and 550 mV, which corresponds to cells with Jy pr = Jo pz of 870 fA /cm? and
110 fA/cm? according to equation 8.8, respectively. As expected the loss is strongly reduced
and the diffusion resistance is around 0.397 Qcm? and 0.055 Qcm? for 500mV and 550 mV,
respectively. For the latter, the low resistance would hardly affect the performance of a

bipolar junction bottom cell with relevant transfer current densities up to approximately
40 mA /em?.

Design guidelines

The investigation of the previous subsections show that the transfer of minority carriers
through the wafer in a bipolar junction bottom cell can represent an important loss mechanism.
In the framework of equations 8.15 and 8.16, the loss can be controlled by the diffusion
resistance, which in turn depends on the properties of the wafer and the injection level at
maximum power point. If the approximation in equation 8.8 and the relationship between
the specific wafer resistivity pp, majority carrier mobility ;1,5 and doping density is used,
the following equation can be derived?*.

A 2
exp (As) (Jopz + Jopr)™ JEr mpp
p 2
@ B MpB T Rsheet,B (Joh,bottom )M

(8.17)

PCT,mpp ~

24The derivation can be found in the appendix A.5.5.
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For the Taylor approximation in equation 8.8 at qVEP;‘pp = 20, A; = 0.955 and Ay, = 2.
Equation 8.17 contains a product of three factors: The red factor is a constant, if constant
carrier mobilities and a constant intrinsic carrier concentration are assumed25, and has
a value Az of 4.33 - 1012Q%cm?. The blue factor contains solar cell specific parameters —
the saturation current densities of the two diodes and the sheet resistance of the wafer
Rsheet,B = pm]i—’“ under dark conditions. The last factor (black) contains information about the
illumination conditions for the bottom and top solar cell. To relate the loss within the bottom
cell to a particular top cell, one has to define how Jor is related to the generation current
density Jon top and Jph bottom it the top and bottom cell, respectively. As the simplest guess,
the transfer current density can be expressed as the mismatch between the photo-generated
current density of the top cell and the photo-generated current density at the front contact of
the bottom cell Jor mpp = |Jphr £ Jphtop] = [T’ Jph,bottom £ Jph,top|, Where the “—" and “+”
refer to the series-connected and reverse-connected tandem cell configuration, respectively.
For a silicon bottom cell with a perfectly transparent top cell (e.g. a top cell with a band gap
of 4 V), which is illuminated with AM1.5G spectrum, the total photo-generation current
density for the bottom cell amounts to about Jy., =44mA/cm? [415]. If the band gap
of the top cell decreases, the absorber of the top cell begins to absorb one part of the
spectrum, which is lost for the bottom cell. For simplicity, it can be assumed that the photo-
generation current densities add up to Jmax = Jpnbottom + Jphtop. With that assumptions,
JCT,mpp = Jmax ’ ‘F (F + 1) Jon top’ and Jph bottom — Jmax - Jph,top

By substituting Jor mpp and JPh,bottom in equation 8.17, it reads

Jo.pz + Jo.pr) ™ _
PCT,IHPP ~ A3 ’ ( : R : ) ) Jr(nanAl) ' (818)
Sheet,B
The “47” and “—7 signs of the “F” signs refer to the series-connected and reverse-connected

tandem cell configurations, respectively. Equation 8.18 contains a product of four factors,
where only three factors influence the design of bipolar 3T bottom cells. The first factor A
is approximately constant for a given temperature, the second factor (blue) contains the solar
cell specific parameters and the third (black) one (J,41)) contains the information on the

illumination intensity. The last factor (orange) is denoted to as the current-mismatch loss

factor (r=1) -
(F _ + ph,top )2

Jmax

X = T Ty (8.19)

which describes the relative loss enhancement due to the current transfer through the bottom
cell implied by the current-mismatch of the photo-generations.

Figure 8.15a shows the current-mismatch loss factor y for a series- and reverse-connected
tandem cell with different top cell band gaps?®. For simplicity, it is assumed that I' = 1 applies
to all tandem cells independent of the top cell band gap, which means that the photogeneration

25This assumption is approximately valid for moderate doping and injection levels up to approximately

10*cm™. But even at carrier concentrations of 1 - 10'%cm™ the electron mobility maintains approximately
84% and the intrinsic carrier concentration 92% of its initial value.

26Details on the calculation procedure is found in the appendix A.5.6
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Figure 8.15.: (a) Current-mismatch loss factor as function of the top cell band gap for a
Si bottom cell under AM1.5G spectrum. (b) Limiting efficiency for a reverse-
connected 3T tandem cell comprising a top cell with a band gap of 1.8 eV
(x = 1.75) and a bipolar junction IBC bottom cell with Jy pz + Jo pr between
10 fA/em? and 200 fA/cm? and with a pitch of 2mm. Solid and dotted lines
represent the calculations with and without losses from lateral majority carrier
transport.
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exclusively takes place at the surface of front side of the bottom cell. While this is quite
accurate for wide-band gap top cells, the assumption becomes inaccurate for narrow-band gap
top cells and underestimates y for the series-connected tandem and overestimates it for the
reverse-connected tandem. For top cell band gaps exceeding 3.5 €V, x equals I'> = 1 in series-
and reverse-connection, because the top cell is mostly transparent to AM1.5G spectrum and
Jphtop Vanishes. This case is equal to a 2T IBC cell under full-spectrum illumination, where
the minority and majority carriers of the entire photo-generation current have to flow from
the front side of the cell to the back.

If the band gap of the top cell decreases in a reverse-connected tandem cell, the transfer
current density remains the same®” as for 3.5 eV, but the photo-generation current density
and hence the injection level in the bottom cell decreases. This leads to a larger resistance for
minority carriers and a larger loss factor y. In a series-connected tandem cell the injection
level in the bottom cell decrease with decreasing band gap too, but now one part of the
photo-generated current density is collected at the front side of the bottom cell to match the
top cell’s current density and the transfer current density is decreased. The loss factor y is
reduced until a band gap of 1.7 €V is reached, where top and bottom cell’s current densities
match and the transfer current density vanishes. For top cell band gaps below 1.7 eV, the
photo-generation in the bottom cell decreases further and that of the top cell increases, such
that the bottom cell would limit the current density of the tandem and a transfer current
has to flow from the rear contact Z to the front contact. As the injection level decreases and
the transfer current density increases simultaneously with narrower band gap, the loss factor
rises steeply. From the loss factor, it can be expected that reverse-connected tandem cells,
especially with a narrow band gap, exhibit a larger loss than the series-connected tandem
cells. However, the power loss in equation 8.18 reveals that the loss can be minimized by
choosing an appropriate base sheet resistance for given saturation current densities.

