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1

Introduction

1.1 Motivation

In 1941, Ohl [1] reported the results of the first silicon solar cell. Since then, considerable
progress has been made in the silicon solar cell technology, which has several merits [2].
First, silicon is a nontoxic and abundantly available material in the Earth’s crust. Second,
the outdoor long-term stability of photovoltaic (PV) modules with silicon solar cells has
been proven (> 20 years). Third, high energy conversion efficiencies can be achieved,
and nowadays the most efficient type of module that is commercially available has an
efficiency of 21.5% [3]. Lastly, the manufacturing cost is low and there is a huge potential
to further reduce it. Recently, the cost of PV electricity for a megawatt power plant in
Germany was reported to start at 4 to 5 euro cents/kWh [4].

By the end of 2017, PV power consumption worldwide had reached 443 TWh, ac-
counting for 1.7% of the total electricity generated worldwide [5, 6]. Such a massive de-
ployment of PV was perhaps just a dream a decade ago; however, an even larger scale of
PV deployment is expected in the future, which will greatly benefit the environment and
society. Examples of the resulting positive influences are described as follows [7]:

• The emission of greenhouse gases can be reduced, which helps to alleviate the prob-
lem of global warming.

• The generation of electricity with the combustion of traditional fossil fuels emits
numerous air pollutants, such as SO2, NOx, and fine particulate matter (e.g., PM2.5),
causing serious health and environmental damages. By contrast, no air pollutants
are produced during the operation of PV systems.

• Power plants that use fossil fuels require massive amounts of water for cooling,
which is becoming increasingly problematic because nowadays, water shortages
are occurring worldwide. By contrast, water is not necessary for the operation of
PV systems, although it is advisable to keep the module surfaces clean to maximize
the energy yield.

• A 2016 report from the International Energy Agency estimated that 1.1 billion peo-
ple (14% of the global population) still had no access to electricity [8]. PV may help
to improve their living standards.

With a 95% share of production among all PV technologies, the crystalline silicon solar
cell technology now dominates the market [6]. The mainstream silicon solar cell structure
is the co-fired screen-printed full-area aluminum (Al) back-surface-field (BSF) cell, which
is shown in Figure 1.1. According to a 2017 survey [9], the average efficiencies of this cell
structure produced by the industry were 18.9% and 20.0% on the multicrystalline and the
monocrystalline silicon substrates respectively. The fabrication processes of this type of
cell are relatively simple*. The key processes include a texturing step to reduce reflection
of the sunny side†, a phosphorus diffusion step to form the n+ emitter, and a plasma-

*For a detail description of the processes and the equipment used in the industry, one can refer to [2, 10].
†The sunny side is the part of the cell designed to face the Sun.
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2 Chapter 1: Introduction

enhanced chemical vapor deposition step to form the antireflection coating (SiNx). Screen-
printed metal pastes are used for metallization, wherein Al pastes are utilized to create
the rear p+ Al-BSF, while firing-through Ag pastes are utilized to contact the n+ emitter.
The advantages of screen printing metallization are the high throughput, robustness of
the equipment, low chemical waste, and low costs [11]; these have made screen printing
the predominant metallization technique in the silicon solar cell industry.

n+ phosphorus emitter
p-type Si

SiNx

p+ Al BSF

rear metal (Al)

front metal (Ag)

Figure 1.1: Structure of the full-area Al-BSF solar cell. The sunny side (front) is textured and
contacted with screen-printed Ag pastes.

To further promote the deployment of PV, the levelized cost of electricity should be
reduced. One method of realizing this goal is to improve the efficiency of industrial so-
lar cells. For the full-area Al-BSF cells, several major loss mechanisms are related to the
screen printing metallization on the sunny side. A relatively heavy doped emitter must be
used to achieve a reasonable contact resistance (ρc < 3 mΩ·cm2). Currently, the sheet resis-
tance used in the industry is approximately 100 Ω/sq [9]; however, no reports exist on the
surface concentration. According to two recent academic studies [12, 13], the surface con-
centration of a 100 Ω/sq emitter for full-area Al-BSF cells was at least 8×1019 cm−3. Such
an emitter is, however, difficult to be passivated effectively. On the sunny side of a solar
cell, the large surface recombination currents under the passivated and metallized area
(J0,pass and J0,met) are crucial factors that limit the open-circuit voltage (Voc). A significant
decrease of J0,pass can be achieved by switching to a high ohmic emitter with a low sur-
face concentration (e.g., to an emitter commonly used for evaporated contacts). Table 1.1
summarizes the key parameters on n+ doped surfaces that are suitable for screen-printed
firing-through Ag contacts [13] as well as for evaporated Al contacts [14]. A distinct dif-
ference can be observed in the surface concentration and J0,pass. Nevertheless, for screen-
printed Ag contacts, the concomitant surge of ρc and J0,met has prevented improvements
in efficiency when switching to high ohmic emitters.

Table 1.1: Comparison of some key parameters on n+ doped surfaces metallized with screen-
printed and evaporated contacts.

Screen-printed contacts Evaporated contacts
Sheet resistance 100 Ω/sq 170 Ω/sq

Surface concentration 8.0×1019 cm−3 1.8×1019 cm−3

ρc 2 mΩ·cm2 1 mΩ·cm2

J0,pass 75 fA/cm2 11 fA/cm2

J0,met 2000 fA/cm2 2000 fA/cm2

A clear strategy for improving the efficiency of industrial solar cells is to realize low ρc
and J0,met on high ohmic emitters utilizing screen printing metallization. A prerequisite for
achieving this goal is a thorough understanding of the screen-printed Ag contacts. How-
ever, even after years of research, the knowledge on this topic remains limited. Among
the numerous unanswered questions, this thesis seeks to answer the following ones:
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• How are Ag contacts established during the fast firing process? Does the design of
the metal grid have an influence on contact formation?

• What are the causes of the large J0,met?

To the best of the author’s knowledge, no complete and satisfactory answers have
been provided for these questions. This thesis will discuss the studies that have been
designed to answer them.

Additionally, the screen-printed Ag grid on the sunny side of solar cells causes high
shadowing losses, which can be solved by changing the solar cell structure. Interdigitated
back contact (IBC) solar cells are free of shadowing losses because the metal grids of both
polarities are placed on the rear sides of the cells. Thus, this type of cell has the highest
efficiency potential among all cell structures, and the present record efficiency of silicon
solar cells was achieved with IBC cells [15]. However, despite the merit of high efficiency,
IBC cells only account for a marginal market share (2% among all silicon solar cell tech-
nologies [9]). The reason for this is the high manufacturing cost because of the complexity
of cell processes. Some work in this thesis contributes to develop an industrially feasible
IBC cell concept. One research focus was set to mitigate the recombination losses under
the screen-printed Ag contacts, because this type of loss was identified as one of the major
loss mechanisms for the investigated IBC cell concept.

Another research focus concerns the reverse bias characteristics of IBC cells and mod-
ules. A widely used approach to simplify the cell process is designing an IBC cell without
the gap regions between the rear p+ and n+ regions [16, 17]. As such, the costly mask-
ing step to form the gap regions can be eliminated. For mainstream full-area Al-BSF cells
and other both-side contacted solar cells, the absolute breakdown voltage |VBD| is above
10 V [18–20]. By contrast, IBC cells without the gap regions have been reported to exhibit
an early breakdown (|VBD| 6 6V) [16, 21–28]. Nevertheless, to date, little is known about
the causes and consequences of the early breakdown. For instance, the breakdown mecha-
nism is unclear; the influence of breakdown non-uniformity is unknown; only few studies
exist on IBC cells and modules after a long-term reverse bias test; and the performance
of IBC cells and modules under partial shading conditions is not yet fully understood. In
this thesis, systematic studies were conducted to investigate the aforementioned topics,
which were necessary for evaluating the reliability of IBC cells and modules without gap
regions under partial shading conditions.

1.2 Outline

Chapter 2 discusses the contact formation of screen-printed Ag pastes, with an emphasis
on the influence of the presence of busbars on ρc during the fast firing process. The in-
vestigated solar cells were p-type full-area Al-BSF cells and n-type passivated emitter, rear
totally diffused (n-PERT) cells with various doping concentrations and surface morpholo-
gies. The firing process was performed with and without the presence of busbars, and the
corresponding ρc and J0,met of the two firing approaches were compared. In addition, the
study was extended to samples with different passivation layers. The results were then
correlated with the “short-circuit effect” [29, 30], which is a fundamental mechanism that
strongly influences contact formation.

Chapter 3 focuses on understanding J0,met. The first part of the chapter presents a simula-
tion study, which calculated the J0,met on both phosphorus- and boron-doped Si surfaces
by assuming no metal penetration into the Si surfaces. The second part presents an exper-
iment, where samples with various passivation layer thicknesses were fired with recipes
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including different stages of the fast-firing process. According to the analysis of the sim-
ulated and experimental results, the major causes of J0,met for screen-printed Ag contacts
were identified. Lastly, the influences of the doping profiles and the firing recipes on J0,met
were investigated.

The research in Chapter 2 and Chapter 3 is generally applicable to all screen-printed sili-
con solar cells, whereas the research in Chapter 4 and Chapter 5 focuses on IBC cells.

Chapter 4 deals with the development of a large area IBC cell concept, wherein the knowl-
edge gained in the previous two chapters is applied. First, the key features of this cell
concept are introduced, followed by the optimization work on rear-side diffusion and
passivation. To mitigate the contact recombination losses, four approaches were investi-
gated. An attempt was made to replace the AgAl paste with the Ag paste for metallizing
the p+ surfaces. A point contact design, modifying SiNx thickness, and utilizing non-
firing-through Ag pastes, were the other three approaches tested to reduce J0,met. The last
part of this chapter presents an experiment, in which high ohmic emitters and BSFs were
employed to improve the cell efficiency .

Chapter 5 discusses the reverse bias characteristics of IBC cells and modules without gap
regions. This chapter begins with a study to find out the breakdown mechanism of IBC
cells. Subsequently, the following four factors are discussed regarding their influences on
the breakdown voltage: the pitch of IBC cells, doping profiles, bulk resistivities, and metal
pastes. An attempt was also made to determine the causes of the non-uniform breakdown
that was found on the investigated IBC cells. Furthermore, the long-term stability of the
IBC cells and modules under reverse bias conditions was investigated, where moderate
degradation was found. Several tests were then performed to determine the cause of the
degradation. Additionally, a study was conducted to evaluate the influence of recombi-
nation losses in the rear p+n+ junctions on the cell efficiency. At the end of this chapter,
an investigation was carried out to understand the performance of PV systems under var-
ious partial shading conditions, where the influences of the breakdown voltage on the
energy yield and on the reliability of a PV system are discussed.

Finally, the results of this thesis are summarized in Chapter 6.
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Contact formation of screen-printed solar cells*

2.1 Background

The screen printing and firing of firing-through Ag pastes is since years the dominant
metallization process used in the manufacturing of crystalline silicon solar cells [9]. The
contact resistance (ρc) between Ag grids and Si emitters, as well as the fill factor of so-
lar cells, are strongly influenced by this process. The related background information is
introduced in this section.

Typical firing-through Ag pastes used for industrial solar cells consist of the following
ingredients [10, 31, 32]:
(1) Silver powders (70 to 80%weight), which conduct currents and contact Si.
(2) Organic components (15 to 30%weight), which decide the rheology of the paste.
(3) Glass frit (1 to 10%weight), which helps to open the dielectric layer of solar cells. It has
a large influence on ρc. It determines the adhesion of the paste to the Si substrate, and the
adhesion among silver powders.

The glass frit usually consists of different metal oxides, such as PbO, TeO2, Al2O3,
B2O3, CdO, CaO, CuO, P2O5, SiO2, ZnO, Bi2O3, etc [10, 31–33]. By modifying the glass frit,
the optimum firing temperature can be tuned. Additionally, depending on the dielectric
layer used for the solar cell, different metal oxides should be chosen to ensure the Ag
paste can etch through the used dielectric layer [34].

There have been numerous studies dedicated to understand the fundamentals of
screen-printed Ag contacts. Ag crystallites and/or Ag colloids are found to be critical for
the current transport between the Ag grid and the Si emitter [35–38]. However, the mecha-
nism of contact formation during fast firing remains unclear [39–45]. Figure 2.1 illustrates
the model that was proposed by Schubert [39], based on which the general understand-
ing of the formation of Ag contacts is discussed. There are three stages in the fast firing
process. The first stage (Figure 2.1 (a)) occurs at a temperature below 550◦C, in which
the organic components in the Ag pastes are combusted, and additionally the viscosity of
glass frit is decreased (hereafter Stage I). The second stage (Figure 2.1 (b) to (c)) occurs at
a temperature between 550◦C and 700◦C (hereafter Stage II). In this stage, the dielectric
layer, e.g., SiNx, is opened by either the glass frit from the paste (e.g., PbO) [39, 43, 45],

4PbO(in glass) + 2SiNx(solid) → 4Pb(in glass) + 2SiO2(in glass) + xN2(gas) , (2.1)

or by the Ag2O that is dissolved in the glass frit [41, 42, 44],

4Ag(in glass) + O2(gas) → 4Ag+
(in glass) + 2O−2

(in glass) , (2.2)

8Ag+
(in glass) + 4O−2

(in glass) + 2SiNx(solid) → 8Ag(in glass) + 2SiO2(in glass) + xN2(gas) . (2.3)

In the latter case, firstly Ag atoms that are dissolved in the glass are oxidized by the ambi-
ent oxygen, and then the produced Ag2O helps to open SiNx. Moreover, Hörteis et al. [43]

*The main results of this chapter have been published as: H. Chu, P. Preis, J. Lossen, B. Mojrová, F.
Buchholz, G. Becht, R. W. Mayberry, M. Hörteis, and V. D. Mihailetchi. IEEE J. Photovoltaics, 8(4):923–929,
2018.
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6 Chapter 2: Contact formation of screen-printed solar cells

have demonstrated that a redox reaction between PbO and Si can happen at a temperature
above approximately 600◦C, resulting in etching of the Si surface:

2PbO(in glass) + 2Si(solid) → 2Pb(in glass) + SiO2(in glass) . (2.4)

The Ag crystallites/nanocolloids are formed during the last stage of the firing process,
which includes a short period at a temperature above 700◦C and the cool-down (hereafter
Stage III). It is the most important stage, but the corresponding reactions are still debat-
able. One hypothesis from Schubert [39] describes this stage as: (1) the liquid Pb produced
in reaction (2.4) melts the Ag grains of the finger (Figure 2.1 (d)); the Ag-Pb melt reacts
with the Si surface, resulting in the growth of inverted pyramids (Figure 2.1 (e)); (3) Ag
recrystallizes on the Si surface during cooling down (Figure 2.1 (f)). Another hypothesis
from the references [41, 42, 44] is that after opening of the SiNx layer, Ag+ and O2− ions in
the glass can diffuse toward the Si-glass interface, etching the Si surface by the following
redox reaction:

4Ag+
(in glass) + 2O−2

(in glass) + Si(solid) → 4Ag(in glass) + SiO2(in glass) . (2.5)

During cooling down of the firing process, the temperature drops, and so does the sol-
ubility of Ag in the glass. The enriched Ag atoms in the glass thus precipitate and later
grow into Ag crystallites.

Figure 2.1: Schubert’s model [39] of contact formation. Stage I: (a); Stage II: (b) to (c); Stage III: (d)
to (f).

Recently Kim et al. [29, 30] have emphasized the electrochemical nature of reaction
(2.5). The number of free electrons available from the Si surface has a significant influence
on reaction (2.5) and hence on ρc. They speculated that the Ag–Si contacts over the entire
metal grid are not formed simultaneously during firing. As long as the Ag–Si contacts are
formed on certain local spots of the gridline, electrons can flow from the Si emitter to the
whole grid through these local spots. On the sites of the finger where the contacts have not
been formed yet, instead of reaction (2.5), another set of electrochemical reactions occurs,
where Ag+ ions are not reduced and thus Ag crystallites cannot be formed. Kim et al.
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called it as “short-circuit effect.” The contact formation over the grid is therefore not
uniform.

Further studies have been performed to explore the role of electrons in contact forma-
tion. For example, using an external power supply to inject electrons into the boron emit-
ter during the firing process, the ρc of a Ag paste was reduced from about 100 mΩ·cm2 to
below 1 mΩ·cm2 [46–48]. On the contrary, extracting electrons from the boron emitters led
to very high ρc (over hundreds of mΩ·cm2) [48]. An experiment of current injection/ex-
traction on a phosphorus emitter also caused remarkable changes in ρc [47].

As for the n-type solar cells, previous studies firstly reported that the ρc obtained with
Ag pastes for the boron emitters was over 50 mΩ·cm2, but later it was found out that
lower ρc could be obtained by adding Al to the Ag paste [49–51]. However, the addition
of Al reduces the bulk conductivity of the paste, and the micro-spikes of Al-Ag alloy in-
crease the carrier recombination in metallized areas. Only recently, low ρc (approximately
1 mΩ·cm2) were reported to be obtained with Ag pastes for boron emitters [52–55]. On
5× 5 cm2 [54] and 6-inch n-type solar cells [56], Ag pastes have been applied to contact the
boron emitters, but there are no discussions concerning the aforementioned short-circuit
effect.

2.2 Influence of the presence of busbars during firing on contact
resistances

Based on the literature findings [29, 30, 46–48], the busbar (BB) might play an important
role in the short-circuit effect. It might help to conduct electrons from a short-circuit spot
to the whole metal grid. Additionally, if the firing-through paste is used for the busbars,
the short-circuit spots under the busbars might contribute to the short-circuit effect as
well. Thus, one way of mitigating the short-circuit effect was assumed to be firing the Ag
fingers without the presence of busbars. In this case electrons can only flow in each sep-
arated finger instead of passing from one finger to another through the busbars. Further-
more, it also eliminates the short-circuit spots that are formed under the busbars, when
the firing-through paste is used for the busbars. Therefore the probability of short-circuit
effect appearing should be much lower. One contribution that followed this idea was
from Jesswein et al.[57]. They metallized the front side of full-area Al-BSF cells through
inkjet printing of Ag pastes. By using a metallization layout that consisted of segmented
fingers and busbars, more uniform contact formation was achieved. However, the reason
for the improvement was not discussed.

This section presents the study of the possible short-circuit effect on the p- and n-type
solar cells. Cell precursors with various doping concentrations and surface morphologies
were prepared. The emphasis was on the fast firing process. Some samples were fired
with busbars, whereas the others were fired without busbars. Subsequently, the samples
were cut into 10 mm-wide strips and ρc were determined by the transfer length method
(TLM). Each TLM pattern consisted of six fingers, and the finger width will be specified
in the following sections. To provide an indication of the influence from the short-circuit
effect, ρc at different positions of the samples were measured. Lastly, the contact recom-
bination current (J0,met) for boron emitters was determined by a voltage calibrated photo-
luminescence (PL) method [58], and a comparison of J0,met was made between firing with
and without busbars. The width of fingers was measured with a laser scanning micro-
scope, which was then assumed as the effective contact width for extracting J0,met.



8 Chapter 2: Contact formation of screen-printed solar cells

0.0 0.2 0.4 0.6

1017

1018

1019

1020

1021

(a)

D
op

in
g 

co
nc

en
tra

tio
n 

(c
m

-3
)

Depth (µm)

   Phosphorus:
 85  /sq
 90  /sq
 75  /sq
 100 /sq
 138 /sq
 160  /sq

0.0 0.2 0.4 0.6 0.8 1.0
1017

1018

1019

1020

   Boron:
 85 /sq
 135 /sq
 141 sq 

D
op

in
g 

co
nc

en
tra

tio
n 

(c
m

-3
)

Depth (µm)

(b)

Figure 2.2: ECV measurements of phosphorus (a) and boron (b) diffusion profiles used in this
chapter.
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Figure 2.3: Metallization routes of full-area Al-BSF cells: firing with busbars (a) and without bus-
bars (b).

2.2.1 Phosphorus emitters on p-type cells

This section discusses the results obtained on phosphorus emitters on standard full-area
Al-BSF (back-surface-field) cells. Cell precursors were prepared from 6-inch p-type Cz
(Czochralski) wafers with a bulk resistivity of 1.5 Ω·cm. The wafers were split in two
groups, and for each group a different POCl3 diffusion recipe was used, leading to n+

doped layers of 85 and 90 Ω/sq respectively. The resulting carrier concentration profiles
as measured by the electrochemical capacitance-voltage (ECV) method are shown in Fig-
ure 2.2 (a). The front side of the solar cell was textured with random pyramids, and it was
passivated with a plasma-enhanced chemical vapor deposited (PECVD) SiNx layer. The
two tested metallization routes are illustrated in Figure 2.3. The first route started with the
printing of fingers with a commercially available firing-through Ag paste (hereafter Paste
A) on the front surfaces. Then the busbars were printed with a non-firing-through Ag
paste (hereafter Paste B) and the whole rear side was printed with an Al paste (hereafter
Paste C). Finally the samples were fired in a conveyor furnace. For the second route, the
front side Ag fingers and the rear side full-area Al layer were printed with Paste A and C
respectively, followed by the firing process. Subsequently, the busbars were printed with
a Ag paste that required only low temperature curing at 200◦C (hereafter Paste D). Paste
B was chosen as the busbars paste for the first route because it was not firing-through. It
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was expected to cause little contact recombination and to have comparable results with
Paste D. The peak firing temperature was set as 880◦C (belt speed 7 m/min). For both
routes, the final front metal grid consisted of 100 fingers and four busbars, and the width
of the fingers and the busbars were approximately 50 µm and 1 mm respectively. The av-
erage line resistances of the busbars of the finished cells were approximately 0.045 Ω/cm
and 0.055 Ω/cm for the first and the second routes respectively. Considering that the con-
tacting unit of our I-V flasher had 11 pairs of probes for each busbar, the line resistance
difference of the busbars should not influence significantly the I-V parameters.

Table 2.1: I-V data of 6-inch p-type Cz-Si full-area Al-BSF solar cells fired with/without busbars.
The average and the standard deviation are listed. Definitions of symbols: Rsh: sheet resistance;
Jsc: short-circuit current density; Voc: open-circuit voltage; FF: fill factor; η: energy conversion
efficiency; pFF: pseudo fill factor; Rshunt: shunt resistance.

Front side
Rsh (Ω/sq)

Firing
method

Number
of cells

Jsc
(mA/cm2)

Voc
(mV)

FF
(%)

η
(%)

pFF
(%)

pFF− FF
(%)

Rshunt
(kΩ·cm2)

85 with BB 8 36.7±0.1 623.6±1.4 79.1±0.6 18.1±0.2 81.8±0.1 2.7±0.6 39.8±9.8
without BB 12 36.9±0.1 623.0±1.2 79.9±0.2 18.3±0.1 81.7±0.1 1.8±0.2 28.3±7.7

90 with BB 10 36.7±0.1 623.6±1.3 79.0±0.7 18.1±0.2 82.0±0.1 3.0±0.7 25.3±7.3
without BB 12 36.8±0.1 623.7±1.4 80.3±0.1 18.4±0.1 82.0±0.1 1.7±0.1 23.5±7.5

Table 2.1 compares the I-V data of the two tested routes. Firing without the presence
of busbars led to a higher FF and a lower pFF − FF, indicating the decrease of series
resistances, which might be caused by the improvement of front contact formation. To test
this hypothesis, three cells from each subgroup were selected and their ρc were measured
by the transfer length method (12 different positions of each selected cell). As shown in
Figure 2.4, lower median and narrower distributions of ρc were obtained by firing without
the presence of busbars. This improvement of contact formation may be explained by the
short-circuit effect as proposed in [29, 30]. For a 138 Ω/sq emitter with a peak doping
concentration of 1.96×1019 cm−3, the benefit of firing without busbars was even larger
than for the two aforementioned emitters with a higher peak doping concentration; an
excellent median ρc of 0.7 mΩ·cm2 was measured. Comparison on solar cells with this
emitter has not been performed yet.

Based on the similar Voc and pFF values of the solar cells, both methods appeared to
cause similar J0,met under the Ag fingers.

2.2.2 Phosphorus BSFs and boron emitters on n-PERT cells

To test whether or not the short-circuit effect plays a role in n-type solar cells, and to test
the influence of this effect on different surface morphologies, a firing study as in the last
section was performed on passivated emitter, rear totally diffused (n-PERT) cells with
different rear surface morphologies (see Figure 2.5 for the cell structure). The substrates
were 6-inch n-type Cz wafers with a bulk resistivity of 2.5 Ω·cm, and the cell processes
in this work were adapted from our processes of n-PERT cells [59]. The front side was
textured with random pyramids and doped by boron diffusion. The surface morphologies
of the rear side were adjusted by applying different wet chemical processes, resulting in
polished, isotropically textured (with HF/HNO3-based solution), or random pyramids
(with KOH-based solution) surfaces. A BBr3 and a POCl3 diffusion processes were carried
out to form the homogeneous p+ and n+ layers respectively. On the finished cells, the
sheet resistance of the p+ layers was 85 Ω/sq, and the sheet resistance of the rear n+

layers was either 75 or 100 Ω/sq. The doping profiles of the finished cells are plotted
in Figure 2.2. Both p+ and n+ surfaces were passivated with a SiO2/SiNx layer stack as
described in [60]. An overview of all combinations in this experiment can be found in
Table 2.2.
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Figure 2.4: ρc of different phosphorus emitters on p-type wafers. Firing without busbars led to
lower ρc compared with firing with busbars. The meaning of the box plots is explained and is kept
identical throughout this chapter. The values in the brackets are the median errors of ρc for each
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Figure 2.5: Structure of an n-PERT cell investigated in this work. The boron-doped side was
textured with random pyramids and used as the sunny side (front).

Similar to the previous experiment, two metallization routes were followed and are
illustrated in Figure 2.6. The first route started with the printing of the front and rear sides
fingers and busbars with Paste A, and it was finalized by firing. For the second route, only
the fingers of the front and rear sides were printed with Paste A. Then the firing process
was carried out, followed by the printing of busbars on the front and rear sides with Paste
D. The first route thus represented firing with busbars and there were 104 fingers and 3
busbars on both sides of the finished cells. The second route represented firing without
busbars and there were 78 fingers and 3 busbars on both sides of the finished cells. For
both routes, the width of fingers and busbars were approximately 50 µm and 1.4 mm
respectively, and the peak firing temperature was set to be 820◦C (belt speed 3 m/min).

Table 2.2 shows the results of I-V measurements of the n-PERT cells. All cells listed
in Table 2.2 were cut to pieces to measure the front and rear ρc. Figure 2.7 summarizes
the ρc of phosphorus BSFs measured on 12 positions for each cell. For all the surface
morphologies, firing without busbars led to a median ρc of no more than 2 mΩ·cm2. Firing
with the busbars resulted in higher ρc, especially on the polished surface. In all cases
higher ρc were observed on the samples with 100 Ω/sq BSF compared to the ones with
75 Ω/sq.
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Figure 2.6: Metallization routes of the n-PERT cells: firing with busbars (a) and without busbars
(b).

Table 2.2: I-V Data of n-PERT solar cells fired with/without busbars on both sides. For all cells,
the front sides were textured with random pyramids, with a fixed sheet resistance of 85 Ω/sq. The
rear side had three different morphologies, with a sheet resistance of either 75 or 100 Ω/sq. The
average of each group is listed.

Rear side
morphology

Firing
method

Number
of cells

Jsc
(mA/cm2)

Voc
(mV)

FF
(%)

η
(%)

pFF
(%)

pFF− FF
(%)

rear side Rsh: 75 Ω/sq
Polished with BB 2 38.7 644.7 62.9 15.7 83.6 20.7

without BB 2 39.3 660.6 73.7 19.1 83.4 9.7
Acidic textured with BB 2 38.2 627.5 56.7 13.6 79.8 23.1

without BB 2 39.1 645.6 71.2 18.0 80.2 9.0
Random pyramids with BB 2 38.2 641.1 65.8 16.1 82.8 17.0

without BB 2 38.8 650.8 74.4 18.8 81.8 7.5
rear side Rsh: 100 Ω/sq

Polished with BB 2 38.6 641.2 46.1 11.4 83.5 37.4
without BB 2 39.3 661.1 72.8 18.9 83.3 10.5

Acidic textured with BB 2 38.1 626.9 68.0 16.2 80.2 12.2
without BB 1 38.9 642.9 71.2 17.8 80.2 9.0

Random pyramids with BB 3 38.2 638.3 68.3 16.7 82.4 14.1
without BB 1 38.9 654.5 74.4 18.9 82.5 8.1

In addition to the solar cell precursors, symmetric boron-doped samples with pol-
ished surfaces were processed to study the difference between textured and polished p+

surfaces on contact formation. Again two metallization routes were followed. Paste A
was printed on only one side of these polished samples. The first route started with the
printing of fingers and busbars (104 fingers, 3 busbars), while the second route started
with the printing of fingers (78 fingers). Afterwards, firing was performed for both routes
with the recipe that was used for the n-PERT cells. Figure 2.8 shows the measured ρc for
p+ surfaces (85 Ω/sq). When firing without busbars, ρc as low as 1 and 5 mΩ·cm2 were
obtained for the textured (random pyramids) and polished surfaces respectively. How-
ever, firing with busbars led to very poor ρc (over 80 mΩ·cm2). These values are in line
with the findings from [49–51], and are obviously not suitable for solar cells. Similar to
the case of n+ surfaces, lower ρc were measured on the textured surfaces. Furthermore,
for some of the textured boron-doped samples that were originally fired with busbars,
when another firing process was performed after cutting away the busbars of these sam-
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ples, the ρc dropped from approximately 150 mΩ·cm2 to approximately 3 mΩ·cm2. But
if the busbars were still present during the second firing, the ρc did not change. This
test showed again that it was the presence of busbars during firing which suppressed the
contact formation. The short-circuit effect seemed to be valid in n-type cells as well.
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Figure 2.7: ρc of n+ BSF on polished, acidic textured and random pyramid textured surfaces. For
all cases firing without the busbars led to lower ρc, and the largest influence was found on polished
surfaces. The values in the brackets are the median errors of ρc for each case.
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Figure 2.8: ρc of an 85 Ω/sq p+ emitter with polished and random pyramid textured surfaces.
Comparison was made between the Ag and the AgAl pastes. The values in the brackets are the
median errors of ρc for each case.

Because the AgAl paste is currently the prevalent choice to contact boron emitters,
its ρc is also shown in Figure 2.8 for comparison. On textured boron emitters, the ρc of
the AgAl paste was found to be approximately 3 mΩ·cm2, which was higher than that
obtained with the Ag paste (fired without busbars). Moreover, for the polished boron
emitter, over 40 mΩ·cm2 were obtained with the AgAl paste, whereas approximately
5 mΩ·cm2 was obtained with the Ag paste. Therefore, the Ag paste seems to have a
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considerable advantage in contacting polished boron emitters over the AgAl paste. Fur-
thermore, no significant differences in ρc existed between firing with and without busbars
for the AgAl paste. This result indicated that the mechanism of contact formation of the
AgAl paste is different from that of the Ag paste. It was proposed that the small amount
of Al in the AgAl paste helps to form micro-spikes of Al-Ag alloy that contact the emitters
directly [61, 62]. In contrast to the AgAl paste, ρc of the Ag paste (without Al) decreased
for both n+ and p+ surfaces when firing without busbars. This suggests that the same
contact formation mechanism might apply to both n+ and p+ surfaces for the Ag paste.

2.2.3 J0,met on boron emitters: comparison between firing with and without
busbars

The usage of AgAl pastes on boron emitters was found to introduce high contact recom-
bination losses that limit the Voc of n-type solar cells [50, 63]. This section presents a study
to evaluate J0,met on boron emitters of the samples that were fired by the two aforemen-
tioned routes. As the I-V parameters of the n-PERT cells discussed in the last section were
strongly influenced by the high ρc, the evaluation of J0,met on boron emitters directly from
the Voc and the pFF as done for the full-area Al-BSF cells would not be reliable. Therefore,
another experiment was designed to evaluate the J0,met on boron emitters. Symmetric
lifetime samples were prepared on n-type Cz wafers; their surfaces were textured with
random pyramids and were boron-doped (85 Ω/sq). The printing was performed on
only one side of these samples with the same Ag and AgAl paste as in the last section.
Once again two metallization routes were followed: firing with and without busbars. To
quantify J0,met, a screen layout as in [58] was used, which consisted of nine regions of in-
terest (ROI) with varying metallization fractions. For the samples that were designed to
be fired with busbars, an additional metal grid was printed to connect all the fingers of
the nine ROIs. After firing, first photoluminescence and then TLM measurements were
performed. Figure 2.9 (b) and (a) shows typical PL images of samples fired with and
without the busbars respectively. Subsequently, the procedure as described in [58] was
followed to extract J0,met. In the regions highlighted by the dark squares (dashed lines),
the PL signal was considered for extracting J0,met. The width of fingers was measured to
be approximately 60 µm. The relative error in the J0,met measurements was estimated to
be no more than 15%.
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Figure 2.9: J0,met extraction: typical PL images of samples with busbars (b) and without busbars
(a).

Figure 2.10 combines the results of ρc and their corresponding J0,met for all tested con-
ditions. One of the firing recipes used here (at 820◦C) was the same as the one used for the
n-PERT cells. Comparing the ρc and J0,met of the samples fired with and without busbars,
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one can find that although firing without busbars led to much lower ρc, the correspond-
ing J0,met were close to those of the samples fired with busbars. This observation held
not only for the two firing recipes in Figure 2.10, but also for five other firing recipes that
were tested (not shown). If the number of Ag crystallites in the samples fired without the
busbars was more than that in the samples fired with the busbars, the extra Ag crystallites
seemed not to increase J0,met significantly. An additional discussion on this topic can be
found in Section 3.3. This feature is of course preferable for solar cells, because the FF
can be improved when firing without busbars, whereas the Voc can be maintained almost
unchanged.
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Figure 2.10: Comparison between firing with and without busbars in terms of ρc and J0,met for an
85 Ω/sq p+ emitter. Results of Ag and AgAl pastes fired with two recipes are shown. The values
in the brackets are the median errors of ρc for each case.

When comparing J0,met of samples metallized with the Ag paste to those metallized
with the AgAl paste (on p+ surfaces), it was found out that at 820 ◦C both pastes led
to similar values, whereas at 865◦C the Ag paste resulted in a lower J0,met. However,
no significant decreases in J0,met were found when replacing the AgAl paste by the Ag
paste. This result suggested that except for the spiking issue [61–63], other significant
recombination mechanisms might occur in the AgAl paste. According to the studies on
Ag pastes [63–66], for a large fraction of the area that is covered with the metal paste,
the passivation layer and the Si emitter are etched during the fast firing process, which
dominates the recombination losses (see Section 3.3 for a more detailed discussion). This
cause of J0,met may also apply to the AgAl paste, and therefore a replacement of the AgAl
paste by the Ag paste (to contact boron emitters) does not lead to a significant decrease in
J0,met.

2.3 Ag on p+ surfaces: influence of passivation layers

In this section, the study on the short-circuit effect was extended to samples passivated
with different passivation layers. Both-side symmetric boron-doped samples were pre-
pared. These samples had polished surfaces, and the passivation layers were AlOx/SiNx
(15 nm/80 nm), SiNx (86 nm), or SiO2/SiNx (15 nm/ 86 nm). The AlOx/SiNx and SiNx
layers were both formed by PECVD. The samples passivated with AlOx/SiNx had a sheet
resistance of 85 Ω/sq, and those passivated with SiNx or SiO2/SiNx had a sheet resistance
of 141 Ω/sq. The boron diffusion profiles are shown in Figure 2.2 (b).
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Half of the samples passivated with AlOx/SiNx were printed with fingers and bus-
bars, whereas the other half of the samples passivated with AlOx/SiNx and all samples
passivated with SiNx or SiO2/SiNx were printed with only fingers. Subsequently, the
firing process was carried out, and the measured ρc of these samples are shown in Fig-
ure 2.11.
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Figure 2.11: ρc on polished p+ surfaces passivated with AlOx/SiNx, SiNx, or SiO2/SiNx. The
values in the brackets are the median errors of ρc for each case.

AlOx/SiNx is now one of the most frequently used dielectric stacks for the passiva-
tion of p+ surfaces in the field of silicon solar cells [67]. For the samples passivated with
AlOx/SiNx, lower ρc were again obtained when firing without busbars. The ρc were suf-
ficiently low for the application in solar cells.