Reverse-connected tandem cell

Figure 8.15b shows the limiting efficiency for a reverse-connected tandem cell®® comprising
a Shockley-Queisser-limited top cell with a band gap of 1.8 eV [415]. The band gap is
comparable to that of the GalnP top cell with an efficiency of 20% as used for the record 4T
GalnP/Si tandem cell with an efficiency of 32.5% [406]. If lateral transport of majority carriers
is neglected (dotted lines), the limiting efficiency for a bottom cell with (Jopz + Jopr) of
10 fA /cm? saturates at 42.2% for a sheet resistance of several hundreds 2/0]. For bottom cells
with a sheet resistance far below 200 €2/ the efficiency is reduced due to dissipative minority
carrier transport through the wafer. This same trend towards high base sheet resistances is
also found for higher saturation current densities. If the lateral majority carrier transport
for an IBC pitch of 2mm is taken into account, a broad maximum efficiency of 41.9% is
found for (Jopz + Jopr) of 10fA/cm? and a sheet resistance of between about 50 /] and
100 /0 (red solid line). For higher saturation current densities the maximum efficiency

2TThis is due to the definition Jor = Jpax - [T — (I — 1) - ph v | for the reverse-connected tandem cell.
If ' =1, then Jor = Jmax independent of the band gap down to "the bottom cell band gap.
28Detauls on the procedure for the calculation is found in the appendix A.5.7.
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Figure 8.16.: Limiting efficiency for a series-connected 3T tandem cell comprising a top cell
with a band gap of 1.55 eV (a) or 1.8 €V (b) and an IBC bottom cell with
Jopz + Jopr between 10fA /cm? and 200 fA/cm? and with a pitch of 2mm.

decreases and the optimum sheet resistance is increased. The efficiency gap between the
efficiency without considering transport losses?” and the maximum efficiencies with transport
loss can be used as a measure for the total loss and thus forms the basis to evaluate the
potential for 3T bipolar junction tandem cells. For the example with an IBC grid with a
pitch of 2mm, the efficiency loss amounts to 0.3%.1s. for the bottom cell with the smallest
saturation current density of 10fA/cm? and 1.3%,ps. for the bottom cell with the largest
saturation current density of 200 fA /cm?. In conclusion, a well-designed reverse-connected
tandem cell with a limiting top cell can operate with a small transport loss and therefore
is an attractive architecture, especially if module integration [94, 95] and cell fabrication
complexity (see 8.6) is considered.

Series-connected tandem cell

Figure 8.16a shows the limiting efficiency for a bottom cell-limited series-connected tandem
cell comprising a top cell with a band gap of 1.55 eV, as it is used for the record lead halide
perovskite solar cell with an efficiency of 25.2% [426, 427]. If lateral transport of majority
carriers is neglected (dotted lines), the limiting efficiency for a tandem comprising a bottom
cell with (Jopz + Jopr) of 10fA/cm? amounts to about 41.4% nearly independent of the
sheet resistance, because the loss due to minority carrier transport is negligible. For bottom

29This is simply the value from the calculation in the appendix A.5.7 without losses.
39Details on the procedure for the calculation is found in the appendix A.5.7.
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cells with a saturation current densities of 200 fA /cm?, the efficiency saturates at a value of
40.1% for sheet resistances above several hundred /[0 and decreases slighly for lower sheet
resistances. If the lateral majority carrier transport for an IBC pitch of 2mm is taken into
account, a maximum efficiency of 41.3% is found for (Jopz + Jopr) of 10fA/cm? and a sheet
resistance between 20 /00 and 35 €2/0 (red solid line). For a saturation current density
of 200 fA /cm?, the maximum efficiency decreases to a value of 39.9% for an optimum sheet
resistance between 60 /00 and 230 /0 (brown solid line).

The efficiency gap of the tandem cell with and without considering majority carrier transport
amounts to 0.1%.ps. and 0.25%,ps. for low and high saturation current density, respectively.
Finally, figure 8.16a shows the limiting efficiency of the third opportunity — the top cell-limited
series-connected tandem cell comprising a top cell with a band gap of 1.8 eV. As expected
from the current-mismatch loss factor x of 0.022, the minority carrier transport loss in this
configuration is the lowest, such that the efficiency for most of the investigated saturation
current densities is almost constant with sheet resistance, when majority carrier transport
is neglected (dotted lines). If majority carrier transport is included, then the maximum
efficiency of 42.3% and a negligible efficiency loss is attained for the lowest sheet resistance and
lowest saturation current density. For the highest saturation current density of 200 fA /cm?,
an efficiency of 40.3% with an efficiency loss of 0.1% is predicted.

To summarizes, equation 8.18 provides a simple and quick estimate of the power loss due
to minority carrier transport in a 3T bipolar junction bottom cell for series- and reverse-
connected tandem cells. The minority carrier transport loss is minimized for high sheet
resistances. However, this would lead to a considerable majority carrier transport loss for
finite IBC grid geometries. If the majority carrier transport is taken in to account, an
optimum sheet resistance is found for each cell architecture, top cell band gap and saturation
current density for given grid dimensions. This simple design guideline can serve as a the first
rough estimate for the optimum sheet resistance and a maximum efficiency. Combining this
approach with a Shockley-Queisser-limited top cell efficiencies demonstrates that a series-
and reverse-connected 3T tandem cell featuring a well-designed bipolar junction bottom cell
is able to achieve efficiencies close to 42% for relevant top cell band gaps.

8.5. High performance unijunction bottom cell

The 3T unijunction bottom cell with a planar n* POLO front contact from section 8.2.1
is the simplest implementation of a 3T unijunction bottom cell and requires only small
modification to the POLO-IBC cell process developed in chapter 7. Although the solar cell is
good enough to investigate the physics and to demonstrate a prototype of a 3T tandem, it is
hardly possible to achieve highest efficiencies. In the following, several shortcomings of the
bottom cell are addressed and a high performance 3T unijunction bottom cell is developed.

8.5.1. Cell fabrication process

The high performance 3T bottom cells are fabricated on 6-inch n-type FZ wafers with a
resistivity of 1.7 2cm and a thickness of 250 pm following the process flow of section 8.2.1
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Figure 8.17.: (a) Schematic cross-section of a high performance 3T unijunction bottom cell.
(b) Saturation current density of the n™ POLO junction on a textured surface
for variing phosphorus implantation doses and the corresponding bulk lifetime
of the sample after junction formation.

exactly, except that a textured n™ POLO front side and an improved dielectric stack at the
rear side are implemented. The latter enables an improved and damage-free laser contact
opening process of PECVD-deposited 200 nm-thick SiOy layers, which greatly enhances the
infrared response of the solar cells. A schematic cross-section of the finished 3T bottom cell
is shown in figure 8.17a.

Implementation of a textured nt POLO front side

In order to implement a textured nt POLO contact on the front side, the front side of
the wafer is textured, while the rear side is protected by a SiNy layer. After removing the
SiNy layer and RCA cleaning, a 2.2 nm-thick3! interfacial silicon oxide grows in an oxidation
furnace, which is capped by intrinsic a-Si in a LPCVD furnace. The rear side is doped by
masked ion implantation as described in section 7.

Since the textured n™ POLO contact on the front side is used for the first time in a POLO-IBC
cell process, the implantation parameters are optimized on Cz n-type samples. A phosphorus
implantation dose between 2 - 10 cm™ and 9 - 10'® ecm™ is implanted into a 225 nm-thick
a-Si layer on both side textured samples. After oxidation and junction formation in a tube
furnace, photo-conductance decay measurements are performed and the saturation current
density and bulk lifetime are extracted according to Kane and Swanson [101]. Figure 8.17b
shows an increase of bulk lifetime? (grey circles) from approximately 2ms for the lowest
implantation dose to above 20 ms for the higher doses, which is consistent with the gettering
effect observed among others by Wong et al. [428] and Kriigener et al. [266]. The saturation

31The oxide thickness was measure on a polished reference wafer by using ellipsometry.
32Bulk lifetime was determined from the intercept of the Kane&Swanson analysis.
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current density for the POLO junction after formation (red triangles) decreases with increasing
implantation dose until a minimum of about 18 fA /cm? is reached for implantation doses
between between 6 - 10* cm™ and 8 - 10 cm™. The saturation current density is further
decreased significantly to a minimum of 6 fA /cm? after hydrogenation with a hydrogen-rich
SiN, layer. The implantation dose of 7 - 10'® cm™ for the cell is chosen, which yields the
highest bulk lifetime and a low saturation current density after hydrogenation.

The POLO junctions are formed and the trench separation is performed following chapter 7.