When comparing samples passivated with SiNx and with SiO2/SiNx, both groups
showed low ρc, and there were no significant differences. However, much higher contact
resistances were expected if the busbars were present during firing. This result suggested
that the intermediate SiO2 layer itself, or the small quantity of boron atoms in the SiO2
layer [60], had a negligible influence on contact formation when firing without busbars.

AlOx, SiNx and SiO2 are known to exhibit negative, positive, and almost neutral sur-
face charges respectively [67]. The obtained contact resistances were sufficiently low for
all cases. The used Ag paste appears to be able to form contacts on the p+ surfaces, re-
gardless of the surfaces charges. Therefore, the short-circuit effect seemed to be valid for
p+ surfaces passivated with AlOx/SiNx, SiNx, or SiO2/SiNx.

2.4 Discussion and conclusion

In this chapter the influence of the presence of busbars during the fast firing process was
studied in detail. The ρc of a Ag paste for phosphorus emitters, on phosphorus BSFs, and
on boron emitters were tested, and it was found that in all cases the contact formation
was improved when firing without busbars. Furthermore, the improvement was found
in polished, isotropically textured and random pyramid textured surfaces. Surfaces that
were polished or with low surface doping concentrations, exhibited a more pronounced
decrease of ρc. Either the substrate was p- or n- doped seemed not to be relevant for the
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change of ρc. These results may be associated with the short-circuit effect [29, 30]. As-
suming that compared with the H-pattern grid, a grid that only consists of fingers limits
the flow of electrons; therefore the short-circuit effect is mitigated and the contact forma-
tion is improved. Furthermore, in similar experiments of firing with other firing-through
Ag pastes provided by different suppliers, the ρc decreased as well when omitting the
busbars during the firing process (not shown). In those experiments the changes of ρc
differed from doping concentrations, surface morphologies and paste composition. Ad-
ditionally, for all three investigated passivation layers (AlOx/SiNx, SiNx, and SiO2/SiNx),
the short-circuit effect appeared to play a role. More research is required to develop a full
understanding of the underlying electrochemical effects.

An additional finding was that firing with and without busbars led to similar J0,met, de-
spite very different ρc. This result suggested that ρc and J0,met do not necessarily correlate
with each other.

When contacting boron emitters, it was found that the ρc obtained with the Ag paste
slightly outperformed that obtained with AgAl paste for the tested firing settings. How-
ever, the J0,met of Ag paste for boron emitters was still significant, which may be caused
by the etching of the passivation layers and the emitters.

This study has some practical applications. Enabling contact formation on lowly
doped Si surfaces is one of them. On surfaces textured with random pyramids, good
ρc were obtained on a 160 Ω/sq n+ surface (1.3 mΩ·cm2) and on a 135 Ω/sq p+ surface
(2 mΩ·cm2). Both doping profiles are reported in Figure 2.2. To the best of the author’s
knowledge, for the 160 Ω/sq n+ surface, the ρc achieved in this thesis is only approx-
imately one-sixth of the best result previously obtained on the n+ surface with similar
surface concentrations [68]. It is well-known that the surface with a lower surface doping
concentration usually exhibits lower J0,pass. The ability of obtaining low ρc on this type of
surface allows a significant improvement in cell efficiencies.

Furthermore, Ag pastes can be used to metallize boron emitters of n-type solar cells.
For instance, using a single Ag paste to contact both polarities of IBC cells can save one
printing step compared with using AgAl pastes and Ag pastes to contact the p+ and the
n+ surfaces respectively (a more detailed study is presented in Section 4.4.1).
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Metallization losses of screen-printed solar cells

3.1 Introduction

In recent years, significant progress has been made in silver paste technology [69, 70].
This has enabled contacting emitters with higher sheet resistances. The average sheet re-
sistance of phosphorus emitters used in industrial solar cells has increased from approx-
imately 65 Ω/sq in 2010 [71] to 100 Ω/sq in 2017 [9]. Thus, the recombination current of
the passivated emitter (J0,pass) decreased from 400 fA/cm2 to 110 fA/cm2 during the same
period [9, 71]. Progress in fine-line screen printing has reduced the shadowing loss caused
by the metal grid. Additionally, wafer lifetimes and passivation quality on the rear surface
have been improved. All of these factors have contributed to the increase of Voc of indus-
trial solar cells. As a result, the recombination loss at the metal contact has become the
major limiting factor for the Voc of solar cells, especially for the high efficiency concepts,
such as passivated emitter and rear cell (PERC), PERT, and IBC. For future improvements
of solar cells, an enhanced understanding of the origin of contact recombination losses is
critical.

Many groups [35–38, 72, 73] have performed interface analysis of Ag contacts. A gen-
eral observation is that between the bulk of Ag fingers and the Si surface, a thin glass layer
exists. There may be Ag precipitates and/or Ag colloids embedded within this thin glass
layer. Furthermore, there may be Ag crystallites that directly connect the Si surface and
the bulk of Ag fingers. The thin glass layer may isolate some Ag crystallites to the bulk
of Ag fingers [35–37]. Figure 3.1 shows typical SEM images of the Ag–Si interface. First,
the bulk of Ag fingers was etched in an Aqua Regia solution, and an inhomogeneous thin
glass layer can be observed (see Figure 3.1 (a)). Subsequently, the glass layer was dis-
solved in an HF bath. In this case, the Ag crystallites can be observed in Figure 3.1 (b);
they are responsible for the current transport. Finally, the sample was etched again in the
Aqua Regia solution to dissolve the Ag crystallites. Contact imprints at or close to the
pyramid tips can be observed in Figure 3.1 (c).

Figure 3.1: Typical SEM images (top view) of the Ag–Si interface. The sample was first etched in
an Aqua Regia solution (a), then in a HF solution (b), and finally in the Aqua Regia solution again
(c). All images are taken from [74].

Koduvelikulathu et al. [64] have studied the area-percentage of different substances

17
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under the metal finger (after firing). They found out that for a typical commercially avail-
able Ag paste, approximately 10% of SiNx remained under the metallized area. The per-
centages of direct and indirect Ag crystallites were approximately 1.4% and 5.7% respec-
tively. Moreover, they estimated the penetration depth of Ag crystallites to be approxi-
mately 140 nm.

Ag finger

dielectric
(e.g., SiNx)

Si bulk

Partially etched

dielectric

direct & indirect

crystallites

regions with 
less Si etching

heavily doped region

glass frit

Figure 3.2: Simplified cross-section of the metal-Si interface that is formed after the firing of a
screen-printed Ag paste. Key features that have been observed experimentally are incorporated
in this figure.

The aforementioned features are incorporated into Figure 3.2, where the cross-section
of a Ag–Si interface is shown. There are regions where the dielectric is only partially
etched; the surface recombination velocity of these regions is expected to be close to the
non-metallized regions. A thin glass layer lies between the bulk of Ag fingers and the
Si surface, whereas the thickness of this glass layer is inhomogeneous. Lastly, the small
number of Ag crystallites are expected to transport current, and their number has a sig-
nificant influence on the contact resistance (ρc).

Previous simulation studies of contact recombination losses indicated that the etching
of passivation layers* and Si surfaces† with the paste, is the dominant cause of contact
recombination [63, 64, 69]. However, there is still no experimental evidence yet.

3.2 Simulation study of J0,met

3.2.1 Simulation method

This section presents the simulation studies concerning the contact recombination cur-
rent (J0,met). The aim was to construct a working simulation model to study the influence
of sheet resistances, surface concentrations, and junction depths on J0,met. A simulation
program, Quokka 3 [75], was employed to model bifacial solar cells with p- and n-type
substrates. Figure 3.3 shows the simulated cell structures, which include the following
four cases in the surface: n+ on the p-type substrate and p+ on the n-type substrate (usu-
ally called emitters); n+ on the n-type substrate and p+ on the p-type substrate (usually
called high-low junctions).

*The possible reactions of etching of passivation layers are reactions (2.1) to (2.3) in Section 2.1.
†The possible reactions of etching of Si surfaces are reactions (2.4) and (2.5) in Section 2.1. Both reactions

can take place at a temperature below 700◦C [43, 45].
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n-type SiSmet,n Spass,n

n+

metal

p+

p-type Si

Smet,p Spass,p

Figure 3.3: Cross-section of the simulated p-type (left) and n-type (right) bifacial solar cells.

The method used to extract J0,met was similar to that of Edler et al. [63], wherein a set
of simulations was performed on solar cells with varying metallization fractions (MFs).
The total J0 of the solar cell is the sum of the losses in the bulk, in the p+ region, and in
the n+ region. It follows

J0,total = J0,p + J0,n + J0,bulk . (3.1)

The contribution of the metallized and passivated regions to the p+ and the n+ regions
can be described by

J0,p = MFp × J0,met,p + (1−MFp)× J0,pass,p ,
J0,n = MFn × J0,met,n + (1−MFn)× J0,pass,n .

(3.2)

Combining Equations 3.1 and 3.2, linear relation between J0,total and J0,met can be ob-
tained:

For a f ixed MFn,
J0,total = MFp × (J0,met,p − J0,pass,p) + (J0,pass,p + J0,n + J0,bulk) ;

(3.3)

For a f ixed MFp,
J0,total = MFn × (J0,met,n − J0,pass,n) + (J0,pass,n + J0,p + J0,bulk) .

(3.4)

The detailed procedures to extract J0,met are described as follows:

(1) Updated simulation models for silicon solar cells were selected in Quokka 3 (see
Table 3.1).

(2) A set of Gaussian doping profiles (for both boron and phosphorus) was loaded to
the simulation program. Both sides of the simulated solar cells were set to be planar; the
bulk resistivity was set as 3 Ω·cm for both p- and n-type substrates, and the bulk lifetime
was assumed to be 2 ms.

(3) For the surface under the metal, the passivated dielectric was assumed to be com-
pletely removed, and the corresponding surface recombination velocity (Smet,n, Smet,p)
was set to be 1×107 cm/s, the scattering limited velocity. Moreover, no metal penetra-
tion into the Si surface was assumed. These two assumptions were made to reduce the
computation time. However, the complex interface structure shown in Figure 3.2 was not
considered; the simulated Ag–Si interface was closer to that for an evaporated contact.



20 Chapter 3: Metallization losses of screen-printed solar cells

(4) The p+ and n+ surfaces was assumed to be passivated with a layer stack of SiO2/SiNx.
Figure 3.4 shows the dependence of the surface recombination velocity on surface con-
centrations for the passivated and polished p+ surface. These data were obtained by
first measuring the J0,pass,p of samples with various surface concentrations. Then, Spass,p
was extracted using the simulation program EDNA 2 [76]. Over a wide range of surface
concentrations, the variation of Spass,p was observed to be nonsignificant, with an average
Spass,p of 870 cm/s. King and Swanson [77] also found out that for boron-diffused samples
that were passivated with SiO2 and with a forming gas annealing treatment, Spass,p was
nearly constant for surface concentrations ranging from 3×1017 cm−3 to 2×1019 cm−3. Un-
fortunately, no references can be found for Spass,p that correspond to the whole simulated
range of surface concentrations (from 5×1018 cm−3 to 2×1020 cm−3). Spass,p was assumed
to be 870 cm/s in the simulation model for all the studied boron doping profiles*.

(5) The data of surface recombination velocities for the passivated n+ surface were taken
from Kimmerle et al. [78]. In contrast to the p+ surface, Spass,n increases with increasing
surface concentrations.

(6) The finger width was fixed at 56 µm and the MF was varied by changing the dis-
tance between two adjacent fingers. Only one side of the solar cell was illuminated. On
the illuminated side, the MF was set to be a constant (3.0%), whereas the MFs on the non-
illuminated side were varied as 0, 3.0, 6.2, 8.8, and 11.8%. The finger width and MFs were
chosen to match those in the experiment (see Section 3.3). In total, five groups of I-V pa-
rameters were simulated, which corresponded to solar cells with five levels of MFs.

(7) One-diode equation [79] was used to convert the simulated Voc to J0,total . The obtained
J0,total was then plotted against the MFs. Subsequently, linear fitting was performed using
Equations 3.3 and 3.4 to extract J0,met,p and J0,met,n respectively. Both J0,met and J0,pass were
set as fitting parameters, whereas the bulk recombination current was fixed at 20 fA/cm2.
The slope in both equations equals J0,met − J0,pass.

Table 3.1: Device simulation model parameters.

Temperature (K) 300
Carrier statistics Fermic-Dirac

Intrinsic carrier concentration (cm−3) 9.65×109

Radiative recombination Nguyen [80]
Auger recombination Richter [81]

Density of states Green [82]
Carrier mobility Klaassen [83]

Band gap Pässler [84]
Band gap narrowing Schenk [85]

Incomplete ionization Altermatt [86]
Metal contact Ohmic contact

Solar spectrum AM 1.5 g

*Simulation was repeated by multiplying or dividing Spass,p by a factor of 100, and the change in J0,met
was no more than 4.3% (relative). Therefore, the difference between the actual and the simulated Spass,p
should not lead to a significant error in the simulated J0,met.
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Figure 3.4: Surface recombination velocity vs. surface concentration. The planar Si surfaces were
assumed to be passivated with a layer stack of SiO2/SiNx. Data of phosphorus-doped surfaces
were taken from Kimmerle et al. [78]. The surface recombination velocity values for both boron-
and phosphorus-doped surfaces in this figure were achieved by adding a firing step at a tem-
perature over 800◦C. This step can improve the surface passivation quality significantly through
hydrogenation.

3.2.2 Simulation results

Simulation results for J0,met on boron-doped surfaces are shown in Figure 3.5 (a) to (c).
Figure 3.5 (a) shows the results for J0,met corresponding to seven different doping profiles
with a fixed sheet resistance (Rsh) of 130 Ω/sq. The surface concentration was varied from
5×1018 cm−3 to 2×1020 cm−3, and simultaneously, the junction depth was varied from 2.4
to 0.15 µm. Throughout this chapter, the junction depth is defined at the position at which
the doping concentration reduces to 1×1017 cm−3. No significant changes in J0,met can be
observed for both p+ emitters and p+ high-low junctions.

Figure 3.5 (b) shows the results of J0,met corresponding to seven doping profiles with a
fixed depth of 0.47 µm. A clear trend can be observed that J0,met decreases with increasing
surface concentrations, or with decreasing sheet resistances. This can be explained as
follows: the number of minority carriers (i.e., electrons) reduces exponentially with the
hole concentration at the surface. For a surface with a higher hole concentration, the
electron concentration close to the metal is lower, and thus, the surface recombination is
suppressed [87].

Figure 3.5 (c) shows the results of J0,met corresponding to seven doping profiles with
a fixed surface concentration of 5×1019 cm−3. The depth was varied from 0.15 to 2.4 µm.
J0,met decreases with increasing junction depths, or with decreasing sheet resistances.
When the junction depth is above 1.5 µm, J0,met appears to saturate at 350 fA/cm2.

Combining these results, a lower sheet resistance seems to cause a lower J0,met. This
result was expected, because selective emitters, which have a low sheet resistance under
the metallized area, have been proven for years as an effective method to reduce J0,met [88].

In all cases, the J0,met of p+ emitters is higher than that of the p+ high-low junctions.
Larger differences were found on profiles associating with higher J0,met (e.g., a profile
with a high sheet resistance). For the profile with a surface concentration of 5×1018 cm−3

and a depth of 0.47 µm, the relative difference is almost 20%. This finding is relevant for
practical solar cells, because Ag crystallites have been observed to penetrate over 100 nm
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Figure 3.5: J0,met on boron-doped ((a) to (c)) and phosphorus-doped ((d) to (f)) planar surfaces. (a)
and (d): Rsh was fixed, whereas both junction depths and surface concentrations were changed;
(b) and (e): the junction depth was fixed, whereas both surface concentrations and Rsh were
changed; (c) and (f): the surface concentration was fixed, whereas both junction depths and Rsh
were changed. The labels in (a) and (d) show the junction depths, whereas those in (b), (c), (e) and
(f) show the Rsh.
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into the Si surface. As a result, the metal usually lies on top of the etched Si surface, whose
sheet resistance is higher than that of the intact surface. The high sheet resistance of the
etched Si surface under the metal is more prone to a high J0,met, and therefore, whether it
is an emitter or a high-low junction is important.

In parallel, simulations of J0,met on phosphorus-doped surfaces were performed. The
results are shown in Figure 3.5 (d) to (f). The dependence of J0,met on sheet resistances,
surface concentrations, and junction depths of the doping profiles is similar to that of the
boron-doped surfaces.

3.2.3 Comparing p+ and n+ emitters

Many authors have reported that the J0,met on p+ emitters was higher than on n+ emit-
ters [63, 89–92]. All of the aforementioned studies used AgAl pastes to contact p+ emit-
ters. After firing, this type of paste resulted in micro-spikes of Al-Ag alloy, which caused
an increase in J0,met. Nevertheless, as demonstrated in recent publications [52–55] as well
as in Chapter 2, Ag pastes can also be used to contact p+ emitters. Therefore, the spiking
problem can be avoided. Does this mean that J0,met on p+ emitters would be the same as
that on n+ emitters? To answer this question, it is important to understand whether other
fundamental differences exist between the J0,met on the p+ and on the n+ emitters.

Table 3.2: Simulated J0,met of doping profiles in Figure 3.6 under various conditions.

J0,met
(fA/cm2)

Profile Dopant
Rsh of the

doping profile
(Ω/sq)

Structure
Si bulk

resistivity
(Ω·cm)

Si bulk
concentration

(cm−3)
884 A Phosphorus 130 n+ emitter 3 4.68 x 1015

1165 B Boron 130 p+ emitter 1.05 4.68 x 1015

569 B Phosphorus 81 n+ emitter 3 4.68 x 1015
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Figure 3.6: Simulated doping profiles A and B; both profiles have a surface concentration of
5×1019 cm−3.

Simulations of J0,met were performed on the two doping profiles shown in Figure 3.6.
Table 3.2 lists the simulated J0,met under various conditions. First, a comparison was made
between a p+ and an n+ emitters that share the same sheet resistance and surface concen-
tration (i.e., 130 Ω/sq and 5×1019 cm−3). Profiles A and B in Figure 3.6 correspond to
the doping profiles of the n+ and the p+ emitters in Table 3.2 respectively. The higher
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electron mobility makes the doping profile of the n+ emitter shallower than that of the
boron-doped p+ emitter, when both emitters have the same sheet resistance of 130 Ω/sq.
The substrates for the n+ and p+ emitters were p- and n-type wafers respectively. The
bulk doping concentration was maintained as 4.68×1015 cm−3. The simulated J0,met of the
p+ emitter was 1165 fA/cm2, which is higher than that of the n+ emitter (884 fA/cm2).
This result was counter-intuitive, because a deep emitter usually exhibits a lower J0,met
than that of a shallow emitter.

Thus, another simulation was performed to understand this finding. This time a com-
parison was made between a p+ and an n+ emitters that shared exactly the same doping
profile (Profile B), but with different dopants. The difference in mobility made the sheet
resistance of the phosphorus-doped emitter much lower than that of the boron-doped
emitter. The simulated J0,met of the n+ emitter was again lower than that of the p+ emitter.

These results might be explained by the basic theory of pn junctions [93]. In the p+

emitter, the electron (minority) diffusion current that reaches the metal-Si interface will
likely be recombined because of the extremely high surface recombination velocity under
the metal. Thus, the electron diffusion current constitutes J0,met of the p+ emitter, and is
given by

Jdi f f ,n = qDn
d∆n
dx

. (3.5)

This analogy holds for the hole current in the n+ emitter. The hole diffusion current
constitutes J0,met of the n+ emitter, and is given by

Jdi f f ,p = −qDp
d∆p
dx

. (3.6)

In Equations 3.5 and 3.6, q is the elementary charge; Dn is the diffusion coefficient for
electrons and Dp is that for holes; d∆n

dx is the gradient of electron concentration; and d∆p
dx is

the gradient of hole concentration.
The diffusion coefficient can be related to the carrier mobility using the Einstein rela-

tion,

Dp =
kBq
T

µp ,

Dn =
kBq
T

µn ,
(3.7)

where µp and µn are the hole and electron mobility respectively, kB the Boltzmann con-
stant and T the temperature. By combining Equations 3.5, 3.6, and 3.7, the relation be-
tween J0,met and the mobility can be determined. The ratio of µn to µp is almost 3 in
the lightly doped silicon (ND or NA < 1013 cm−3 at room temperature). Both µp and µn
depend on the impurity concentration, and on whether they are majority or minority car-
riers. Combining Equations 3.5 and 3.7, higher mobility is associated with a higher diffu-
sion current of the minority carrier. For the last two cases in Table 3.2, the doping profiles
are the same, and therefore, it is plausible that the gradients of the minority carrier con-
centrations are close. Moreover, the mobility of electrons in the p+ emitter is higher than
that of holes in the n+ emitter. Therefore, a higher J0,met on the p+ emitter than on the
n+ emitter, as calculated by the simulation, can be expected. The same reason might be
used to explain the difference between the first two cases in Table 3.2. Although the boron
emitter is deeper than the phosphorus emitter, the higher mobility of minority carriers in
the boron emitter causes a higher J0,met.

In summary, because of the difference in mobility, the p+ emitter appears to have
a higher J0,met than that on the n+ emitter for a given doping profile. This might be a
fundamental difference between the J0,met on p+ and on n+ emitters.
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3.3 Experimental study of J0,met

To test the hypothesis in Section 3.1, that etching of the passivation layer and the Si surface
by the Ag paste is the dominant cause of J0,met, an experiment was conducted to compare
J0,met after different stages of the firing process*. Samples were fired using either a stan-
dard recipe including Stages I to III, a recipe including only Stage I, or a recipe including
Stages I and II. By comparing the J0,met of these recipes, one can quantify the contribution
of the combustion of organics, of the etching of passivation layers and Si surfaces, and of
the Ag crystallites to the total J0,met.

3.3.1 Experimental procedure

Lifetime samples were prepared from 6-inch n-type Cz wafers, with a bulk resistivity
of 3 Ω·cm and an as-cut thickness of 210 µm. The simplified process flow is illustrated
in Figure 3.7. First, all wafers underwent saw damage etching in an alkaline solution.
Subsequently, half of the wafers were textured in a KOH-based solution, forming ran-
dom pyramids. Subsequently, all wafers received a cleaning step in Piranha solution,
and then half of them underwent a phosphorus diffusion process, whereas the other half
underwent a boron diffusion process. After the aforementioned steps, one fourth of the
wafers exhibited phosphorus-doped polished surfaces; one fourth of the wafers exhibited
phosphorus-doped textured surfaces; one fourth of the wafers exhibited boron-doped
polished surfaces; one fourth of the wafers exhibited boron-doped textured surfaces. The
phosphorus doping profile was the same as the one in Figure 2.2 (a) (160 Ω/sq), whereas
the boron doping profile was the same as the one in Figure 2.2 (b) (141 Ω/sq).

Saw damage etching (all) 

KOH texturing (half)

Piranha cleaning (all)

Phosphorus diffusion

(polished + textured wafers)

Boron diffusion
(polished + textured wafers)

Front and rear PECVD SiNx deposition (all)

Printing and firing (all)

PL and TLM measurements (all)

Firing at 850 °C (all)

Figure 3.7: Process flow of the lifetime samples for the J0,met study.

*A detailed description of the three stages in the firing process can be found in Section 2.1.
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Both the n+ and p+ surfaces were passivated with a layer stack of SiO2/SiNx. The
SiNx layer was formed by the PECVD method, and it exhibited a refractive index of ap-
proximately 2.03. The thickness of SiNx on one side of the samples was varied by adjust-
ing the deposition time, to study the influence of SiNx thickness on J0,met. On one side of
the samples with planar surfaces, the SiNx layer had a thickness of 38, 65, 91, or 126 nm,
whereas the SiNx thickness on the other side was fixed to be 65 nm. Similarly, on one
side of the samples with textured surfaces, the thickness of the SiNx layer was 40, 100, or
150 nm, whereas the SiNx thickness on the other side was fixed to be 62 nm (optimum for
antireflection coating).

A firing process with a peak temperature at 850◦C was performed for all samples to
activate the passivation. Afterward, a commercially available firing-through Ag paste was
screen-printed on the side of wafers with varying SiNx thicknesses. The screen layout had
varying metallization fractions (see Figure 3.8). Another firing process was then carried
out, where six different recipes were selected. The firing process before printing was
performed to ensure a comparable lifetime for all samples. If this process were skipped,
then the passivation would be activated only by the firing process after printing. The
different peak temperatures in this firing process would lead to significantly different
lifetimes in samples from different groups, which might make the following comparison
of J0,met unfair. Figure 3.8 shows the structures of the finished samples, and a scan of
the metallization test pattern. A photoluminescence (PL) measurement was conducted to
extract J0,met by a voltage calibrated PL method. The details of this method can be found in
[58]. For the extraction of J0,met, the printed finger width (approximately 56 to 59 µm) was
assumed to be the width of the metallized region. However, the percentage of metallized
area covered by the Ag crystallites/colloids was, as discussed previously, less than 10%.
Therefore, the extracted J0,met in this thesis represents the area-weighted average of the
contact recombination current over the entire printed finger. Lastly, the samples were cut
into 10 mm-wide strips to determine ρc by using the transfer length method.

n-type Sip+or n+

SiNx: 40,100,150 nm
Ag

SiO2

SiNx: 62 nm

n-type Sip+or n+

SiNx: 38,65,91,126 nm
Ag

SiO2

SiNx: 65 nm

Figure 3.8: Left: schematic of samples used for J0,met and ρc studies; right: a scan of the metalliza-
tion pattern.
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3.3.2 Different stages of the firing process

The measured temperature profiles used in the second firing process are shown in Fig-
ure 3.9. Recipes F4 to F6 were reference firing recipes, including all three stages for contact
formation. The peak temperature of recipe F5, 790◦C, was found to be the optimum firing
temperature for the used Ag paste from other experiments. Recipes F4 and F6, which
shared the same shape of firing profiles as F5 but with different peak temperatures, can
be considered as cases of under- and over-firing. For comparison, recipe F3 (peak 650◦C)
was designed to exclude Stage III, whereas recipe F1 was designed to exclude Stages II
and III of the firing process. Some of the planar samples were fired using an additional
recipe with a set peak temperature of 580◦C (recipe F2).
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Figure 3.9: Measured temperature profiles of the second firing process. Values in the figure indi-
cate the set peak firing temperatures (unit: ◦C). Recipe F2 had a peak firing temperature of 580◦C
(not shown). The belt speed for all recipes was maintained at 3 m/min.

Results of both ρc and J0,met for the boron- and phosphorus-doped samples are summa-
rized in Figures 3.10 and 3.11 respectively. These figures compare different firing recipes,
SiNx thicknesses, and surface morphologies. Each data point was constructed from the
average and the standard deviation of three wafers. In the vertical axes, ρc was plotted in
a logarithmic scale, whereas J0,met was plotted in a linear scale.

Firstly, the results that were obtained on the planar boron-doped samples are pre-
sented. After firing with recipe F1 at 480◦C, the Ag fingers could be peeled off with ease
and no meaningful ρc could be measured. High PL intensity was found over the whole
wafer, and it was not possible to distinguish the metallized and non-metallized regions
(i.e., J0,met = J0,pass). These results were expected because only Stage I was included in this
firing recipe. At this temperature range (< 550◦C), the organics in the paste were com-
busted, but the etching of SiNx had not started yet. As a consequence, neither the glass
layer nor the Ag crystallites existed. The glass layer is formed by etching the SiNx layer
or by etching the Si surface during a reference firing process. It is responsible for the
adhesion between the metal finger and the Si substrate, and therefore without this glass
layer the finger adhesion was so weak. The passivating SiO2/SiNx layer stack remained
intact, and thus, there were no extra recombination losses under the Ag fingers. In com-
parison, when firing at 580◦C or 650◦C (recipes F2 and F3), significant increases of J0,met
were observed, but the corresponding ρc was very high. In this temperature range (550◦C
to 700◦C), etching of SiNx or Si was possible, but no Ag crystallites could be formed.
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The optimum ρc was obtained using recipe F5. For the samples with 65 nm SiNx,
the J0,met after firing at 790◦C (F5) and at 650◦C (F3) were 1247 fA/cm2 and 1077 fA/cm2

respectively. In other words, J0,met,650* already reached 83% of J0,met,790, although the corre-
sponding ρc for these two recipes differed by two orders of magnitude. For other samples
with a SiNx thickness of 38, 91, and 126 nm, the ratios of J0,met,650 to J0,met,790 were 76, 88
and 89% respectively. Again, ρc was much lower when fired at 790◦C than at 650◦C. The
difference between recipes F5 and F3 was the period around the peak firing temperature.
In this period, Ag crystallites were created, which appeared to only increase J0,met slightly.
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Figure 3.10: ρc and J0,met as a function of peak firing temperatures for boron-doped samples. The
sample surface was either planar (a) or textured with random pyramids (b). The solid line indi-
cates the simulated J0,met, assuming no metal penetration into the Si surface.

Using the actual doping profiles in the fabricated samples, a simulation was per-
formed as in Section 3.2 to calculate the theoretical J0,met. Again, no metal penetration
was assumed, and Smet was set at 1×107 cm/s. To consider the increased surface area in
the textured samples, J0,met,tex was calculated by multiplying J0,met,planar by a scaling factor
of 1.7. The results on the boron- and phosphorus-doped surfaces are indicated by solid
lines in Figures 3.10 and 3.11 respectively. For the planar boron-doped samples (except
those with 126 nm SiNx), the experimental J0,met,790 was higher than the simulated J0,met.
This result suggested that in the simulation model, some sources of contact recombina-
tion were not taken into account. The penetration of the metal into the heavily doped Si
surface, as proposed in previous publications [63, 64, 69], may be responsible for this extra
contact recombination. For the textured boron-doped samples, the same result on J0,met,790
was observed. For the group with the thickest SiNx (150 nm), J0,met,790 was less than the
simulated J0,met. More importantly, the corresponding ρc was as low as those on samples
with thinner SiNx. This result demonstrated that for screen-printed and firing-through
Ag–Si contacts, J0,met can be lower than that of the evaporated metal-Si contacts, when a

* J0,met,650 represents J0,met of the samples fired at 650◦C. The same definition applies to other firing tem-
peratures in this chapter.
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Figure 3.11: ρc and J0,met as a function of peak firing temperatures for phosphorus-doped samples.
The sample surface was either planar (a) or textured with random pyramids (b). The solid line
indicates the simulated J0,met, assuming no metal penetration into the Si surface.

suitable passivating dielectric is chosen.
The results observed for the phosphorus-doped samples (see Figure 3.11) were simi-

lar to those for the boron-doped samples. However, lower J0,met were measured for the
phosphorus-doped samples. Comparing the doping profiles for each case, the phospho-
rus doping profile had a lower surface concentration and a higher sheet resistance. Thus,
one may consider that J0,met for the phosphorus-doped samples is higher than that for
the boron-doped samples. However, the experimental result showed the opposite. This
might be explained by the difference between emitters and high-low junctions, and addi-
tionally the difference in mobility (see discussion in Section 3.2).

For both boron- and phosphorus-doped samples, higher J0,met were found on the sam-
ples with textured surfaces. The larger surface area of the textured surface compared with
that of the planar surface was expected to play a role. However, the experimental ratio
of J0,met,textured to J0,met,planar was not a constant. It depended on firing recipes, SiNx thick-
ness, and types of dopant. Thus, it was different from the previous simulation, in which
a constant scaling factor of 1.7 was assumed.

Similar experiments have been repeated on a boron-doped and textured emitter (Rsh
= 85 Ω/sq), and on a phosphorus-doped and planar high-low junction (Rsh = 96 Ω/sq);
highly similar trends were found.

3.3.3 Influence of SiNx thickness on J0,met

Figure 3.12 plots ρc and J0,met against SiNx thickness for samples fired at 790◦C. One
can observe that for both boron- and phosphorus-doped samples with textured surfaces,
J0,met,790 decreases with increasing SiNx thicknesses, whereas the corresponding ρc val-
ues were comparable. The same trend was found for the planar samples, except for the
samples with the thickest SiNx (126 nm), which exhibited higher ρc than the others. This
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finding coincides with that in Section 2.2.3, demonstrating that J0,met and ρc do not neces-
sarily correlate with each other.
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Figure 3.12: ρc and J0,met vs. SiNx thickness; these samples were fired at a peak temperature of
790◦C.

Lower J0,met was found on samples with thicker SiNx. A possible cause might be the
amount of remaining SiNx after firing. There might be more remaining SiNx that was
not completely etched by the Ag paste for the samples with thicker SiNx. To test this hy-
pothesis, a microscopy analysis on the metal-Si interface were performed. Following the
procedure described in [74], four TLM samples (boron-doped and planar) were selected,
where the Ag fingers were first removed in an HNO3 solution. Afterward, the glass layers
on top of these samples were dissolved in an HF solution. Figure 3.13 shows the cropped
laser scanning microscope (LSM) images of these samples. Two samples were fired at
650◦C (recipe F3), whereas another two were fired at 790◦C (recipe F5). For each firing
recipe, one sample had a thin SiNx (38 nm), whereas another had a thick SiNx (126 nm).

According to the comparison of color and surface morphologies between the metal-
lized and non-metallized regions in each image, parts of the metallized region of each
sample, as indicated by the arrows in Figure 3.13, were assumed to be remaining SiNx
that was not completely etched by the Ag paste during the firing process. Notably, iden-
tifying remaining SiNx using this approach was somewhat subjective. Energy-dispersive
X-ray spectroscopy can be used for a more reliable and conclusive analysis.

In total, three LSM images were recorded on each TLM sample. The size of the finger
is approximately 56 µm × 133 µm in each complete LSM image. An image processing
software ImageJ [94] was utilized to identify and count the area that was still covered
by SiNx. The average percentage of area covered by SiNx was calculated by all three
LSM images for each TLM sample. Figure 3.14 summarizes the results of the percentage
of remaining SiNx, the corresponding ρc measured on the TLM sample, and the average
J0,met values for each case (data directly taken from Figure 3.10). For both firing recipes, the
sample with thicker SiNx was observed to end up with higher percentages of remaining
SiNx. This result can explain the lower J0,met obtained on samples with thicker SiNx, and
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it supports the aforementioned hypothesis. Additionally, it is plausible that more time
during the firing process is required to completely etch a thick SiNx layer than a thin
one, whereas the etching of Si begins only after the SiNx is completely removed. As a
consequence, the time left for the etching of Si is reduced for the sample covered by thick
SiNx. Thus, less etching of Si should contribute to a lower J0,met as well.

Hönig [95] has also found out that there was no clear correlation between ρc and the
area fraction of SiNx that was completely etched. The finding of Hönig implied the possi-
bility of the results obtained in this experiment.
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SiNx

(b)(a)

(d)
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remaining 

SiNx

20 µm

remaining 

SiNx

20 µm

20 µm 20 µm

Figure 3.13: Laser scanning microscope images of the Si surfaces after the removal of Ag fingers
and glass layers. (a) 38 nm SiNx, Recipe F3; (b)126 nm SiNx, Recipe F3; (c) 38 nm SiNx, Recipe F5;
(d) 126 nm SiNx, Recipe F5. Each image shown here was obtained by cropping from the complete
microscope image.
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Figure 3.14: Percentage of area covered by SiNx, and the corresponding ρc and J0,met of samples
fired at 650◦C and at 790◦C. The values next to each data point are the thickness of SiNx (unit:
nm). Each data point was constructed from the average and the standard deviation of three LSM
images. The error bars represent standard deviations.

3.4 Influence of doping profile and firing recipe

3.4.1 Comparison of different diffusion profiles

According to the simulation in Section 3.2, as well as relevant references [63, 69, 90, 96],
the doping profile should have a significant influence on J0,met. This section presents the
study on J0,met obtained on samples with different diffusion profiles. The procedures in
Section 3.3 were followed to prepared samples for the J0,met study. These samples were
fabricated on n-type substrates, and they received either a boron or a phosphorus diffu-
sion step, leading to doping profiles as shown in Figure 3.15. The boron-doped samples
were passivated with a layer stack of SiO2/SiNx, whereas the phosphorus-doped samples
were passivated with SiNx. The thickness of SiNx for both groups was approximately
118 nm. A firing-through Ag paste was printed on all samples with the metallization
layout in Figure 3.8, and the set peak firing temperature was 790◦C for all samples.