Improved laser contact opening process

As a next step in the process flow in chapter 7, the trench region on rear side is passivated
by an AlOy layer, which is covered by a protective SiNy layer. In a subsequent laser ablation
process, this dielectric stack has to be removed locally on the POLO junctions to enable
electrical contact to subsequently deposited aluminium layer. During the laser ablation
process a part of the poly-Si is “evaporated” to mechanically remove the UV-transparent
dielectric layers above by the pressure built up. Thus, this type of ablation process restricts
the layer thickness and type of the used dielectric layers on the rear side and always reduces
the poly-Si layer thickness [156], which can lead to a reduced passivation of the POLO
junction and local shunting (e.g. compare with subsection 8.3.2). In order to achieve the
highest performance, it is essential to avoid any degradation of the POLO junction and to
maximize the infrared response of the solar cell through the use of thick dielectric layers [429,
430].

For this purpose, a slightly different laser process is developed in this thesis, which uses a
20nm-thick AlOy passivation layer with a thin lift-off-mediating SiNy layer and an infrared-
response-enhancing thick SiO, layer. The optical properties of this dielectric layer stack
are chosen such that the infrared response is optimized and a damage-free laser ablation
is possible. According to simple raytracing simulations around a wavelength of 355nm, a
30nm-thin SiNy layer with a refractive index of 2.4 covered by a 200 nm-thick SiO, layer
leads to an absorption of more than 50% of the UV intensity in the thin lift-off-mediating
SiNy layer and less than about 30% in the poly-Si layer®. In contrast to the laser ablation
processes used previously, the SiNy layer is consumed during the ablation process instead of
the poly-Si layer, which enables one to lift-off a thick SiO, layer and simultaneously leave
the POLO junction unaffected by the incident laser beam. Figure 8.18a shows a tilted top
view SEM image of the LCO before evaporation of aluminium and figure 8.18b depicts the
SEM image of the cross-section of the LCO after evaporation of aluminium. A sharp tear-off
edge of the thick SiO, layer (red box in figure 8.18b) marks the edge of the contact opening
and indicates that the SiO, is indirectly ablated by a mechanical lift-off process. Due to
the Gaussian distribution of fluence and the direct ablation of the SiNy layer, the contact
opening accommodates three regions:

o In the inner circle of the contact opening (blue box in figure 8.18b), the laser fluence
is sufficient to remove the SiNy layer completely and leaves a smooth poly-Si surface,

33The author is aware that a raytracing simulation is not able to simulate a laser process accurately.
However, it is used here as rough guess to adjust the layer thicknesses.
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Figure 8.18.: (a) Tilted top view SEM image of a laser contact opening before evaporating
aluminium. (b) SEM image of the cross-section of the laser contact opening
after evaporating aluminium. Red and blue boxes detail the edge and the center
of the LCO, respectively.

which is probably still covered with the AlO, layer. The possibly remaining AlO,
layer is removed by a short single-side etching in a 1% HF solution, which is anyhow
performed before evaporating the aluminium.

« In the outer circle, however, the fluence is not sufficient to completely remove the SiNy
layer and therefore leaves a thinned SiNy layer with nanometer roughness in this region.

» Between these two regions there is a transition region where the SiNy layer is no longer
closed and is probably lifted off during the short HF etching.

From the SEM cross-section in figure 8.18b, one would expect that the POLO junction is not
affected by the laser ablation process and that a reasonable electrical contact forms between
poly-Si and aluminium. Indeed, lifetime data from infrared lifetime mapping [431] supports
this conclusion, which shows identical lifetimes before and after laser ablation (not shown
here). The contact resistance is not measured separately, but can be estimated from the
series resistance in figure 8.19a of the obtained solar cell. If the series resistances of the solar
cells with approximately the same geometry, but a variing contact opening area fraction, is
plotted versus the inverse of the area fraction, then the slope of the resulting line corresponds
to the contact resistance. The slope of the fitted line to blue diamonds is 1.07540.38 mQcm?
and that fitted to the red cicles is 0.384£0.66 mQcm?. This simple estimate suggests that the
contact resistance is of the order of or below 1 mQcm?,

The developed laser contact opening process is applied to the precursors of the high perfor-
mance 3T unijunction bottom cells and the cells are finished according to chapter 6. During
the passivation of the rear side, the front side received a 20 nm-thick AlO, layer to improved
the POLO junction properties by hydrogenation. The AlO, layer is removed after finishing
the cell process.
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Figure 8.19.: (a) Series resistance of 15 cells with a pitch of 730 pm (red circles) and 11 cells
with a pitch of 950 pm (blue circles) with a variation of the contact opening
area fraction. Red and blue lines represent linear fits to the red and blue data
points. (b) Two-terminal J-V characteristic of the best 4 cm? high performance
3T unijunction bottom cells of 27 cells on a single wafer.

8.5.2. Cell performance

The 2T J-V characteristic of the finished solar cells is recorded using LOANA solar cell
analysis system from pv-tools under one-sun illumination, but with the calibration to the cell
from chapter 7 due to the lack of a calibrated 3T unijunction bottom cell with a textured
front side. The Jz-VRyz characteristic of the best solar cell obtained from 27 solar cell on
a single wafer is shown in figure 8.19b. The solar cell exhibits a Jzsc of 35.8 mA /cm?; a
Viz,oc of 703mV, a fill factor of 80.6% and a resulting efficiency of 20.3%. Since the solar
cell accommodates a thick parasitically absorbing poly-Si layer instead of an anti-reflection
coating on the front side, it is expected that the Jzgc is strongly reduced under one-sun
condition. Under the operation in a tandem solar cell, however, the front side optics of the
bottom cell will improve significantly and the parasitic absorption of the approx. 100 nm-thick
poly-Si layer is then mainly restricted to free-carrier absorption.

The open-circuit voltage is limited by the saturation current density Jz ¢, of approximately
40 fA /cm? from recombination with an ideality factor of unity. The saturation current
density is composed of the following contributions: 5 fA /cm? from band-to-band and Auger
recombination in the wafer, between 15-20 fA/cm? from bulk SRH recombination and the
remaining 15-20 fA /cm? are due to the POLO junctions on the front and rear side and the
trench passivation. The pseudo fill factor of 82.9% as extracted from Jz gc-Vrz oc indicates a
neat recombination behavior around the maximum power point with a local ideality factor
of about 1.2 at 600 mV. However, the Jz-Vgrz characteristic under illumination exhibits a

140 Three-terminal interdigitated back-contact bottom cell



8.6. SIMPLIFIED PERC-LIKE THREE-TERMINAL BIPOLAR JUNCTION
BOTTOM CELLS

strongly enhanced parasitic recombination compared to the Jz gc-Vrz oc characteristic, such
that a local ideality factor above 1.6 at 600 mV is observed. This parasitic recombination
together with a series resistance of 0.38 Qcm? reduces the fill factor to a value of 80.6%.
The reason for the degradation of the recombination behavior is unclear and needs further
investigation.

To better classify the results, a 2T double-diode model is fitted to the J-V data and the
efficiency of the cell is simulated with a short circuit current density of 41.5mA /cm? as in
the POLO-IBC cell in chapter 7 and with a short-circuit current denisty of 24.2mA /cm?
as in the bottom solar cell of the GalnP//Si tandem solar cell reported in reference [398].
For the former scenario, an efficiency of 24.1% is predicted, which is comparable with the
efficiency of the POLO-IBC cell of 24.25% from chapter 7. For the scenario in a GalnP//Si
tandem cell, a bottom cell efficiency of 13.8% is predicted, which is 1.3%abs. better than that
reported in reference [398] and would enable a GalnP/Si tandem cell with an efficiency of
32.9%, which is better than the current world record of 32.8% for a mechanically stacked
GaAs//Si dual-junction cell [406]. Actually, POLO-IBC bottom cells with a similar rear side
processing as the high performance 3T bottom cell, but an AlO,/SiNy front side passivation,
have been integrated in 4T GaAs//Si tandem cells with an efficiency of 32.6%, which is close
to the current world record [399, 400]. To conclude, the developed high performance 3T
unijunction bottom cell is a promising basis for a 3T tandem solar cell with an efficiency
close to or even beyond 33%.