Figure 3.16 summarizes the measured J0,met on the planar surfaces that were either
boron- or phosphorus-doped. Each data point was obtained by the average and the stan-
dard deviation of three samples. For the investigated doping profiles, J0,met on both p+

and n+ surfaces were observed to decrease with decreasing sheet resistances. The results
of this experiment and the simulation in Section 3.2 demonstrated that the doping profile
is one of the factors that can influence J0,met significantly.
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Figure 3.15: Boron (a) and phosphorus (b) diffusion profiles measured by the ECV technique. The
two profiles in (a) are the same as those in Figure 2.2 (b). They are shown here again to facilitate
the data analysis.
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Figure 3.16: Comparison of J0,met on samples with different diffusion profiles. The samples had
planar surfaces and were doped by either boron (see Figure 3.15 (a)) or phosphorus (see Fig-
ure 3.15 (b)).

3.4.2 Comparison of different firing recipes

For a given Ag paste, adjusting the firing recipe is well-known to be able to modify ρc [39,
97]. However, J0,met has been reported to increase with increasing firing temperatures
for phosphorus emitters [69, 98]. For the optimum performance of solar cells, ρc and J0,met
should be minimized simultaneously. However, the influence of the firing recipes on both
ρc and J0,met is not yet fully understood.

A study on this topic is presented in this section. Lifetime samples were prepared on
n-type substrates, and both sides of these samples were textured with random pyramids.
A boron diffusion was performed on these samples, resulting in an 85 Ω/sq emitter (see
Figure 3.15 (a) for its doping profile). A layer stack of SiO2/SiNx was used for passiva-
tion, and the thickness of SiNx was approximately 159 nm. Figure 3.17 shows the results
of ρc and J0,met fired by four different recipes. Two samples were fired at a belt speed
of 4.5 m/min and peak firing temperature of 790◦C, whereas one sample was used for
each of the other three firing recipes. For each firing recipe, TLM measurements were
performed on five or six positions of the samples, and the average and the standard devi-
ation of ρc are shown in Figure 3.17. The measured ρc were similar among the four tested
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recipes. However, a lower J0,met was found on samples fired using a recipe with a lower
thermal budget. This result demonstrated that by adjusting the firing recipe, it is possi-
ble to reduce J0,met without affecting ρc. Thus, it is critical to choose a firing recipe that
minimizes both ρc and J0,met to optimize the efficiency of solar cells.

4.5m/min; 790°C

3.0m/min; 790°C

2.0m/min; 790°C

3.0m/min; 825°C

4.5m/min; 790°C

3.0m/min; 790°C

2.0m/min; 790°C

3.0m/min; 825°C
800

1000

1200

1400

1600

1800

0.5

1.0

1.5

2.0

J 0
,m

et
 (f

A/
cm

2 )

 

 

c 
(m

cm
2 )

Firing recipe (belt speed; peak firing temperature)

Figure 3.17: Comparison of ρc and J0,met of samples fired by different recipes. The samples had
textured surfaces, with a sheet resistance of 85 Ω/sq (boron-doped).

Similar firing experiments were repeated on other samples, such as those with dif-
ferent SiNx thicknesses (e.g., 57, 77, and 107 nm), or with other doping profiles (e.g.,
141 Ω/sq boron-doped and 64 Ω/sq phosphorus-doped). The findings were very close
to the 85 Ω/sq boron emitter, as discussed in this section.

3.5 Summary

The experimental study in Section 3.3 supported the other simulation studies [63, 64, 69],
that the etching of passivation layers and Si surfaces is the major cause of J0,met. Ag crys-
tallites, which are critical for current transport, and thus for achieving low ρc, appeared
to only increase J0,met marginally. Moreover, it was demonstrated that by increasing the
thickness of SiNx, J0,met can be reduced without affecting ρc (for the textured samples).
The lower J0,met for the samples with thick SiNx might be caused by a higher percentage
of remaining SiNx and less etching of Si. A low ρc seems to not necessarily be associ-
ated with a high J0,met. The aforementioned results were observed for both boron- and
phosphorus-doped surfaces.

Furthermore, these results can be better understood by recognizing the fact that for
the current generation of Ag pastes, less than 10% of the metal-Si surface is covered by
Ag crystallites, whereas nearly 90% of the metal-Si surface is not covered with the pas-
sivation layer [64]. For an optimal metal-Si interface, however, the passivating dielectric
should be opened only on the regions where Ag crystallites are created, whereas on other
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regions, the Si surface should still be passivated with the partly etched or intact dielectric
layer. Therefore, it is desirable to reduce the metallized area where SiNx and Si surfaces
are etched but without Ag crystallites. This idea contradicts some of the previous refer-
ences [33, 34, 39, 99], which emphasized the importance of complete etching of the pas-
sivating dielectric in order to minimize ρc. Figure 3.18 illustrates the preferred metal-Si
interface in previous references [33, 34, 39, 99] and in this study. Realizing the metal-Si
interface, as shown in Figure 3.18 (b), seems to be a promising topic for future research,
which can lead to a significant decrease of J0,met. This goal might be achieved with a
new Ag paste formulation, together with a suitable dielectric stack and an optimal firing
recipe.
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Si bulk
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heavily doped region

dielectric
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Figure 3.18: Ag–Si interface structure: (a) passivating dielectric is completely opened (proposed
in references [33, 34, 39, 99]); (b) passivating dielectric is only opened where Ag crystallites are
formed (proposed in this study).

Based on the findings from this chapter, J0,met depends on surface morphologies, pas-
sivating dielectrics, doping profiles, and firing recipes. In addition, paste ingredients have
a significant influence on J0,met [48, 69]. Table 3.3 summarizes the general relation between
J0,met and the five aforementioned factors.

Table 3.3: General relations between J0,met and five of its common influence factors.

Low J0,met High J0,met

Surface morphology Planar Random pyramids

Passivation layer Thick Thin

Doping profile
Deep;
High surface concentration

Shallow;
Low surface concentration

Firing recipe Low thermal budget High thermal budget

Ag paste
Less reactive glass frit,
e.g., PbO

More reactive glass frit,
e.g., PbO [48, 69]

For the experiments in this chapter, all samples were fired without the presence of
busbars (see Figure 3.8). This was the key step enabling low ρc on the two lightly doped
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Si surfaces tested in this chapter. In addition, the voltage calibrated PL method, which was
employed extensively in the studies of this chapter, allows a quick and reliable evaluation
of ρc and J0,met. This powerful characterization method was also applied to optimize the
ZEBRA cells (see Chapter 4), such as testing different doping profiles, firing recipes, and
Ag pastes.
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Large area IBC cells

4.1 Introduction to IBC cells and modules

4.1.1 Cell design

In 1975, the interdigitated back contact (IBC) solar cell was first introduced by Schwartz
and Lammert [100]. The key feature of the IBC cell is that all metal contacts are placed on
the rear side of the cell. Thus, this design avoids the shadowing losses because there is
no metal grid on the front side of the cell. Over the years, because of the high efficiency
potential of IBC cells, many research institutes and companies have conducted research
on them [15, 17, 24, 101–110]. In 2017, the current world record for Si solar cells was set
by an IBC cell with amorphous Si/crystalline Si heterojunctions, reaching an efficiency of
26.7% [15]. Table 4.1 lists some of the recent results on IBC cells worldwide.

Figure 4.1 (a) shows a schematic cross-section of a typical IBC cell with an n-type sub-
strate. For the photo-generated electron-hole pairs above the back-surface-fields (BSFs),
the minority carriers (i.e., holes) must flow both vertically and laterally toward the rear
collecting emitters. An inefficient collection of holes will lead to a decrease of the short-
circuit current. Therefore, wafers with high bulk lifetimes are essential to ensure long dif-
fusion length, and consequently, efficient collection of minority carriers [115]. Moreover,
because a substantial percentage of charge carriers are generated near the front surface, a
low front surface recombination velocity is preferred [115].

n+

n-Si

p+ emitter n+ BSF

��

n finger

n busbar p busbar

p finger insulation pad

(a) (b)

ARC and passivation 

rear passivation 

p
+ emitter

n
+ BSF
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Figure 4.1: (a) Schematic cross-section of a typical IBC cell. (b) Schematic top view of the rear side
of a ZEBRA cell, including emitters, BSFs, fingers, insulation pads, and busbars. The investigated
ZEBRA cells have four pairs of busbars, although only one pair is shown in this figure.
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Table 4.1: Recent results of IBC cells including comments on the process.

Insitute
/Company

Area
(cm2)

Voc
(mV)

η
(%)

Cell structure Process

Kaneka [15] 79.0 (da) 738 26.7 a-Si HE-IBC
Panasonic [111] 143.7 (da) 740 25.6 a-Si HE-IBC electroplating

SunPower [104] 153.5 (ta) 737 25.2
Cu plating;

in mass production
ISFH [112] 4.0 (da) 727 26.1 poly-Si HE-IBC evaporated Al contact

FhG-ISE [113] 4.0 (da) 720 23.7 poly-Si HE-IBC
photolithography;

evaporated Al contact

ANU [114] 4.0 (da) 703 24.4 HO-IBC
photolithography;

tube diffusion;
evaporated Al contact

Trina [106] 244.9 (ta) 703 24.1 HO-IBC
tube diffusion;

screen printed contact

IMEC [105] 239.1 (ta) 683 22.5 HO-IBC
tube diffusion;

Cu plating
Jolywood [107] 244.3 (ta) 680 23.1 HO-IBC screen printed contact

Samsung [110] 155.4 (ta) 679 22.9 HO-IBC
ion implanation;

Cu plating

DuPont [103] 239 (ta) 659 21.3 HO-IBC
printed paste to form

doped layers;
screen printed contact

ECN [109] 239 (ta) 653 21.1 HO-IBC
tube diffusion;

screen printed contact

Note: HE-IBC (heterojunction-IBC); HO-IBC (homojunction-IBC); da (designated
area); ta (total area).

4.1.2 Module integration

Compared with main stream modules with both-side contacted cells, IBC modules pos-
sess the following advantages [116]: (1) high module efficiency; (2) no metal grids exist on
the front side, leading to uniform appearance; (3) the color of the front side can be easily
adjusted (e.g., by changing the thickness of the anti-reflection coatings), which is preferred
for building integration; (4) higher shadowing tolerance (see Section 5.7). Considering
these merits, the IBC modules are most suitable to be installed in urban environments
(e.g., rooftops or building facades).

Kopecek et al. [116] have given a comprehensive overview of module integration for
IBC cells at an industrial level. Two prevalent approaches exist: (1) tabbing/stringing; (2)
conductive backsheet. For the first approach, the contacts between tabbing ribbons* and
busbars are formed by either soldering or gluing with electrically conductive adhesives.
Due to the difference in thermal expansion coefficients between the ribbons and the solar
cell, the ribbons apply strong mechanical stress to the solar cell after soldering. For the
IBC cell, all ribbons are located on the rear side, and therefore a significant warpage oc-

*The tabbing ribbon is a tin coated copper conductor, which can carry currents generated from the solar
cells.
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curs after applying the ribbons. To reduce the warpage, structured or soft ribbons can be
selected, and an additional solution is to solder the IBC cell on a bended stage [117]. The
tabbing/stringing approach is compatible with bifacial applications of IBC cells, which is
a significant advantage over the conductive backsheet approach. Furthermore, glass-glass
modules exhibit a longer lifetime in comparison with the mainstream glass-backsheet
modules, and it is expected to gain greater market shares in the next decade (from 5%
in 2017 to 40% in 2028) [9]. Combining the tabbing/stringing approach (especially by
soldering) with the bifacial glass-glass module technology is a promising method of re-
ducing the levelized cost of electricity (Euro/kWh) for IBC cells, and thus, it is worthy of
further research.

The conductive backsheet approach was adopted from the production of printed cir-
cuit boards. The core layer is a structured metal foil made out of either Cu or Al. The
electrically conductive adhesive is first applied locally onto the conductive backsheet or
the busbars of solar cells by dispensing, and then the contacts between the conductive
backsheet and busbars are established during the lamination process. The conductive
backsheet covers the rear side of the module completely. The thick metal foil (approxi-
mately 35 µm) results in a very low series resistance, and hence the cell-to-module loss is
reduced. This is an advantage compared with the first approach.

The module technologies that are available limit the choice of metallization methods
for IBC cells. Despite the excellent results of solar cells in Table 4.1, IBC cells metallized by
Al evaporation or by electroplating methods are, to the best of the author’s knowledge,
not yet considered suitable for mass production. The drawback of the former method is
that soldering cannot be used [118], which rules out the conventional tabbing/stringing
approach for module fabrication. As for the latter method, concerns on the environmental
impact of toxic chemical waste have hindered its application in the industry [119].

4.2 Large area IBC cells: introduction to the ZEBRA concept

The complex process used to realize narrow interdigitated doping patterns and electrodes
makes cost-effectiveness a challenge in IBC cell production. To date, only three compa-
nies have managed to commercialize IBC cells [120–122], although numerous laboratory
results have been reported. More research is necessary to reduce the manufacturing cost
of the IBC cell while maintaining the high efficiency merit. This is the motivation behind
the studies in this chapter: to continue the development of a low cost and large area ho-
mojunction IBC concept (named “ZEBRA” [24]), with a key strategy that only industrial
feasible processes are employed.

4.2.1 Cell structure and processes

The cross-section of the investigated ZEBRA cell is the same as Figure 4.1 (a), and a top
view schematic of the interdigitated doping pattern as well as of the metal grid are shown
in Figure 4.1 (b). Basic features of the ZEBRA cell are described as follows*:

• The substrate materials are 6-inch n-type Cz Si wafers, which is the size of wafers
used in the industry currently. Working with large area wafers increases the chances
of identifying problems that may be overlooked in solar cells of a smaller size (e.g.,
4 cm2). For example, the doping inhomogeneity is probably more prominent on a
large area device than on a small one. Its influence on the breakdown uniformity of
IBC cells is discussed in Section 5.4.

*The detailed process flow and the process parameters cannot be disclosed at this moment due to confi-
dentiality reasons.
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• To simplify the cell process, no gap regions are designed to separate the rear heavily
doped emitters and BSFs. Nevertheless, this design has a significant influence on the
reverse bias characteristics of the IBC cell, which is discussed in detail in Chapter 5.

• The heavily doped surfaces are formed by two high temperature diffusion processes
with BBr3 and POCl3 as dopant sources respectively. Both sides of the cells are
passivated with a layer stack of SiO2/SiNx; further discussion about this passivation
scheme can be found in Section 4.3.

• The front floating emitter (boron-doped) of the cell helps to collect the minority
carriers more efficiently through the so called “pumping effect” [27]. Consequently,
high short-circuit currents can still be maintained even for a wide BSF region. The
alignment tolerance for screen printing is thus relaxed.

• The interdigitated pattern on the rear side is achieved through laser structuring.
The selected laser has a wavelength of 532 nm and a top-hat rectangular profile of
300 × 600 µm2.

• Screen printing was chosen as the metallization method because it is scalable, cost-
effective, and compatible with the soldering approach for module fabrication. A
multilayer metal grid is fabricated on the cell rear (see Figure 4.1 (b)). The metal
fingers are screen-printed and fired to form contacts, followed by printing of the in-
sulation pads and then the busbars. Polymer-based insulation pads are designed to
isolate the busbar (BB) from the fingers of opposite polarity. This multilayer metal
grid allows a flexible positioning for the busbars. Moreover, because both insula-
tion pads and busbars can be made sufficiently wide without decreasing the cell
efficiency, the alignment of the ribbons to the busbars is eased. On the other hand,
a single-layer metal grid, as shown in Figure 4.2, has also been studied. The advan-
tage of this design is that the insulation pads are not required anymore; however,
several drawbacks exist. The width of busbars is restricted because an n busbar that
is too wide will reduce the collection efficiency of holes generated above the n bus-
bar [123]. A simulation study [124] indicated that the width of the doping area for
the n busbar (WBSF,BB) should be less than 1 mm to avoid a significant loss of effi-
ciency (∆ηabs < 0.2%). However, a narrow WBSF,BB increases the accuracy required
for the alignment during the screen printing and stringing processes. Additionally,
as shown in Figure 4.2, one busbar must be placed on the edge of the wafer for
the single-layer metal grid, which may pose a risk of creating cracks when using
the tabbing/stringing approach for module integration. Because of these disadvan-
tages, the multilayer metal grid is preferred and has been chosen as the metallization
scheme for the ZEBRA cells investigated in this thesis.

• As shown in Figure 4.1 (a), the open rear side allows the absorption of sunlight
reaching the cell’s rear side. Table 4.2 lists the I-V data of a ZEBRA cell measured by
illuminating the front or the rear side, respectively. A notable bifaciality (in terms of
efficiency) of approximately 75% was measured, whereas the bifaciality reported in
the references ranging from approximately 63 to 91% [125–128]. When illuminating
on the rear side of the cell, the short-circuit current was reduced mainly due to the
shadowing of the metal grid. Moreover, a four-cell mini-module (ZEBRA) was in-
stalled in a slanted configuration in Konstanz (30◦ inclination, facing south), and the
specific energy yield (Wh/Wpeak) was measured to be approximately 15% (relative)
higher than the ZEBRA module with a black backsheet [129] (thus functioning as
a monofacial module). The bifacial application of IBC cells can increase the energy
yield significantly, and therefore it is an effective method to reduce the levelized cost
of electricity.
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n finger n busbar

p busbarp fingerp+ emitter

n+ BSF WBSF,BB

Figure 4.2: Top view schematic of the rear side of an IBC cell with a single-layer metal grid. All
four pairs of busbars are shown; a p and an n busbars exist on the left and the right wafer edges
respectively.

Table 4.2: I-V measurements of a bifacial ZEBRA cell. Either the front or the rear side is illumi-
nated during the measurement.

Illumination
Jsc

(mA/cm2)
Voc

(mV)
FF
(%)

η
(%)

Front 41.1 653.8 78.2 21.0
Rear 30.9 646.4 78.6 15.7

4.2.2 Modules results

Both approaches discussed in Section 4.1.2 have been tested for module integration. Us-
ing the production line of back-contact modules manufactured by Eurotron B.V., three
60-full-cell modules and two 120-half-cell modules were successfully assembled using
the conductive backsheet approach [130]. For these modules, antireflection coated glass
was selected to reduce reflection losses, and additionally, a white rear encapsulation layer
was used for enhanced light trapping. One of the 120-half-cell modules reached a power
of 311 W and a full-area efficiency of 19.2%. In addition, a module was fabricated by
manually soldering ribbons onto IBC cells fixed on a bended stage [117]. This bifacial
60-full-cell module had glass on both sides. The measured power when illuminating on
the front and the rear side was 266 and 208 W respectively, reaching a bifaciality (in terms
of power) of 78%.

These results demonstrated the feasibility of integrating the developed IBC cells into
a module with a size similar to the standard module in the market.

4.2.3 Loss analysis

Improving the efficiency of ZEBRA cells is the goal in this chapter. Therefore, a study
was conducted to understand which parts of the cell required further development. The
simulation program Quokka 2 [131] was employed to model the cell performance and to
conduct the loss analysis. The latter task calculated the power loss originating from each
part of the solar cell (except for optical losses). This helped to understand the key loss
mechanisms, and the gained knowledge was used to prioritize new experiments.

Table 4.3 shows the measured and the simulated I-V data of a representative ZEBRA
cell that was produced in the early stage of the work for this thesis. It exhibited an effi-
ciency close to the average efficiency of an experiment with approximately 200 cells.
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Table 4.3: Measured and simulated I-V data of a representative ZEBRA cell under standard test
conditions (front illuminated).

Jsc
(mA/cm2)

Voc
(mV)

FF
(%)

η
(%)

Experiment 40.9 652.6 78.0 20.8
Simulation 40.9 652.9 77.9 20.8

Some of the input parameters for the simulation* were obtained by the measurements
on test structures that shared the same processes as the ZEBRA cells, including the sheet
resistances of the heavily doped surfaces, bulk resistivities of the substrate, contact resis-
tances of the emitters and BSFs (ρc), line resistances of the fingers and busbars, and re-
combination currents at the passivated (J0,pass) and metallized area (J0,met). Table 4.3 also
shows the simulated I-V data, from which a good agreement can be observed between
the simulation and the measurement.

resistive losses recomb. losses

Cell thickness: 160 µm

Rsh,rear p+ : 78 Ω/sq

Rsh,rear n+ : 25 Ω/sq

J0,pass, rear p+ : 60 fA/cm2

J0,pass, rear n+ : 160 fA/cm2

J0,met, rear p+ : 4500 fA/cm2

J0,met, rear n+ : 550 fA/cm2

ρc, rear p+ : 4 mΩ·cm2

ρc, rear n+ : 4 mΩ·cm2

Note: “Recomb.” stands for recombination.
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Figure 4.3: Loss analysis of the ZEBRA cell in Table 4.3. Some key input parameters are listed on
the right. The pitch is defined as the sum of the width of a full emitter and a full BSF regions. For
this cell the pitch is 1.4 mm.

Figure 4.3 presents the calculated efficiency losses from different parts of the ZEBRA
cell. The sum of efficiency loss caused by recombination under the p+ and n+ metal
contacts was approximately 0.7%. Therefore, it was identified as one of the most cru-
cial loss mechanisms. This was in line with findings on other n-type screen-printed solar
cells [50, 63], where the contact recombination loss was also reported to be a significant
limiting factor for Voc and efficiency. The loss analysis has motivated the search for meth-
ods to mitigate the contact recombination loss, and these studies will be discussed in
Section 4.4.

As shown in Figure 4.3, other important loss mechanisms include the series resistance
loss of charge carriers in the bulk, and the recombination in the bulk (mostly due to the
Shockley-Read-Hall process). These losses can be reduced by decreasing the pitch of an
IBC cell. A study on the influence of pitch on the cell efficiency can be found in Section 5.6.

*Edge recombination, which was expected to only marginally influence the performance of large area
cells, was not considered in the simulation model.
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4.3 Rear surface diffusion and passivation

A SiO2/SiNx layer stack has been chosen as the rear surface passivation scheme, because
SiO2 is capable of providing excellent passivation on both p+ and n+ surfaces, as well
as of withstanding high temperature processes (e.g., firing). In addition, hydrogenation
of Si bulk and Si–SiO2 interfaces from the PECVD SiNx layer during the fast firing pro-
cess further improves the passivation quality. Other layers have also been considered
but they exhibit some limitations. For instance, intrinsic amorphous Si can provide high
quality passivation on both p+ and n+ surfaces, but it is not compatible with high tem-
perature processes. The AlOx can passivate the p+ surface even more effectively than
thermally grown SiO2; however, a low surface recombination velocity on the n+ surface
has not been demonstrated yet. One approach to solve this problem for IBC cells is to
use AlOx to passivate the p+ surface, and to use other passivation layers, such as SiO2
or SiNx, to passivate the n+ surface. In spite of the high efficiency demonstrated by this
approach [132, 133], the fabrication complexity is increased, and thus, higher costs are
expected.

4.3.1 J0,pass measurements

To test the passivation quality, diffused lifetime samples were prepared and capped by
the SiO2/SiNx layer stack. The recombination current J0,pass (sometimes called satura-
tion current) of the passivated surface was extracted from the quasi-steady-state photo-
conductance (QSSPC) measurements [134] at an injection level of 5×1015 cm−3. In the
Sinton-WCT software package, the Auger recombination model of Richter et al. [81] was
selected, and a band gap narrowing analysis was used for the calculation of the intrinsic
carrier concentration, ni [135, 136]. Two or three lifetime samples were fabricated for each
sheet resistance, and on each wafer, six to eight measurements were performed. From
these measurements, the average and the standard deviation were calculated. The results
of several phosphorus and boron diffusion processes are shown in Figure 4.4, from which
one can observe that lower J0,pass were achieved on surfaces with higher sheet resistances
for both p+ and n+ surfaces. To make a direct and fair comparison between this work and
the results from the references is difficult, because of the differences in the sample treat-
ment before diffusion, and the differences in the doping profiles. Nevertheless, for profiles
with similar sheet resistances, J0,pass values of both p+ and n+ surfaces in this work were
found to be comparable to those reported in other publications [78, 114, 137, 138], where
various passivation layers (e.g., AlOx, SiNx, and wet SiO2) were investigated. These re-
sults, on one hand, demonstrated that both heavily doped p+ and n+ surfaces can be
passivated effectively with the SiO2/SiNx layer stack, and on the other hand, gave guid-
ance for the optimization of IBC cells’ rear.

Notably, the SiO2 interface layer is grown in situ during the diffusion process used in
this thesis. This interface layer is achieved by designing a part of the drive-in phase of
the diffusion process to have an atmosphere containing 100% oxygen [60]. This method
is particularly beneficial for passivating boron-doped surfaces. All prevalent approaches
require two steps after boron diffusion: (1) removing the borosilicate glass that covers
the wafer surface; (2) forming a new passivation layer (e.g., PECVD AlOx). By contrast,
our approach only requires one step after the boron diffusion, namely an etching step to
remove the inhomogeneous borosilicate glass layer, whereas the in situ grown and homo-
geneous SiO2 interface layer (10 to 15 nm) is maintained for passivating the p+ surface.
As such, our approach possesses the merit of saving one process step.
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Figure 4.4: Measured J0,pass, as a function of sheet resistances (Rsh). The planar sample surfaces
were doped by either boron or phosphorus, and a layer stack of SiO2/SiNx was utilized for passi-
vation. To activate the passivation of the SiNx film, a firing step was performed before the QSSPC
measurements. Some measurements were performed on samples textured with random pyra-
mids, and their extracted J0,pass values were divided by a factor of 1.7 to be comparable to the
measurements on planar surfaces [139]. The dashed lines are guides for the eye.

4.3.2 Influence of rear side doping

To investigate the influence of rear side doping on the cell efficiency, IBC cells with three
different boron emitters were fabricated; the rest of the process was unchanged. The bulk
resistivity of the substrates was 2.5 Ω·cm, and the pitch of the cell was 1.4 mm. For the
metallization, a AgAl paste and a Ag paste were utilized to contact the p+ emitter and the
n+ BSF respectively. Table 4.4 lists the I-V data of all cells. The 85 Ω/sq emitter led to a
slightly higher efficiency and Voc than the 76 Ω/sq emitter, and the results of the 101 Ω/sq
emitter were close to those of the 85 Ω/sq emitter.

Table 4.4: I-V data of ZEBRA cells with three different rear emitters. The average and the standard
deviations are listed.

Sample
number

emitter Rsh
(Ω/sq)

BSF Rsh
(Ω/sq)

Jsc
(mA/cm2)

Voc
(mV)

FF
(%)

η
(%)

19 76 55 40.2±0.1 653.1±0.9 79.0±0.5 20.8±0.2
18 85 55 40.4±0.1 654.6±1.0 79.4±0.7 21.0±0.2
23 101 55 40.4±0.1 654.1±1.3 79.0±1.2 20.9±0.4

Although the 101 Ω/sq emitter exhibits the lowest J0,pass, it does not necessarily lead
to the highest efficiency. When optimizing the rear surface diffusion, three important
parameters, J0,pass, J0,met, and ρc, should be monitored. An increase in cell efficiencies can
only be achieved when their net effect is positive. Both J0,met and ρc depend significantly
on metal paste technology, which has experienced rapid development over the past 10
years. Until now, J0,met and ρc of the screen-printed contacts remain higher than those of
the evaporated contacts for a given diffusion profile. Nevertheless, the PV community has
expected the Ag paste to be further improved [70], thereby narrowing the gap between
the screen-printed and the evaporated contacts. The rear surface can then be adjusted to
obtain a higher sheet resistance, and the cell efficiency will be raised if both J0,met and ρc
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can be maintained at a low level.
The rear side doping profiles not only influence the cell efficiency, but also its reverse

bias characteristics. A detailed discussion on this topic can be found in Section 5.3.2.

4.4 Mitigation of contact recombination

This section presents the studies on reducing the recombination loss caused by screen-
printed contacts. There are two basic strategies to realize this goal: (1) reducing the con-
tact recombination current, J0,met (unit: fA/cm2); (2) reducing the contact area. In the
following subsections, studies that followed either one of these strategies are discussed.
Firing optimization (e.g., varying peak temperatures and belt speed) was conducted for
each metal paste used in this chapter, and only the results obtained by using the optimum
firing recipe are reported, unless otherwise stated.

4.4.1 Contacting p+ surfaces: AgAl paste versus Ag paste

On the rear side of IBC cells, contacts should be formed on both p+ and n+ surfaces.
The firing-through Ag paste, which has been the solution of contacting the n+ surface
of silicon solar cells for many years, was reported to show very high ρc on the p+ sur-
face [90, 91, 140–142]; however, the reason behind this is unclear. Another type of paste,
the firing-through AgAl paste (Ag paste that contains a small amount of Al), has been
chosen to form contacts on the p+ surface in most studies on n-type solar cells. This was
also the reason that in the early stage of this thesis work, the AgAl paste was selected for
contacting the p+ surfaces of the ZEBRA cells.

However, as demonstrated in Chapter 2, low ρc on the p+ surface can also be ob-
tained with the Ag paste if the firing process is performed without the presence of bus-
bars. Based on the results of the test structures, the Ag paste has the merit of improving
ρc and J0,met. To test whether this merit would be retained on the cell level, an experiment
was conducted, in which the emitters of the ZEBRA cells were metallized with either a
firing-through AgAl paste or a firing-through Ag paste, and the BSFs of all cells were met-
allized with the same Ag paste that was used for the emitters. For both groups, all other
processes were identical, and the firing process was performed without the presence of
busbars. The finished IBC cells had a pitch of 1.4 mm, and the rear boron and phosphorus
sheet resistances were 85 and 55 Ω/sq respectively. Table 4.5 lists the measured I-V data
(12 cells from each group).

Table 4.5: I-V data of ZEBRA cells: AgAl paste vs. Ag paste. Both groups had the same metalliza-
tion fraction. FF0 is defined as the ideal fill factor.

Paste
on emitter

Jsc
(mA/cm2)

Voc
(mV)

FF
(%)

η
(%)

FF0-pFF
(%)

AgAl (reference) 40.9±0.1 657.7±1.8 78.0±0.2 21.0±0.1 0.9±0.1
Ag 41.0±0.1 661.7±0.9 78.5±0.2 21.3±0.1 0.5±0.1

The second group, where a Ag paste was printed on the emitter, exhibited a higher Voc
than that of the first group where a AgAl paste was used. Furthermore, the FF0-pFF value
is a measure of the recombination in the space charge regions, including that between the
rear boron emitter and the Si bulk, and it was lower for the second group. The higher Voc
and lower FF0-pFF of the second group suggested a decrease of J0,met when replacing the
AgAl paste with the Ag paste on boron emitters.
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Unlike the full-area Al-BSF or the n-PERT solar cells, measurement of ρc directly on
the finished IBC cell is prevented by the interdigitated doping pattern on the cell’s rear.
Nevertheless, a higher FF was obtained in the second group. Thus, the ρc of the Ag paste
on boron emitters was probably not higher than that of the AgAl paste. Utilizing the
same Ag paste to contact both emitters and BSFs of the IBC cell not only improved the
cell efficiency, but also reduced one printing step.

In summary, on the cell level, the Ag paste appeared to lead to similar or even lower
ρc and J0,met on the boron emitters compared with the AgAl paste. Therefore, the present
prevalent understanding in the PV community, that only the AgAl paste can form good
contacts on the boron emitters, but not the Ag paste [49–51, 90, 91, 140–142], should be
revisited.

Except for this experiment, over 1500 ZEBRA cells were metallized by the single print-
ing of a Ag paste on both emitters and BSFs. Based on the relatively high FF (mostly >
78%), a low ρc was expected. These results demonstrated the feasibility and the repro-
ducibility of using the Ag paste to contact both the emitters and BSFs of IBC cells.

4.4.2 Point contact design

The point contact design* has been utilized for years in many high efficiency, small area
(4 cm2) solar cells such as PERL (passivated emitter rear locally diffused) and IBC to re-
duce the contact area, and thus the recombination loss under the metal [114, 143]. For
these cells the metallization was often performed by aluminum evaporation. Moreover,
applications of the point contact design on screen-printed n-PERT solar cells have also
been reported recently [144, 145]. As for screen-printed IBC cells, Xu et al. [106] have
demonstrated an efficiency of 24.1% and an Voc of 707.7 mV on a 6-inch IBC cell with the
point contact design. However, a step to locally open the rear passivation layer before
metallization was required because the used Ag paste could not etch through the passi-
vation layer during the firing process. Furthermore, the author was unable to find any
publications on implementing the point contact design with firing-through Ag pastes on
screen-printed IBC cells. This topic will be discussed in the following subsections.

4.4.2.1 Pretest

Compared with full finger lines, the point contact design can reduce the contact area ef-
fectively. On one hand, this change results in a decrease of contact recombination losses,
whereas on the other hand, it increases the total contact resistance loss. Furthermore,
the point contact design increases the resistive loss in the emitters and BSFs, especially
when a large distance between two adjacent point contacts (Dpoint) exists. Hence, a
trade-off exists between obtaining high Voc and FF; device simulation was performed
with Quokka 2 [131] to determine the optimal metallization layout. Figure 4.5 depicts
a schematic of the simulated rear metal grid comprising a first layer of point contacts
formed by a firing-through Ag paste, and a second layer of continuous fingers formed
by a non-firing-through Ag paste. The second layer does not make contacts with the Si
surface, but it connects the separated point contacts of the first layer.

*Throughout this thesis, the word “point contact” is used to describe a metallization layout with discon-
tinuous finger lines, which can be in either round or rectangular form.
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2nd layer: 
continuous fingers

p+ emitter

n+ BSF Dpoint

1st layer: 
point contacts

Lpoint

Wpoint

Wfinger

Figure 4.5: Point contact design for IBC cells. The metal grid comprises two layers: (1) point
contacts in rectangular shape that form the contact between metal and Si; (2) full finger lines that
connect all the separated point contacts and conduct currents. The fingers are printed on top of
the point contacts, but in this drawing, at places where the fingers and the point contacts overlap,
only the point contacts are shown.
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Figure 4.6: Simulated I-V data of IBC cells with a point contact design, as shown in Figure 4.5. A
wide range of ρc and Dpoint was studied. For the point contact, Lpoint and Wpoint were assumed to
be 300 and 58 µm respectively.

The simulated IBC cell had a pitch of 1.1 µm, and the sheet resistance of the emitters
and BSFs were 85 and 55 Ω/sq respectively. The length (Lpoint) and width (Wpoint) of the
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Figure 4.7: Comparison of ρc obtained on TLM samples printed with continuous fingers and with
point contacts. Each box plot comprises 12 measurements on two samples (six on each sample).

point contact were fixed at 300 and 58 µm respectively*. Furthermore, the same ρc was
assumed on both emitters and BSFs. A wide range of ρc and Dpoint were imported to the
simulation program, and Figure 4.6 shows the results. As expected, a longer Dpoint leads
to a higher Voc because of the reduced contact area, whereas the obtained Voc is almost
independent of ρc ranging from 0.1 to 10 mΩ·cm2. A different trend was observed on
the FF, which decreases with an increasing Dpoint and an increasing ρc. In terms of Jsc, it
remains almost unchanged for the studied range of ρc and Dpoint. Moreover, ρc plays an
important role in determining the cell efficiency (see Figure 4.6 (d)). When ρc is sufficiently
low, the same efficiency can be obtained by a wide range of Dpoint, and cell efficiencies
above 22.0% can only be achieved when ρc is below 1.5 mΩ·cm2. This simulation study
indicated the importance of achieving low ρc for the point contact design.

Apart from the increased resistance loss, another potential technical barrier for im-
plementing the point contact design is that if the size of each separated point contact is
too small, the insufficient amount of glass frit may cause a significant increase in ρc [146].
However, it is not known yet at which size of point contacts the ρc starts to increase†.

A test was carried out to investigate if ρc was higher by applying point contacts than
by applying continuous fingers. A batch of lifetime samples was prepared; half of them
had boron-doped surfaces (85 Ω/sq) and the other half had phosphorus-doped surfaces
(55 Ω/sq). Two metallization approaches were applied for each type of doped surface.
For the first approach, continuous fingers were printed and then fired, whereas the sec-
ond approach consisted of three steps: (1) printing the point contacts with a firing-through
Ag paste; (2) firing; (3) printing continuous fingers on top of the point contacts with a
non-firing-through Ag paste that requires only low temperature curing. The second met-
allization approach was utilized to enable the measurement of ρc for the point contacts
using the TLM setup. For all samples the same firing recipe was selected. The point con-
tact in the second metallization approach had a size of approximately 300× 58 µm2, and a

*Other size of the point contact can also be utilized on the solar cells. However, for a given metallization
fraction, a longer Lpoint will lead to an increase of resistive loss in the emitters and BSFs. By contrast, reducing
the size of the point contact, i.e., Lpoint and Wpoint, may increase ρc. A trade-off of the two aforementioned
factors led to the chosen size of the point contact in this study.