8.6. Simplified PERC-like three-terminal bipolar junction
bottom cells

The fabrication process of the high performance unijunction IBC bottom cells with POLO
junctions from the previous subsection is much more complex than that of a Passivated
Rear and Emitter cell (PERC) and might compromise the competitiveness of 3T tandem
cells [432]. Fortunately, for the bipolar junction bottom cell architecture, an elegant and
simplified PERC-like 3T bottom cell process, which features local Al back surface field (BSF)
contacts similar to the recently proposed two-terminal (2T) bottom cell [376] and IBC single
junction cell [349, 433], can be constructed. The lean cell fabrication process is introduced
and demonstrated in the following subsection.

8.6.1. Cell fabrication process

As discussed in section 8.1, two different tandems are possible with a p-type bottom
cell — a series-connected tandem “top/s/pbIBC tandem” and a reverse-connected tandem
“top/r/pIBC”. The former requires a tunnel recombination junction on the front side of the
bottom cell and the latter does not. As a consequence, two slightly different process flows —
one with a tunnel junction (figure 8.20, denoted as top/s/pbIBC cell), and another without a
p™/n™ poly-Si tunnel junction (figure 8.21, denoted as top/r/pbIBC cell) — are demonstrated
in the following.
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Figure 8.20.: Fabrication process for a series-connected 37T tandem featuring a PERC-like
bipolar junction bottom cell (top/r/bpIBC) with a p™/n™ poly-Si tunnel junc-
tion.

top/s/pbIBC cell process

Bipolar junction bottom cells with an active cell area of 4 cm? are fabricated on 156 mmx 156 mm
pseudo-square, boron-doped p-type Czochralski (Cz) wafers with a resistivity of 20 {2cm and
an as-cut thickness of 180 pm by using tools and processes common for industrial PERC cells.
The wafers are pre-cleaned (pseudo-SC1), saw damage etched and both-side textured in
RENA’s down-sized industrial cleaning tool “Batchlab” [434]. After a subsequent RCA
cleaning, an approximately 1.6 nm-thick interfacial silicon oxide is grown in de-ionized water
with diluted ozone in the Batchlab tool. In-situ phosphorus-doped amorphous Si is deposited
on top of the interfacial silicon oxide on both sides of the wafer in a LPCVD furnace (E2000)
from Centrotherm. A layer thickness of 200 nm is chosen here to ensure compatibility with
the fire-through metallization process developed elsewhere [433]. Since the screen-printed
metallization of POLO contacts is rapidly evolving [433, 435-440], it can be speculated that
also thinner poly-Si layers can be contacted with fire-through pastes in the future.

After LPCVD deposition, the POLO junction forms during a high-temperature furnace
annealing®* at 880°C in a dry Ny atmosphere. The LPCVD deposition and furnace annealing
replace the POCI; diffusion process for the emitter formation of PERC cells [442].

The silicon oxide, which has parasitically grown during junction formation, is removed with
hydrofluoric acid directly before a second 35nm-thin highly boron-doped poly-Si layer is
deposited on the n™ poly-Si layer using LPCVD. The p* poly-Si layer serves as an Esaki-like
interband tunnel junction (TJ) with the n* poly-Si [376, 443] on the front and rear side of
the cell®.

The poly-Si layers on the rear side are locally laser ablated to define the majority-carrier
contact region with a hyper rapid 50 laser from Coherent with a pulse length of 10 ps and
a wavelength of 532nm. Since the lab-type 4 cm? cells are cleaved at the end of the cell

34The prolong furnace annealing can potentially be replace by a fast firing step [244, 255, 441].
35The pT/n* poly-Si TJ on the rear side of the cell does not affect the device operation [444].
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processing, it is necessary to remove the nt POLO junction from the front side outside of
the active cell area by laser ablation. The induced laser damage on both sides is removed in
a KOH-based etching solution, where the highly boron-doped poly-Si layer of the TJ acts as
a protective etching barrier for the POLO contact. The base contact region and the front
side is then passivated using an aluminum oxide/silicon nitride dielectric stack. This layer
stack is removed locally from the n™ POLO junction in the active cell area on the front side
using an inkjet printed mask and HF etching®®. An aluminum oxide is deposited on the front
side again to act as hydrogenation source during the co-firing step. To enable the formation
of a local aluminium back-surface field (Al-BSF) contact as the majority-carrier contact to
the base, the dielectric layers on the rear side are opened locally by laser ablation with the
hyper rapid 50 laser from coherent with a wavelength of 532 nm. Silver and aluminum pastes
are screen-printed on the POLO contact and the base region, respectively, and co-fired in
an industrial conveyor-belt firing furnace from Centrotherm. During the firing step, the Ag
paste penetrates through the aluminum oxide/silicon nitride dielectric stack and enables the
contact formation of the Ag paste to the poly-Si layer. Simultaneously, Al alloys with Si
within the contact opening and forms a local Al-doped region below the contact (Al-BSF)
[445-448].

The top cell (e.g. based on perovskites or I1I-V semiconductors) is then intended to be
deposited on top of the poly-Si layer on the front side of the bottom cell.

top/r/pbIBC cell process

The process sequence for the bottom cells without a poly-Si TJ is shown in figure 8.20 and
follows that of the bottom cells with poly-Si TJ from figure 8.21, except that the p™ poly-Si
LPCVD deposition step and the prior oxide removal with HF is omitted. In order to provide
an alternative for the omitted p* poly-Si layer, which acts as a protective etch barrier against
the laser damage removal, the n* POLO junction forms during a pyrogenic oxidation at
860 °C. This yields a silicon dioxide layer with a thickness of approximately 70 nm, which
is sufficient to protect the n™ POLO junction for several minutes during the KOH-based
damage etch removal. The remaining protective SiO, layer is removed with HF afterwards.
The cells are finished following the remaining sequence of bottom cell with TJ after damage
etch removal.

Novel process steps

Both process flows for a simplified PERC-like 3T bipolar junction bottom cell contain several
novel process steps compared to the PERC cell technology.

1. A nt POLO junction is fabricated on a textured wafer surface instead of a homojunction
emitter. As pointed out in section 4.2, the fabrication of such junctions with several
different techniques was developed by many research groups and the process used
herein was reported elsewhere [36, 433]. A dark saturation current-density per side

36This is only necessary due to the small size of the cell to avoid enhanced minority carrier transport from
the active cell area to the defective cell edges.
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Figure 8.21.: Fabrication process for a reverse connected 3T tandem featuring a PERC-like
bipolar junction bottom cell (top/r/bpIBC).

of between 20 fA /cm? and 50 fA /cm? is achieved on 5 Qcm n-type CZ reference wafers
after the corresponding dry formation annealing at 880°C and pyrogenic oxidation
at 860 °C by using the slope methode according to Kane and Swanson [101]. This is
significantly higher than the value of 10fA/cm? after forming gas anneal (2.4 fA /cm?
after hydrogenation) reported by Peibst et al. [36] for a similar POLO junction with
1.7 nm-thick interfacial silicon oxide and a 20 nm-thick in-situ doped n* poly-Si formed
on a textured wafer at 900°C. However, it is expected that the saturation current
density of the junctions reported here is significantly improved after the co-firing step
with the hydrogen-containing AlO/SiNy passivation layers.

2. For a low-resistive Esaki-like p* /n™ poly-Si TJ an abrupt pn-junctions with degenerated
p-type and n-type layers is vital. Peibst et al. have reported on Sentaurus Device
simulations of similar tunnel junctions as reported herein with measured doping profiles
and a minority carrier lifetime of 50 ps as input parameter. The simulated TJ yielded
a resistivity of only about 3 m§cm?.

In this thesis, the p* poly-Si is deposited at 640°C as a polycrystalline film with an
active boron concentration above 2 - 10?° cm™. The active phosphorous concentration
of the n™ poly-Si layer exceeds 2 - 10%° cm™. Thus, it is expected that the TJ exhibits
low resistivity. Indeed, the experimentally determined current-voltage characteristics
are linear for small voltages, but the resistivity of the aimed LPCVD-fabricated tunnel
junction amounts to about 450 mQcm?. It can be speculated that the pn poly-Si
junction is slightly graded due to a delayed incorporation of boron into the layer, which
can be prevented by optimizing the deposition process®”.

Recently, Luderer et al. have demonstrated similar tunnel junctions with resistivity

below 10 mQcm? by using PECVD [443].

3. The process step for the base contact definition and the subsequent damage etch removal

37T At the time of submitting this thesis to the referees in May 2021, the team lead by the author (project
27Plus6) has achieved resistivities of the order of 10 mQcm? after optimizing the LPCVD process at ISFH.
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is outlined in the next subsection.

4. The used screen printing and co-firing process was developed by Haase et al. [433].

8.6.2. Base contact definition

After the nt POLO junction is formed in figure 8.20 and the p*/n* TJ is created in figure
8.21, the cell precursor features two full-area minority carrier-selective electron contacts and
a majority carrier-selective contact has to be created to the c-Si wafer for a proper operation
of the solar cell. In both process flows, the poly-Si layers are removed locally on the rear side
and an Al-BSF serves as the majority carrier-selective contact. Several potentially industrial
feasible techniques like screen/ inkjet printing of Si etchants or laser ablation can be used
(367, 449-451].

In the following, laser patterning was performed with a hyper rapid 50 ps-laser from coherent.
Two laser wavelengths — 532nm (denoted as “green laser”) and 355nm (denoted as “UV
laser”) — are compared for the ablation process. A pattern of lines with a laser spot distance
of 5 um within a line and a distance of 20 pm between the lines is used to ablate the poly-Si
from the wafer.

The ablation process is applied to one side of a symmetric sample as obtained after p* poly-Si
deposition® in figure 8.21. In order to blind out effects related to bulk defects of p-type Cz
wafers, n-type Cz wafers with a resistivity of 5 2cm are used. The lifetime of the samples
before laser ablation of about 1.4ms at an excess carrier density of 1 - 10'%cm™ is limited by
the POLO junction with a saturation current density of 30 fA /cm?.

Protective p* poly-Si etch barrier in KOH

If the laser ablation is applied to a textured surface, the laser irradiation interferes with the
scattered laser light and leads to a spatially non-uniform distribution of the laser fluence.
Knorz et al. [452] have found that increased ablation occurs at the baseline between pyramids
and at the tip and at the edges of the pyramid. The side facets of the pyramids are mostly
unaffected by laser irradiation [452]. Thus, the laser ablation process on a textured surface
inherently causes severe damage to the pyramids and diminishes the surface passivation [452,
453]. For this reason, the laser damage has to be removed from the ¢-Si wafer and the surface
has to be re-passivated by an AlO,/SiN, layer stack. During the damage etch removal in
KOH, the p* poly-Si should act as a protective etch barrier layer for the n* POLO junction.
In order to study the stability of the p* poly-Si layer in KOH, the same symmetric samples
as for the single-side laser ablation were etched in KOH with different concentrations. Figure
8.22a summarizes the lifetimes of the samples before etching and after etching for 30s, 1 min
and 2min. The lifetime at An =1 - 10cm™ before etching exceeds 1 ms for all samples.

If ISFH’s standard protocol for damage etch removal with a KOH concentration of 50% at
90°C and a resulting etch rate for ¢-Si of about 1.5 pm/ min per side is applied, a strong

38 Ablation experiments for the samples without TJ as in figure 8.20 were performed too and yielded
qualitatively the same results as for the samples with TJ. Therefore, only the results of the samples with TJ
are described.
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Figure 8.22.: (a) Stability of the 35 nm-thick p* poly-Si layer as etch barrier in KOH with
different concentrations. (b) Scanning electron micrograph of the p*/n™ poly-
Si/c-Si sample after etching for 2min in KOH with a concentration of 10%.

decrease of the lifetime after 30s is observed. Scanning electron microscopy imaging reveals
that the p™ poly-Si layer is removed completely and the thickness of the n™ poly-Si layer
is reduced significantly, such that the n* POLO junction does not cover the whole surface
of the wafer and leaves parts of the wafer surface unpassivated. Given the initial thickness
of the p™ poly-Si layer of 35nm, an upper bound for the etch rate of 70 nm/ min and a rate
selectivity of approximately 20 is estimated. For a damage etch removal with a reduced KOH
concentration of 25% at 75°C and a resulting etch rate for ¢-Si of about 1.4 pm/ min per
side, the lifetime is maintained after 30s, but decreases strongly for an etch duration of 1 min
and 2min. The estimate for the etch rate and rate selectivity amounts to 35 nm/ min and 40,
respectively. Finally, for a KOH concentration of 20% and 10% at 75°C and a resulting etch
rate for ¢-Si of between 1 pm/min and 1.5 pm/ min, the lifetime is maintained up to 2 min,
which indicates that the 35 nm-thick p* poly-Si layer successfully protects the n* POLO
junction underneath. Indeed, figure 8.22b confirms this fact for the sample after etching
in 10% KOH solution for 2min, where the p*™ poly-Si layer thickness remains at around
30nm and leads to the conclusion that for each nanometer of p* poly-Si, several hundreds of
nanometers of ¢-Si can be removed. The p™ poly-Si layer acts as an etch stop in 10% KOH
solution and can be used as protective barrier layer for laser damage etch removal.

The dependence of the rate selectivity of lowly boron-doped c-Si versus highly boron-doped
c-Si on KOH concentration was studied by Seidel et al. [454] and is in good agreement with
the findings for the rate selectivity of lowly boron-doped c-Si versus highly boron-doped
poly-Si in this thesis.
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Figure 8.23.: (a) Minority carrier lifetime of laser ablated samples after damage etch removal
in 10% KOH and passivation with AlO,. Circles and triangles correspond to the
laser ablation process with the UV and green laser, respectively. (b) Scanning
electron micrograph of a bottom cell precursor with TJ after laser ablation of
the base contact region and damage etch removal.

Laser ablation and damage etch removal

The poly-Si layers on one side of the lifetime samples are ablated by using either a UV or
green laser beam with three different pulse energies — 30%, 35% and 45% of the maximum
pulse energy of 16 nJ for the UV beam and 26 J for the green beam. After laser ablation,
the lifetime of the samples drops from more than 1ms to a small value®” for all investigated
laser parameters due to a severe damage of the surface. Next, the samples are etched in 10%
KOH solution for 1 min or 2min and are subsequently passivated with AlOy. Figure 8.23a
depicts the lifetimes of the samples after damage etch removal and passivation. It is evident
that the 1 min-damage etch removal is not sufficient to remove the damage and to recover the
lifetime for any set of laser parameters. On the other hand, the 2 min-damage etch recovers
the lifetime up to nearly 4 ms, which exceeds the initial lifetime of about 1.4 ms. This results
from an improved passivation of the laser ablated and AlO,-passivated surface compared
to the previously nt POLO passivated surface and suggest that the laser ablated surface is
almost damage-free after a 2 min-damage etch removal for all laser parameters, except the
UV laser ablation process with the lowest pulse energy. The pulse energy of the latter is too
low to remove the p* poly-Si completely, which locally prevents the damage etch removal
and yields a poorer surface passivation.