†The critical size of point contacts probably depends heavily on the paste ingredient, especially the ratio
of glass frit that is responsible for etching the passivation layers of solar cells.
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Dpoint of 300 µm (i.e., a metallization faction of 50% compared to the continuous fingers).
The results of the TLM measurements of both metallization approaches are compared in
Figure 4.7, from which it can be observed that ρc on boron emitters was very close be-
tween the two approaches, whereas a slight increase of ρc was measured on phosphorus
BSFs when metallized with the point contacts. However, the absolute values of ρc on both
types of surfaces were found to be low enough (< 1 mΩ·cm2) to benefit from the point
contact design.

4.4.2.2 Test on actual solar cells

Considering the simulation study and the ρc measurement in the previous section, it is
feasible to implement the point contact design on ZEBRA cells. Therefore, a study on the
cell level was performed to test whether the cell performance can be improved using this
approach. A batch of solar cell precursors was prepared in the same manner until the
metallization step. The cells were subsequently metallized by three different approaches.
The first group served as the reference group, in which a single print of continuous fingers
was conducted. The solar cells of the second group were printed twice by using the same
screen with continuous fingers, whereas the third group applied the point contact design,
as shown in Figure 4.5, to reduce the contact recombination loss*. The same firing-through
Ag paste was utilized for the printing of fingers of the first and the second groups, as
well as for the printing of the point contacts of the third group. After printing the point
contacts, another printing step was conducted for the third group, where a non-firing-
through Ag paste was printed as fingers to connect the point contacts.

Table 4.6 summarizes the measured I-V data. Compared with the reference group
(single print), the double print approach enhanced the FF, and the obtained Voc was sim-
ilar. The increase of FF can be understood by the higher volume of metal fingers in the
second group, which led to a decrease of line resistances of the metal fingers. Another
positive influence of the double print approach is that if there were any finger interrup-
tions in the first print, these interruptions could be filled up during the second print. The
decrease of series resistance loss caused by the metal grid, as well as the decrease of num-
bers of finger interruptions, resulted in a higher FF in the second group. The Voc remained
almost unchanged because the contact area was expected to be the same between the first
and the second group.

Table 4.6: Comparison of single print, double print and point contacts for the ZEBRA cells.

Metallization
Number
of cells

Jsc
(mA/cm2)

Voc
(mV)

FF
(%)

η
(%)

Continuous fingers (single print) 11 40.7±0.1 661.1±0.7 79.2±0.3 21.3±0.1
Continuous fingers (double print) 14 40.7±0.0 660.6±0.6 80.1±0.2 21.6±0.1

Point contacts 11 40.8±0.1 666.9±0.9 79.9±0.2 21.8±0.1

When comparing the third group with the second, a higher Voc was successfully
achieved by applying the point contact approach; the reduced contact area was the prob-
able cause. The contact area accounted for approximately 4.5% and 2.3% of the total cell
area for the second and the third groups respectively. The measured FF of the third group
was only 0.2% lower than that of the second group with continuous fingers, suggesting
that the increase of series resistance due to the point contact layout was limited. As a con-
sequence, a Voc gain of 6 mV and an efficiency gain of 0.2% was achieved by applying the

*The size of the point contact was approximately 300× 58 µm2. On the finished cells, the total contact
area of the third group was approximately 55% of that of the first and the second groups.
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point contact design. This experimental result was found to be reproducible. In several
batches of solar cells fabricated after this experiment, the average Voc were all higher than
those of the samples metallized with continuous fingers.

Granted, realizing fine line printing, such as a finger width below 30 µm, has been and
will remain a valuable method of reducing the contact area, and thus, the contact recom-
bination loss [9, 70]. However, eventually because of the physical limitation of screens,
the finger width can probably not be further reduced after reaching a certain value. The
successful implementation of point contact in this study demonstrated another possibility
of reducing the contact area for screen-printed IBC cells.

4.4.3 Influence of SiNx thickness on cell performance

In Section 3.3, lower J0,met was demonstrated on lifetime samples with thicker SiNx, and
this approach may work on the solar cell level as well. However, no publications have
discussed this topic. Significantly changing the thickness of SiNx on the sunny side of
solar cells may not be a feasible solution, because the refractive index of the SiNx film must
also be modified significantly to function as an anti-reflection coating. The modification
of the refractive index could lead to a change in other optical or electrical properties of
the SiNx film [147, 148]. By contrast, for the back side of both-side contacted solar cells
and for IBC cells, the requirement of serving as an optimal anti-reflection coating layer is
alleviated, and therefore this approach is probably still beneficial.

The experiment described in this section was designed to test whether lower J0,met can
be achieved on screen-printed solar cells by increasing the rear SiNx thickness. A batch of
ZEBRA cell precursors were fabricated, where four different rear SiNx thicknesses were
obtained by adjusting the deposition time. Measurements using an ellipsometer showed
that the SiNx film had a thickness ranging from approximately 57 to 147 nm.

To assess the implied open-circuit voltage (iVoc) values, the voltage calibrated PL mea-
surement [58] was performed on the cell precursors before metallization. iVoc can be con-
sidered as the open-circuit voltage of the solar cell if it were free of metal recombination
losses; the iVoc values of the entire wafer can be quickly assessed by the PL-calibrated ap-
proach. Three ZEBRA cell precursors from each group were randomly selected, followed
by PL measurements and the conversion from PL intensities to iVoc values. Figure 4.8 (a)
shows the average iVoc values of all three wafers from each group. An improvement in
iVoc of approximately 2 mV was made by depositing thicker SiNx; the cause was probably
the enhanced passivation quality obtained on thicker SiNx films that released more hy-
drogen species during the firing process. The measurement results show that in addition
to the potential decrease of J0,met, increasing the SiNx thickness can also improve the iVoc
of cell precursors, which was an extra benefit.

The point contact layout described in Section 4.4.2.2 was chosen to metallize all cells
in this experiment. For each of these four groups, an additional test was performed on
the lifetime samples in advance to determine the optimal firing recipe (in terms of J0,met
and ρc), and the procedure was similar to that described in Section 3.3. This additional
test showed, as expected, that a firing recipe with a higher thermal budget was required
for the groups with thicker SiNx, and the reason was likely that more time was required
for the Ag paste to etch through the SiNx film for the samples with thicker SiNx. Except
for the rear SiNx thickness and the corresponding firing recipe, all other processes used
for the fabrication of these solar cells were identical. With the optimal firing recipe, ρc on
the boron emitters were below 1 mΩ·cm2 for all groups, whereas ρc on phosphorus BSFs
increased respectively from 0.6 mΩ·cm2 for the groups with 57 and 77 nm SiNx, to 1.3 and
to 3.0 mΩ·cm2 for the groups with 107 and 147 nm SiNx.

Except for the iVoc values, Figure 4.8 also compares the I-V data of ZEBRA cells with
four different SiNx thicknesses. The Voc was found to increase with increasing rear SiNx



4.4. Mitigation of contact recombination 51

thickness. Comparing the first and the second groups (SiNx thicknesses of 57 and 77 nm),
their corresponding iVoc values were almost the same, whereas the difference in Voc was
approximately 4 mV. Thus, it can be concluded that the gain in Voc for the cells with 77 nm
SiNx was due to the mitigation of contact recombination, which should be caused by the
decrease of J0,met. Another important point is that the second group of cells exhibited a
higher FF than the first group, whereas the pFF − FF was comparable between the two
groups. This result suggested that the series resistances of both groups were similar, and
therefore, the obtained ρc of the second group with a thicker SiNx was probably not higher
than that of the first group. The higher Voc of the second group might have resulted in a
higher pFF, and thus, the increase of FF. Regarding the Jsc, no significant changes were
found among the four groups. An efficiency gain of approximately 0.4% was achieved on
the cells with 77 nm SiNx compared with the ones with 57 nm SiNx.

Although the fourth group with a SiNx thickness of 147 nm showed a slight drop
in efficiencies compared to the second group, it reached the best Voc (> 670 mV) among
all groups. The larger pFF − FF values of the fourth group as compared to the second
group suggested that the fourth group had a higher series resistance, which was probably
due to the increase of ρc. This result conformed with the findings of the previous firing
optimization test.
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Figure 4.8: Study of the influence of rear SiNx thickness: (a) iVoc of ZEBRA cell precursors; (b) to
(f): I-V data of ZEBRA cells. The average and the standard deviation are listed. The numbers in
(b) represent the batch size of each group.

In summary, the study in this section demonstrated that the findings made on the test
structures in Section 3.3 are also valid on the solar cell level. Lower J0,met can be achieved
by increasing the thickness of SiNx, and the corresponding ρc can be kept unchanged,
leading to the improvement in cell efficiencies. Furthermore, apart from changing the
SiNx thickness, this idea of reducing J0,met can be achieved through several other methods.
The thickness of other passivating dielectric, e.g., SiO2 and AlOx, can be increased as
well. Additionally, reducing the aggressivity of the glass frit in the firing-through Ag
pastes may lead to the same effect. However, the introduced changes of paste composition
should not affect the ρc.
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4.4.4 Contacting p+ and n+ surfaces: non-firing-through Ag paste

The solar cells in the previous sections were metallized with the firing-through Ag paste,
which not only etched through the passivation layer, but also formed contacts with the
Si during the fast firing process. An alternative approach to form contacts is to use the
non-firing-through Ag paste. One extra step to locally open the passivating dielectric
before metallization is required because this type of Ag paste cannot etch the passivation
layer. Nevertheless, this approach has a few advantages. First, compared to the firing-
through Ag paste, the non-firing-through Ag paste has been reported to be less aggressive,
resulting in a lower J0,met [149, 150]. Second, as shown in Figure 4.9 (b), for the non-firing-
through Ag paste, the contact width Wc, where the metal-Si contacts are created, can be
designed to be narrower than the finger width W f . A narrower Wc can reduce the contact
recombination loss, whereas a wider W f can reduce the line resistance of the metal fingers.
As such, the contact recombination loss and the line resistance loss of the metal fingers can
be optimized separately. This is a significant advantage over the firing-through Ag paste,
where the finger width W f is always the same as the contact width Wc (see Figure 4.9 (a)).
Third, it is possible to contact both p+ and n+ surfaces with the non-firing-through Ag
paste. For IBC cells, this feature is especially suitable owing to the fact that only one
printing step is required to metallize the fingers for emitters and BSFs. Excellent ρc below
0.5 mΩ·cm2 on both emitters and BSFs of IBC cells were achieved by utilizing the non-
firing-through Ag paste [106]. Because of these advantages, a study was performed to
metallize the ZEBRA cells with the non-firing-through Ag paste.
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Figure 4.9: Screen-printed Ag–Si contact: (a) firing-through Ag paste; (b) non-firing-through Ag
paste. Finger width W f is the same as the contact width Wc for the firing-through Ag paste,
whereas Wc can be decoupled from W f for the non-firing-through Ag paste.

For the task of selectively opening the passivation layer, laser ablation is one of the
most promising methods for mass production, because of the high throughput and its
relatively low cost [151, 152]. In this study, the SiO2/SiNx passivation layer stack was
ablated by an ultraviolet (UV) laser before metallization. This laser had a wavelength of
343 nm and an adjustable pulse duration ranging from 250 f s to 10 ps.

4.4.4.1 Optimization of line and contact resistances

A pretest was performed to study the optimal firing temperature of the non-firing-
through Ag paste in terms of line and contact resistances. Two types of non-firing-through
Ag pastes were used. The first was designed to achieve low ρc but it had low conductiv-
ity (hereafter Paste E), whereas the second (Paste B), was also used in Chapter 2. Paste B
was designed for reaching high conductivity, but it cannot form good contacts with the Si
substrates.

A batch of n-PERT solar cell precursors (see Figure 2.5) was fabricated for the pretest;
both sides of the samples were not capped with any passivation layer on purpose. The
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bare Si surface represented the surface condition after ideal laser ablation of the passiva-
tion layer, namely a complete removal of the passivation layer, no changes of the doping
profiles, and no laser-induced recombination. Therefore, performing the pretest on bare
Si surfaces enabled the study of paste properties without any potential influence of a non-
ideal laser ablation.
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Figure 4.10: Comparison of line resistances RL of metal fingers printed (1) twice with paste E; (2)
first with paste E and then with paste B; (3) with paste B only. Peak firing temperatures and belt
speeds were adjusted to study the corresponding line resistances.

To test line resistances, three combinations of printing of the metal grid were studied:
(1) double printing with paste E; (2) printing with paste E first, and then with paste B; (3)
single printing with paste B. The same H-pattern grid, which comprised 60 fingers and
three busbars, was printed on both sides of the sample. Firing optimization was carried
out after the printing, where a set of peak firing temperatures was swept to study the in-
fluence of firing recipes on the line resistances of metal fingers. The finger width measured
after firing was approximately 95 µm. Subsequently, the line resistance was evaluated us-
ing an I-V flasher. The total resistance between two adjacent busbars was first measured,
and then the average line resistance of each metal fingers (over the entire wafer) was cal-
culated*. The results obtained on the rear metal grids are reported in Figure 4.10; very
similar line resistances were also obtained on the front metal grids (not shown). The line
resistance of Paste E increased with increasing peak firing temperatures, and at 600◦C it
reached approximately 1.3 Ω/cm. In a previous experiment, the line resistance of Paste
E (single print) was found to be even higher (approximately 2.6 to 3 Ω/cm). By contrast,
the line resistance of Paste B reduced slightly with increasing peak firing temperatures,
and at 600◦C it reached approximately 0.6 Ω/cm (single print), which was comparable to
that of the standard firing-through Ag paste for the used finger geometry. According to
Figure 4.10, even the double print approach of Paste E led to a line resistance that was too
high, which would increase the series resistance loss of the solar cells significantly. The
second approach, in which Paste E was first printed for contact formation and then Paste
B was printed for achieving high conductivity, appeared to be an effective solution.

The ρc of samples metallized by the second approach were measured using the TLM
method. The results are shown in Figure 4.11, where each data point represents the av-
erage and the standard deviation of 10 to 13 TLM measurements. On the 78 Ω/sq boron
emitters (see Figure 4.11 (a)), an excellent ρc of approximately 2 mΩ·cm2 was achieved

*Comparable results have also been obtained by performing four-point probe measurements directly on
a single finger.
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when the peak firing temperature was not higher than 600◦C (belt speed: 5 m/min). More-
over, ρc was found to increase with increasing peak firing temperatures. A similar trend
was also observed on the 55 Ω/sq phosphorus BSFs (see Figure 4.11 (b)). According to
these results, a suitable firing recipe should have a peak firing temperature of no more
than 600◦C to obtain sufficiently low line resistances and ρc for the ZEBRA cells. In addi-
tion, for the non-firing-through Ag paste, low ρc on boron emitters can be obtained even
though the busbars were present during the fast firing process. This property is different
from the conventional firing-through Ag paste, with which very high ρc on boron emitters
were measured when firing with the busbars (see Section 2.2.2). More studies are needed
to fully understand the mechanism of contact formation for both types of Ag paste.
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Figure 4.11: ρc of metal fingers first printed with Paste E and then Paste B. Results for the 78 Ω/sq
boron-doped (a) and 55 Ω/sq phosphorus-doped surfaces (b) are shown.

4.4.4.2 Solar cells results

This section presents an experiment of using the non-firing-through Ag paste to contact
both polarities of ZEBRA cells. A batch of ZEBRA cell precursors was fabricated, which
had a pitch of 1.4 mm, while the sheet resistances of the rear p+ and n+ surfaces were
78 and 25 Ω/sq respectively*. The cell precursors were then separated into two groups
for metallization. The first group, which served as the reference, was metallized with the
firing-through Ag pastes, and thus laser ablation was not needed. The second group was
designed to utilize the non-firing-through Paste E. Before metallization, the samples from
the second group were ablated with the UV laser as described in the previous section.
The ablation produced continuous line openings with a width of 40 µm in each emitter
and BSF regions. Various laser parameters were tested to determine the optimal setting
that leads to the least laser-induced damage to the substrates. These parameters included
pulse duration, pulse energy, spot overlap, etc. On the other hand, the setting should lead
to a complete removal of the SiO2/SiNx stack, otherwise the ρc might be affected. After
laser ablation, the samples from the second group were immersed for 60 s in a 2-vol% HF
acid solution at room temperature to remove the possible residues/damage left on the Si
surface.

For the screen printing process, the emitters and BSFs of the samples from the first
group were printed with a firing-through AgAl paste and a firing-through Ag paste re-
spectively, followed by a fast firing step with a peak temperature of 850◦C. For the second

*Here a lower phosphorus sheet resistance than that of the test structures in the previous Section 4.4.4.1
was designed to ensure a low ρc on the n+ surface. Usually ρc decreases with a decreasing sheet resistance
on the doped Si surface.
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group, both emitters and BSFs were first printed with Paste E and then with Paste B. Based
on the experience gained in the previous Section 4.4.4.1, the firing process was conducted
with a peak temperature of 575◦C. Subsequently, the printing of insulation pads and bus-
bars was the same for the samples from both groups. On the finished cells, the finger
widths were about 60 and 110 µm for the first and the second groups respectively. The
second group was designed to have wider fingers to further reduce the series resistance
loss caused by the metal grid.

Table 4.7: Comparison of I-V data of ZEBRA cells metallized with firing-through and non-firing-
through Ag pastes. For each group both the average and the standard deviation of the I-V data
are shown. The first group (reference) consists of 26 cells, whereas the second group consists of 5
cells.