In summary, the ablation process with the UV laser with a pulse energy of 5.71J (UV2 in

39The sample was not measured directly after laser ablation. However, the lifetime after 1 min KOH
damage etch and passivation with AlOy is below 50 ps. Therefore, it can be concluded that the lifetime of
the sample without damage etch removal and passivation is even lower than that.
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Figure 8.24.: Scanning electron micrograph of the rear side of a finished bottom cell without
TJ. (a) Interdigitated screen printed Ag and Al contacts. (b) Al-BSF contact
with an Al-doped BSF. Red lines indicate the border between c¢-Si wafer and
the Al-doped BSF region.

figure 8.23a) and with the green laser with a pulse energy of 9.111J (Gr2 in figure 8.23a)
completely remove the p* poly-Si etch barrier and a subsequent 2 min-damage etch removal
in 10% KOH solution recovers the lifetime of the ablated region, while the p™ poly-Si layer in
the non-ablated region acts as a protective etch barrier and conserves the n* POLO junction
passivation. The scanning electron micrograph in figure 8.23b illustrates the two regions
of the bottom cell with TJ — the p*/n™ POLO junction region and the laser ablated and
damage etched base contact region. While the p*/n* POLO junction region maintains the
textured morphology, the base contact region is planarized by the laser ablation and damage
etch removal, which is beneficial for the passivation and Al-BSF formation.

For the processing of the cells in the following subsection as shown figure 8.25a, the ablation
process with the green laser in combination with a 2 min-damage etch removal is used. In
principle, even a nanosecond laser is acceptable, because it has been experimentally found to
yield similar results as for the picosecond laser®?. Furthermore, the etch duration of 2min
can be decreased by a factor of three by increasing the temperature of the KOH solution
from 75°C to 95°C. The selectivity of the etch process should be maintained as long as the
KOH concentration is low as found by Seidel et al. [454]. The temperature of 75°C was
chosen here to have a sufficiently long etch duration for a better control of the etch process
in the lab.
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Figure 8.25.: (a) Two-terminal current-voltage Jz;-Vrz; characteristic of the screen printed
3T bipolar junction bottom cell with (i=s, blue dash-dotted line) and without
(i=r, red solid line) TJ as measured between the rear contacts R and Z under
one-sun illumination. The front contact is floating. (b) The corresponding
m-V characteristic from the dark Jy;-Vgrz; (soild lines) and Jz;sc-Vrzioc
characteristics (diamonds and triangles).

Al-BSF formation

After ablation and damage etch removal, the bottom cell’s rear side is passivated with an
AlO,/SiNy layer stack. A dashed line is ablated locally in the passivation on the base contact
region to enable the formation of a local AI-BSF formation. The area fraction of the local
contact opening amounts to 0.9% for a pitch of 1 mm. Silver is screen printed on the n™ POLO
contact and Al on the base region. Finally, the cells are co-fired at a set peak temperature of
790°C. Figure 8.24a shows a cross-section scanning electron mircograph of the rear side of
the bottom cell and figure 8.24b details the AI-BSF contact after co-firing. An Al-doped BSF
region with a thickness between below 1 pm and 3 pm around the contact (light grey region
around the bright Al-Si alloyed region) is clearly visible in figure 8.24b, which is slightly
shallower than the Al-BSF contacts of PERC+ cells [447, 455] due to a narrower contact line
width of 30 pm [456, 457] and should yield a slightly higher saturation current density.
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8.6.3. Cell performance

The final solar cells are characterized directly after co-firing*' using the LOANA solar cell
analysis system from pv-tools. Figure 8.25a shows the 2T Jyz;-Vrz,; characteristic of a bottom
cell with and without TJ with a floating front contact.

The bottom cell without a TJ (red solid line in figure 8.25a) exhibits a short-circuit current
density of 33mA /cm?, an open circuit voltage of 653.6 mV, a fill factor of 66.6% and an
efficiency of 14.4%. The reduced Jz, sc compared to single junction solar cells (section 7)
results from high front side reflection and parasitic absorption of the thick n™ poly-Si layers of
the bottom cell without an anti-reflection coating. The open-circuit voltage is lower by more
than 30mV compare to a Quokka simulation with an assumed saturation current density
of 500 fA /cm? [447] for the Al-BSF contact. The slightly shallower BSF and spiking of Al
through the AlO/SiNy passivation could be two sources for the reduced open-circuit voltage.
The high wafer resistivity of 20 Q2cm paired with a cell pitch of 1 mm causes a considerable
lateral transport resistance for majority carriers, thus a high series resistance of more than
3Qcm?, and results in a loss of more than 10%.ys. of the fill factor compared to the pseudo
fill factor of 79.3%. The series resistance of approximately 3.3 Qcm? is consistent with the
Quokka simulation, where contact resistances are assumed to be neglible. However, further
investigation are required to confirm a low contact resistance.

Furthermore, the pseudo fill factor is approximately 4%ans. lower than the maximum pseudo
fill factor of 83.9% as calculated according to Green et al. [91] with an ideality factor
of unity and the measured open-circuit voltage. This difference attributes to a non-ideal
recombination behavior and thus a local ideality factor larger than unity. The local ideality
factor of the dark characteristic in figure 8.25b rise at around 380 mV, peaks at 430 mV and
decreases again beyond 430 mV. This hump is also present in the m-V characteristic from
Jzrsc-Vrzroc characteristic and is responsible for an ideality factor larger than unity at the
the maximum power point voltage. Such a hump can have different origins, but the most
likely sources are resistance-limited recombination or recombination rate saturation [115,
458-460]. Moreover, a shunted floating junction on the front side of the bottom cell can
cause similar non-idealities, but it is unlikely that this junction is shunted e.g. through metal
spiking, because the junction is not contacted by a metal grid at this stage. Anyway, the
clarification of the source for the non-ideality needs more work and should be addressed in
the future.

The bottom cells with a TJ show a similar current-voltage characteristic as the bottom cells
without it. Since the former cells have an extra p* poly-Si layer and a thicker n* poly-Si
layer, which parasitically absorbs a part of the illumination, the Jz4gc is reduced further
compared to the latter cells. The open-circuit voltage of 642.8 mV is also smaller by more
than 10mV. As evident from figure 8.25b, the ideality of the cells with TJ is slighly increased
compare to the cells without a TJ, which results in a diminished pFF of 74.6%. The FF is
further reduced by a series resistance of 3.7 Qcm? and leads to an efficiency of 12.4%. The

40The experimental result for the nanosecond laser were performed in a separated study and they are not
included in this thesis.

41Since boron-doped CZ wafer are used, a permanent deactivation of the boron-oxygen defect might be
beneficial for the cell performance. However, all measurements were performed without deactivation.

150 Three-terminal interdigitated back-contact bottom cell



8.7. CHAPTER SUMMARY

performance difference between both bottom cell types is assumed to be due to variations of
the non-optimized cell processes rather than due to a fundamental reason.

Conclusivly, the obtained cell results (Vrzioc ~650mV, pFFgrz; up to 79.3%) of the very
first batch of such solar cells demonstrate that the proposed cell processes in figure 8.21 and
8.20 works on a reasonable level. A detailed discussion of the 3T operation is found in the
appendix A.5.8.

8.7. Chapter summary

In this chapter, the 3T-IBC bottom cell was examined in detail. First, a taxonomy of 3T
tandem solar cells and the associated nomenclature and loading topology was introduced.
A distinction was made between series-connected and reverse-connected tandem solar cells.
Furthermore, two IBC bottom cell architectures are distinguished. A uni-junction bottom
solar cell contains a single (uni) minority carrier contact and two majority carrier contacts.
A bipolar junction bottom solar cell has two minority carrier contacts and a single majority
carrier contact.

Both 3T bottom cell architectures were fabricated base on a modified POLO-IBC fabrication
process from section 7 and the working principle was investigated by means of J-V mea-
surements of illuminated devices and analytical modelling. The experiments reveal that the
third contact of a 3T unijunction and bipolar junction bottom cell enables the collection or
injection of additional minority-carriers from or into the bottom cell, and therefore additional
carriers from the bottom cell or top cell can be collected compare to a 2T tandem cell. In the
ideal case, the power output of such a 3T bottom cell is almost independent of the current
density applied from the top cell and no current-matching is needed.

To enable a deeper understanding of the operation of a 3T IBC cell and to ascertain the origin
of a minor power loss and a voltage drop between the contact of the same carrier-type of the
bottom cell, a simple analytical equivalent circuit model is proposed for each architecture,
the unijunction and bipolar junction bottom cell. The proposed analytical models were
compared with the experimental data and predict the experimental findings. Design rules are
derived from the verified models for both bottom cell types in different operation modes and
it is calculated that a well-design series- and reverse-connected 3T tandem cell comprising
a unijunction or bipolar junction bottom cell with a total saturation current density of
10fA/cm? and a current-mismatched Shockley-Queisser-limited top cell with a band gap of
1.55 ¢V (e.g. lead halide perovskite) or 1.8 ¢V (e.g. GalnP) is able to attain an efficiency
close to 42% and beyond*3.

Next, a high performance 3T unijunction cell with a textured nt POLO front contact and

42This corresponds to a single-junction IBC cell with an efficiency of approximately 27%, which is
considerably lower than for a detailed-balance-limited or Auger-limited cell with an efficiency of more than
32% [415] and 29.6% [28], respectively.

43In fact, the tandem efficiency close to 42% was calculated for a tandem comprising a bipolar junction
bottom cell. However, it was shown that the unijunction bottom cell operates almost loss-free compared to
the bipolar junction bottom cell and therefore it can be concluded that a tandem with a unijunction bottom
cell is as efficient as with a bipolar junction bottom cell.
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an improved laser contact opening process is developed, which allows to implement thick
dielectric layers on the rear side of a POLO-IBC cell for an enhanced IR-response of the cell.
The resulting 3T unijunction bottom cell exhibits an efficiency of 20.3% under full-spectrum
illumination. When using such a bottom cell in a 3T tandem cell with a GalnP, GaAs [398,
399, 406] or a record lead halide perovskite [426, 427] top cell, it is expected that a 3T tandem
efficiency between 32-33% is within reach.

Finally, a simplified screen printed PERC-like 3T bipolar junction bottom cell is proposed for
a cost-effective and potentially high performance 3T tandem cell. The corresponding elegant
fabrication process and novel process steps are developed and the feasibility to fabricate such
a bottom cell with industrially relevant tools is demonstrated. In a first non-optimzed cell
batch, an one-sun efficiency of already 12.4% and 14.4% is achieve for a bottom cell with and
without an integrated p*/n™ poly-Si tunnel junction, respectively. It can be projected that
the optimization of single process steps and by following the derived design guidelines will
yield a low-cost PERC-like 3T bottom cell with an efficiency approaching that of the high
performance 3T unijunction bottom cell. This path is a promising and attractive way to
reuse the installed production capacity of the dominating PERC-technology in a cost-effective
tandem solar cell with maximum energy yield production.
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9. Three-terminal GalnP//Si tandem cell
demonstrator

The following chapter is based on a peer-review paper published in Schnabel et al. [293],
which was for the first time presented at the 2018 Material Research Society Spring
Meeting and Exhibit in Phoenix, Arizona, USA [292].

M. Schnabel and H. Schulte-Huxel developed the cell fabrication process of the GalnP
top cell on top of the bottom cell and fabricated the tandem cell at NREL. The author
designed and partly fabricated the bottom cells at ISFH.

After studying the carrier-selectivity of a contact and the properties of such a carrier-selective
POLO junction, the POLO-IBC cell was developed. A modified POLO-IBC cell with a third
POLO front contact enabled an in-depth investigation of 3T-POLO-IBC bottom cells in
chapter 8 with the focus on the integration in 3T tandem solar cells. It was found that a
3T POLO-IBC bottom cell allows to make a 3T tandem solar cell from current-mismatched
sub-cells, which is as efficient as an independently operating 4T tandem solar cell.

Finally, as the title of this thesis “Three-terminal tandem solar cells enabled by back-contacted
bottom cells featuring polysilicon based junctions” suggests, all ingredients of the previous
chapters are brought together to demonstrate a 3T GalnP//Si tandem solar cell, which is
enabled by the development of the back-contacted bottom solar cell with passivating and
carrier-selective polysilicon-based contacts. The reported GalnP//Si POLO-IBC tandem
solar cell demonstrator by Schnabel et al. [280, 292, 293] is the first published 3T tandem
solar cell featuring an IBC bottom solar cell and proofs the findings of chapter 8 in a full
tandem device.

0.1. Fabrication of the demonstrator

The 3T tandem demonstrator device is fabricated by bonding a separately prepared GalnP cell
precursor to a finished 3T unijuntion POLO-IBC cell by means of a transparent conductive
adhesive (TCA) [461]. Subsequently, the top cell processing is completed on top of the
POLO-IBC cells. The a schematic cross-section of the final 3T GalnP//Si POLO-IBC cell is
shown in figure 9.1a.

The rear-heterojunction GalnP cell [462] precursor was epitaxially grown inverted on a GaAs
subtrate by metal organic chemical vapor phase epitaxy (MOVPE) following reference [406,
463, 464]. The fabrication of the used 3T unijunction POLO-IBC cell follows the process
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Figure 9.1.: (a) Schematic cross-section of the TCA-bonded 3T GalnP//Si POLO-IBC cell.
(b) Total power density P represented as a heat map of the two terminal
voltages Vg and Vgz. [Adapted from Schnabel et al. [293] with permission from
The Royal Society of Chemistry.|

sequence described in section 8.2.1, but without implementing a metal grid on the planar n*
POLO front side contact. Since the top cell processing is completed after bonding top and
bottom cell, the rear side of the bottom cell has to be protected against the aggressive wet
chemistry with two layers of Fujifilm SC-900 photoresist, which is removed with toluene after
completing the cell processing.

Before bonding top and bottom cell, the bonding interfaces — the bottom of the GalnP top
cell and the nt POLO front side of the bottom cell — are coated with a 95 nm-thick indium
tin oxide (ITO) layer [293] to ensure a low-resistive contact to the TCA composite layer. The
TCA is composed of silver-coated poly(methyl methacrylate) (PMMA) spheres embeded in
epoxy. In order to bond top and bottom cell, the TCA is applied to the ITO-coated surfaces
of the top and bottom cell and the GalnP/TCA/POLO-IBC stack is laminated.

After bonding, the GaAs substrate is etched off from the top cell and a photo-lithographically
defined Ni/Au grid is plated on the front n-GaAs contact layer of the GalnP top cell and
the cell area is defined by a mesa etch. The GaAs contact layer is removed between the grid
fingers and a MgF,/ZnS antireflection coating is deposited on the front side of the GalnP
top cell.

9.2. Performance of the demonstrator

The illuminated current-voltage characteristic of the 3T GalnP//Si tandem cell was recorded
on a class A adjustable solar simulator with calibrated reference cells. The illumination
intensity in each sub-cell was adjusted to AM1.5G conditions by means of an LED array and
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a Xenon lamp. A detailed discussion of the measurement procedure is found in Schnabel et
al. [293] and a detailed study on the measurement procedure of 3T tandem cell is found in
Geisz et al. [336].

The 3T tandem cell is measured in two different arrangements. The 2T Jp-Virg is acquired
between the front contact of the top cell and the p™ POLO contact of the bottom cell, while
the n™ POLO contact Z on the rear side of the bottom cell was floating (Jz = 0). The 2T
measurement yields an open circuit voltage Vg oc of 2053+30mV, a short-circuit current
density Jrgc of 14.940.5mA /em?; a fill factor FFrg of 86.3+0.5% and an efficiency nrg of
26.441.0%.

For the 3T measurement, the Jp-Vpr of the TR circuit dependents on the state of the
circuit between the IBC contacts. The characteristic of both circuits has to be acquired
simultaneously for an accurate measurement. However, the mpp voltages of the top and
bottom cell during 3T operation can be estimated. If the Jp-Vry characteristic between
contact T and Z is measured, while the RZ circuit is open (Jg = 0), one can measure the
“top cell” through the bottom cell. Bauer [414] pointed out, that if the RZ circuit is shorted,
an artifact can lead to an error. If the Jr-Viz characteristic of the RZ circuit is measured,
while the TR circuit is held at the determined maximum power point voltage Virz mpp, the
“bottom cell” is measured in a similar situation as in the 3T tandem. Both mpp voltages
should be close to the mpp voltages of the maximum power point of the total 3T power [414].
However, for an accurate measurement the voltages should be scanned around the estimated
voltages. Therefore, for the 3T measurement, a pair of voltages Virgr and Vgy is applied by
using two sourcemeters and the respective current densities Jr and J; are measured. By
multiplying the current densities and voltages, the respective power densities extracted from
each circuit can be determined. The power densities of both circuits add up to the total
3T power density P,.. Figure 9.1b shows the P,.-Vrr-VRz characteristic of the 3T tandem
device plotted as a power density heat map. From the heat map, the operation point of
the 3T tandem cell with maximum power output can be found at Vg mpp of 178530 mV
and Vrz mpp Of 490£10mV, where the TR circuit contributes 25.440.9% and the RZ circuit
1.940.1% to the total 3T efficiency of 27.3+1.0%.

The net efficiency gain for the 3T operation is 0.940.2%,1,s. compared to the top cell limiting
2T operation and confirms the findings of chapter 8, that a 3T tandem cell comprising a
3T IBC cell can be operated more efficiently than a current-mismatch 2T tandem cell. The
efficiency gain of only 0.9%.s. is expected, because the current-mismatch of the POLO-IBC
cell with a planar n™ POLO front contact and the GalnP top cell is small. However, for 3T
tandem cells with a stronger mismatch (e.g. with GaAs top cell), a much higher efficiency
gain of about 10%,1,s. was observed [324].

Although an efficiency of 27.3% for a simple demonstrator device is already impressive, it is
far below the record efficiency of 32.5% for a 4T GalnP//Si tandem cell [406]. This is partly
due to the non-optimized bottom cell [280], which was improve in section 8.5 to obtain a high
performance 3T unijunction bottom cell. This raises optimism that a more than 33%-efficient
3T tandem solar cell will be achieved in the future.

Three-terminal GalnP//Si tandem cell demonstrator 155






10. Summary

The aim of the present thesis was to investigate three-terminal interdigitated back-contact
bottom cells with passivating and carrier-selective POLO junctions, which allow the realiza-
tion of 3T tandem solar cells. For this purpose, the three building blocks of a 3T-POLO-IBC
cell, which are based on each other, were examined: the passivating and carrier-selective
POLO junction, the integration of POLO junctions on the rear side of an IBC cell and the
physics of a three-terminal IBC cell. Finally, the first 3T tandem solar cell comprising a
back-contacted solar cell is demonstrated.

As the POLO junction is a passivating and carrier-selective contact, the process of carrier
extraction at such a contact to an absorber is studied from theoretical point of view. The
selectivity of a contact is defined on the basis of (reaction) kinetic considerations at the
contact in terms of the rate ratio of desired processes to undesired processes. The extraction
efficiency of charge carriers at the contact is derived as the ratio of the external voltage
versus the internal voltage from a thermodynamic point of view. To emphasize the unifying
nature of the definitions in this thesis, the existing literature definitions are calculated from
the definitions in this thesis. The selectivity and extraction efficiency are correlated and the
efficiency of a solar cell with given contact selectivity is calculated accordingly.

After the detailed theoretical investigation of selectivity, the properties of n™ and p* POLO
junctions are studied and low saturation current densities between 2fA /cm? and 18 fA /cm?
and simultaneously junction resistivity between 0.4 mQcm? and 10 mQcem? are observed. The
resulting logarithmic selectivity according to Brendel and Peibst [120] of POLO junctions
exhibits values larger than 15.

For the next building block, a photolithography-free fabrication process flow for an interdigi-
tated back-contact cell with POLO junction for both polarities was presented, the challenges
of integrating polysilicon-based contacts on the rear side and the properties of the resulting
POLO-IBC cell were discussed. The implementation of p™ and n* doped poly-Si on the rear
side of the cell, results in a parasitic p™nt graded junction within the poly-Si and reduces
the performance of the POLO-IBC cell significantly. Therefore, the parasitic junction was
removed during the cell fabrication process by implementing a trench separation of the n™ and
pt doped poly-Si regions, which yielded a POLO-IBC cell with a certified power conversion
efficiency of 24.25%. A detailed analysis of the optics and the recombination behavior of the
cell along with Quokka simulations were presented. When the determined contact resistances
are used for the simulation a good agreement with experimental device characteristic is
achieved. This supports the findings that POLO junctions offer excellent recombination and
majority carrier transport properties and it is anticipated that the practical efficiency limit
for POLO-IBC cell is above 27%.

For the final building block, a third POLO contact was added to the POLO-IBC cell and the
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SUMMARY

3T-IBC bottom cell was examined in detail. A taxonomy of 3T tandem solar cells and the
associated nomenclature was presented and two different 3T-IBC bottom cell architectures
are distinguished. A unijunction bottom solar cell contains a single (uni) minority carrier
contact and two majority carrier contacts. A bipolar junction bottom solar cell has two
minority carrier contacts and a single majority carrier contact.

Both 3T bottom cell architectures were fabricated base on a modified POLO-IBC fabrication
process. The working principle and loss mechanisms were investigated by means of J-V
measurements of illuminated devices and analytical modelling. The experiments reveal that
the third contact of a 3T unijunction and bipolar junction bottom cell enables the collection
or injection of additional minority or majority carriers from or into the bottom cell. In the
ideal case, the power output of such a 3T bottom cell is almost independent of the current
density applied from the top cell and no current-matching is required.

For a deeper understanding of the operation of a 3T IBC cell, simple analytical equivalent
circuit models are proposed and evaluated for the unijunction and bipolar junction bottom
cells. Design rules are derived from the verified models and it is predicted that a well-design
series- and reverse-connected 3T tandem cell comprising a unijunction or bipolar junction
bottom cell and a current-mismatched top cell with a band gap of 1.55 eV (e.g. lead halide
perovskite) or 1.8 eV (e.g. GalnP) is able to attain an efficiency close to 42%. Finally, a high
performance 3T unijunction cell with a textured n™ POLO front contact with an efficiency of
20.3% and a simplified screen printed PERC-like 3T bipolar junction bottom cell with 14.4%
under full-spectrum illumination is developed. It can be projected that the optimization
of single process steps and by following the derived design guidelines will yield a low-cost
PERC-like 3T bottom cell with an efficiency approaching that of the high performance 3T
unijunction bottom cell. This path is a promising and attractive way to reuse the installed
production capacity of the dominating PERC-technology in a cost-effective tandem solar cell
with maximum energy yield production.

Finally, the first 3T GalnP//POLO-IBC tandem cell demonstrator with an efficiency of
27.3% is fabricated and a net efficiency gain of 0.9% is demonstrated with respect to the 2T
operation of the 3T tandem cell.
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