Type of
Ag paste

Jsc
(mA/cm2)

Voc
(mV)

FF
(%)

η
(%)

pFF− FF
(%)

FF0− pFF
(%)

Firing-through
(reference)

41.0±0.1 654.3±1.1 78.7±0.7 21.1±0.2 3.7±0.6 1.4±0.2

Non-firing-
through

40.9±0.1 654.3±0.7 75.3±0.7 20.2±0.2 7.2±0.9 1.3±0.1

Table 4.7 lists the I-V data for both groups of cells. For the second group, a total of
10 laser settings were tested, but only the I-V data of the best one (in terms of average
efficiency) are reported*. Despite the wider contact width of the first group (60 µm com-
pared to 40 µm), Voc of both groups showed no statistical differences. Hence, it seemed
that the second group exhibited a higher J0,met. FF of the second group was much lower
than that of the first group, and according to the difference in pFF− FF values, the lower
FF of the second group was caused by the increased series resistance loss. For the sec-
ond group, the line resistance loss due to the metal grid was expected to be comparable
or even lower than that of the first group due to the wide fingers (110 µm compared
to 60 µm), whereas the Si substrates and surface doping were the same between the two
groups. Thus, the higher series resistance of the second group was likely caused by the in-
crease of ρc. The cell efficiency of the second group was 0.9% (absolute) lower than that of
the first group. Furthermore, the similar FF0− pFF values suggested that the extra laser
ablation step in the second group introduced no additional damage to the space charge
regions of the rear emitters and BSFs. It appeared that both J0,met and ρc obtained from
the non-firing-through Ag paste were higher than those from the firing-through Ag paste,
and therefore the merits of the non-firing-through Ag paste (as described in the beginning
of this section) could not be demonstrated in this study. The cause might be the nonop-
timal laser ablation of the passivation layer, which should be improved in future studies.
Overcoming this technical barrier may enable a meaningful assessment of whether the
non-firing-through paste can outperform the conventional firing-through paste.

4.5 High efficiency ZEBRA cells

This section presents a study on the ZEBRA cell, in which findings from previous experi-
ments in this thesis were combined in an attempt to achieve higher cell efficiencies.

*The design of the laser ablation setting was based on previous experience on n-PERT solar cells [149].
The best laser setting among the ten groups was as follows: pulse duration: 1 ps; pulse repetition frequency:
30 kHz; pulse energy: 5.6 µJ; spot overlap: 31%; line scan repeat: one time.
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As shown in Figure 4.4, J0,pass of the rear surface of an IBC cell can be reduced largely
through reducing the doping on the emitters and BSFs. Furthermore, the studies in Chap-
ter 2 have demonstrated the possibility of obtaining reasonable ρc even on lowly doped Si
surfaces through firing without the presence of busbars. Therefore, it was expected that
the ZEBRA cell efficiency could be improved significantly by using high ohmic emitters
and BSFs. Following this idea, a batch of ZEBRA cells were fabricated, in which the dif-
fusion recipes were modified accordingly, resulting in a sheet resistance of 150 Ω/sq for
the emitters and the BSFs. The doping profiles of them can be found in Figure 5.38; their
surface doping concentrations were both approximately 1.6×1019 cm−3. Table 4.8 lists the
measured J0,pass and ρc obtained on surfaces with one of these two doping profiles respec-
tively. The J0,pass of the 150 Ω/sq emitter and the 150 Ω/sq BSF in this experiment were
significantly lower than those of the emitter and the BSF used in Section 4.4.2.2. There-
fore, the 20 mV gain in iVoc measured on the cell precursors in this experiment can be
explained by the improvement in surface passivation. Moreover, rear surface morpholo-
gies and firing recipes were both optimized to achieve low ρc for the 150 Ω/sq emitters
and BSFs. The results were satisfactory: for both types of surface the ρc obtained with a
firing-through Ag paste were no more than 1.3 mΩ·cm2.

Table 4.8: Key parameters for the rear side of the ZEBRA cell for the experiment in this section
and in Section 4.4.2.2.

iVoc of
cell precursors

(mV)
Surface

Rsh
(Ω/sq)

J0,pass
(fA/cm2)

ρc
(mΩ·cm2)

Section 4.4.2.2 684 Boron emitter 85 40 0.8
Phosphorus BSF 55 70 0.6

This experiment 704 Boron emitter 150 14 1.2
Phosphorus BSF 150 30 1.3

Table 4.9: I-V data of ZEBRA cells fabricated with high ohmic emitters and BSFs. The average
and the standard deviation are listed.

Jsc
(mA/cm2)

Voc
(mV)

FF
(%)

η

(%)
All cells 41.4±0.0 682.9±0.7 80.7±0.3 22.8±0.1

Best cell 41.5 683.0 81.4 23.1

For the metallization processes, the point contact layout described in Section 4.4.2.2
was employed to reduce contact recombination losses. Table 4.9 presents the measured
I-V data of all cells (batch size: 30) and those of the best cell. At present, the achieved
efficiency of the best cell is one of the world leading records for 6-inch homojunction IBC
cells fabricated with screen printing metallization [153].

4.6 Summary

This chapter presents several studies on a large area IBC cell concept (ZEBRA). A layer
stack of SiO2/SiNx was demonstrated to be able to effectively passivate the front as well
as the rear surfaces of the ZEBRA cells. Moreover, this chapter discusses the importance
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of tuning the rear side doping to reach a trade-off among J0,pass, J0,met and ρc. It was shown
that although a lower J0,pass can be achieved on an emitter with a higher sheet resistance,
the corresponding J0,met and ρc might become higher, and thus, the cell efficiency did not
increase monotonously with the decreasing J0,pass.

The loss analysis identified the contact recombination as one of the main loss mecha-
nisms for the ZEBRA cells. Therefore, methods to mitigate this type of loss were explored.

The Ag paste was successfully demonstrated to be able to achieve low ρc on both p+

and n+ surfaces of the ZEBRA cells. The cell efficiency and Voc were even better than
those of the reference group that were metallized with the AgAl paste (on emitters); this
improvement was probably caused by the decrease of J0,met and ρc. This result confirms
the findings in Chapter 2 that as long as the firing process is performed without the pres-
ence of busbars, low ρc on p+ surfaces can be achieved even with the firing-through Ag
paste. To reduce the contact area, a point contact layout was designed with the help of the
simulation program (Quokka 2 [131]). The measured ρc of the point contact was found to
be comparable to that achieved on continuous fingers. A 6 mV gain in Voc was obtained
by employing the point contact design because of the reduced metallization area, whereas
the corresponding FF only dropped slightly.

The study of the thickness of rear SiNx showed that, with a thicker SiNx layer, both
iVoc and Voc can be improved without compromising the FF of the solar cells. This be-
havior was observed for a SiNx thickness up to 107 nm. Adjusting the thickness of the
passivation layer was thus demonstrated as a feasible methods of reducing J0,met.

A study was conducted with the non-firing-through Ag paste, which has the potential
to obtain lower J0,met. This paste was used to contact both polarities of the ZEBRA cells,
leading to an efficiency of 20.2% and a Voc of 654.3 mV. The high series resistances found
on these cells suggested that the ρc on the cells might not be as low as those obtained on
the test structures. Further process optimization, especially the laser ablation step, should
be performed to achieve the full potential of this type of paste.

Lastly, the findings from previous experiments in this thesis were combined, which
improved the ZEBRA cell efficiency to above 23%.
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Reverse bias characteristics of IBC cells and modules

5.1 Background

5.1.1 Both-side contacted solar cells and modules

Nowadays, the dominant solar cell structure is the p-type full-area Al-BSF cell [9]. It usu-
ally exhibits a high breakdown voltage |VBD| above 10 V [18–20]. Similar breakdown
voltages were also found on n-PERT cells [154]. The breakdown of these two types of cell
has been reported to be caused by local defects, which may result from the cell processes
[19, 155]. Currently, a typical module consists of 60 or 72 solar cells, and under some par-
tial shading conditions, the shaded cell is reverse biased. If the reverse current crowds
into several local spots of the shaded cell, hot spots may be formed, which could lead to
irreversible damage of the modules [18, 156, 157]. In the worst case scenario, the mod-
ule can even catch fire, which is extremely dangerous, especially for rooftop installation.
Hot spots have been highlighted as the most important degradation mode in PV systems
installed in the past ten years [158].

The certificate test of the International Electrotechnical Commission (IEC 61215-2:2016)
includes a hot spot endurance test [159]: five cells are selected and each is shaded from 1
to a maximum of 5 hours under the worst case condition (1000 ± 100 W/cm2, tempera-
ture: 50 ± 10◦C). The key requirement to pass the test is to have no major visual defects.
However, the maximum allowed power loss of the module after the hot spot test is not
specified. The IEC test and other certificate tests may only serve as the minimum re-
quirement for a module. The long-term reliability under partial shading conditions is,
however, not tested [160]. In practice, exhibiting long-term reliability might be critical.
For instance, if a solar cell is shaded by dirt in the desert, the shading effect might stay for
days or even months. Hence, it is preferable to engineer the modules with the capacity to
withstand critical partial shading conditions for a long time.

Mathew et al. compared the changes in module power before and after a worst case
shading test [160]. One cell from a 72-cell monocrystalline Si module was partly shaded
for 6 months, and approximately 1% to 3% module power loss (relative) was found. Ex-
cept for this publication, the author is not aware of other publications that study the
power loss after a long-term reverse bias test, despite the importance of this topic.

5.1.2 IBC cells with and without gap regions

An IBC cell can be designed to include or not to include the gap regions between the rear
p+ and n+ regions (see Figure 5.1). Numerous aspects of the IBC cell could be signifi-
cantly influenced by the gap regions. The remainder of this section discusses the known
influences of the gap regions on the efficiency of IBC cells, on the process complexity, and
on the reverse bias characteristics. The last aspect is closely associated with the safety and
the reliability of modules under partial shading conditions.

59



60 Chapter 5: Reverse bias characteristics of IBC cells and modules

IBC cells with gap regions

Because undoped gap regions cannot collect electrons or holes, the photon-generated elec-
trons and holes above the gap regions must flow laterally toward the rear n+ BSFs and
p+ emitters respectively to be collected. The additional lateral path not only increases
the probability of holes being recombined before reaching the p+ emitters, but also the
series resistance losses in the bulk for both electrons and holes. To limit these losses, the
gap regions should be designed to be as narrow as possible. For example, in references
[17, 100, 123, 161, 162], the width of the gap regions is in the range of 6 µm to 150 µm. At
least one patterning step is needed to form these narrow gap regions. Therefore, the pro-
cess complexity increases, which is often associated with higher fabrication costs. Keding
et al. [17] compared the number of process steps for fabricating IBC cells with and with-
out the gap regions when using co-diffusion technology. They have found that the former
structure requires four more process steps than the latter one.

n+

n-type Si
p+ n+

metal contacts rear passivation

ARC and passivation 

(a) (b)

pitchn+

n-type Si
p+ gap n+

metal contacts rear passivation

ARC and passivation 

Figure 5.1: IBC cell structure with (a) and without (b) gap regions to separate the rear p+ and n+

regions. In (b) the pitch is defined as the sum of the full width of an emitter and a BSF regions.

As for IBC cells with the gap regions, |VBD| exceeding 15 V was measured [28], but
the cause of breakdown was not discussed in the same paper. To the best of the author’s
knowledge, no studies exist on the long-term stability of IBC cells with the gap regions
(under reverse bias conditions). Regarding the cause of breakdown, the long-term stabil-
ity in reverse bias, and the performance of modules under partial shading conditions, this
type of IBC cell might share similar properties to those of well-studied both-side contacted
solar cells.

IBC cells without gap regions

When the gap regions are excluded, the losses caused by the non-collecting gap regions, as
discussed above, can be eliminated; furthermore, the cell process is simplified. Both are
positive influences and especially the latter one is valuable for mass production. How-
ever, on the rear side of the cell the heavily doped p+ and n+ regions directly contact each
other, forming p+n+ junctions. Concerns exist regarding the influence of the p+n+ junc-
tions on the cell efficiency. Studies on homojunction crystalline Si IBC cells have found
out that when suitable doping concentrations of the p+ and n+ regions were chosen (e.g.,
avoiding extremely heavy doping on both p+ and n+ regions), the p+n+ junctions had a
negligible influence on the cell efficiency [16, 17, 26, 101, 163]. By contrast, for IBC cells
with poly-Si junctions, it was found out that the recombination in the p+n+ junction was
very large because of high defect densities in the junctions [113, 164, 165]. Thus, the cell
efficiency was limited. The gap regions were found to be necessary for poly-Si IBC cells.
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For the IBC cells without the gap regions, an early breakdown at a low voltage
(|VBD| 6 6V) has been reported [16, 21–28]. The abutted p+ and n+ regions of the cell
were proposed to be responsible for enabling the early and uniform breakdown [16, 24–
26], and a simulation study showed that the tunneling of charge carriers between the rear
heavily doped p+ and n+ regions can explain the early breakdown [166]. There are no
systematic studies on the breakdown mechanism yet. Furthermore, the breakdown was
found to be relatively uniform over the whole cell area, leading to relatively low and uni-
form temperatures in reverse bias operation [21, 23–26, 28]. However, a systematic study
on the uniformity of the reverse current and the temperature on 6-inch devices remains
lacking.

Regarding the long-term stability of this type of cell in reverse bias operation, some
authors have reported weak degradation [24, 167] for IBC cells with rear sides passivated
by SiO2. Specifically, Halm et al. [24] reported that by reverse biasing their 6-inch IBC
cells for 9 hours with a current close to the cell’s short-circuit current, one cell degraded
by 0.1% (absolute), whereas the other degraded by 0.4% (absolute) in efficiency. Müller
et al. [167] reported a 0.4% (absolute) efficiency loss by reverse biasing their 2× 2 cm2

solar cell in a current close to the cell’s short-circuit current for 33 hours. Furthermore,
weak or even no degradation at all was reported for the products from SunPower Cor-
poration [21, 120, 168]. The passivated dielectrics on the rear side of IBC cells seems to
play an important role. Much stronger and quicker degradation was reported on IBC cells
passivated with Al2O3 [28, 167], despite exhibiting a relatively uniform breakdown. Af-
ter reverse biasing the cell with a current close to the cell’s short-circuit current, the cell
efficiency already dropped by 1% (absolute) after 1 minute, and by 2% (absolute) after 33
hours. Such rapid degradation made Al2O3 a bad choice for passivating the rear side of
an IBC cell. However, the root causes of degradation for both cases remain unclear.

The homojunction crystalline Si IBC cells discussed in this chapter were fabricated
based on the process described in Chapter 4. These cells were designed without the gap
regions. Both front and rear surfaces were passivated with SiO2/SiNx layer stacks, as
described in [60]. The substrates were 6-inch n-type Cz wafers with a thickness of ap-
proximately 190 µm. The following six important topics related to the reverse bias char-
acteristics of IBC cells/modules without the gap regions are discussed in this chapter:

(1) What causes the breakdown in IBC cells?
(2) Can the breakdown voltages be modified?
(3) What is the influence of doping non-uniformity on the breakdown?
(4) How do IBC cells/modules behave after a long-term reverse bias test?
(5) Are the recombination losses in the p+n+ junctions significant?
(6) What is the performance of the IBC module under partial shading conditions?

5.2 Cause of breakdown

5.2.1 Experimental results

This section presents some of the basic reverse bias characteristics of IBC cells. All mea-
surements of reverse I-V curves presented throughout this thesis were performed in the
dark using an I-V flasher.

Figure 5.2 shows a typical reverse I-V curve of one of our IBC cells. When measured
under the standard test condition (STC), this solar cell (hereafter Cell-201) exhibited the
following parameters: Voc = 661.4 mV, Jsc = 41.1 mA/cm2, FF = 77.9%, and η = 21.2%.
No consensus exists within either the semiconductor [169] or the PV community on a def-
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inition of the breakdown voltage. If not otherwise specified, throughout this thesis, the
breakdown voltage (VBD) is defined as the voltage at which the reverse current reaches
−10 A (close to the short-circuit current of our IBC cells), and the measurement of the re-
verse I-V curves of solar cells was performed at 25 ± 2◦C. In Figure 5.2, a typical reverse
I-V curve of a p-type full-area Al-BSF cell (monocrystalline Si) is also shown for compar-
ison. A clear difference can be found between the IBC cell and the full-area Al-BSF cell.
The IBC cell exhibited an early breakdown, with a breakdown voltages of −4.98 V. By
contrast, the reverse current of the full Al-BSF cell reached only −0.21 A at −18.50 V.

Figure 5.3 shows the reverse biased electroluminescence (ReBEL) image of the IBC
cell. One can observe relatively uniform ReBEL intensity over the whole cell. The parallel
lines with high ReBEL intensity were located at the borders of the rear p+ and n+ regions.
Similar observations have also been reported in [24, 28, 170]. These borders might be the
sites at which the breakdown occurred.
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Figure 5.2: Typical reverse I-V curves of an IBC cell without the gap regions, and of a p-type
monocrystalline full-area Al-BSF cell. The IBC cell exhibited a much earlier breakdown than the
full-area Al-BSF cell. The measurements were performed in the dark.
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Figure 5.3: Reverse biased electroluminescence image (ReBEL) of the IBC cell in Figure 5.2. The
current of the cell was −7.7 A. A magnification of the center of the image is shown on the right.
The locations of the parallel bright lines were at the borders of the rear p+ and n+ regions.
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5.2.2 Temperature coefficient measurements and hypothesis

Theory of breakdown in semiconductors

Tunneling is an important breakdown mechanism for pn junctions. When the electric
field approaches 106 V/cm for Si, tunneling can occur and lead to significant reverse
currents [93]. To reach the high electric field, relatively high doping concentrations are
required for both sides of the junction. The corresponding breakdown voltage* is less
than approximately 4Eg/q (|VBD| < 4.56 V for Si at 300K). Figure 5.4 (a) shows an energy
band diagram of the breakdown of a pn junction by the tunneling process. The tunneling
current density follows [93]

Jt =

√
2me f f q3EavgVR

4π2h̄2√Eg
exp(−

4
√

2me f f E3/2
g

3qEavgh̄
) , (5.1)

where Eavg is the average electric field inside the junction, VR the applied reverse voltage,
me f f the effective mass, q the elementary charge, h̄ the reduced Planck constant, and Eg
the energy gap.
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Figure 5.4: Breakdown mechanisms of pn junctions by (a) tunneling and (b) avalanche multiplica-
tion. Both figures are adapted from [93].

Avalanche multiplication is another important breakdown mechanism for pn junc-
tions. It occurs when the electric field is in the order of 105 V/cm for Si. The corre-
sponding breakdown voltage is greater than approximately 6Eg/q (|VBD| > 6.84 V for Si
at 300K) [93]. Figure 5.4 (b) shows the energy band diagram of the breakdown of a pn
junction by the avalanche multiplication process. For abrupt junctions, the breakdown
voltage follows [93, 171]

VBD =
εsE2

m
2qNli

≈ 60(
Eg

1.1eV
)3/2(

Nli

1016cm−3 )
−3/4 V ( f or Si) ;

(5.2)

whereas for linearly graded junctions, the breakdown voltage follows [93, 171]

*In this subsection the breakdown voltage is defined as the voltage where the reverse current turns infi-
nite.
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VBD =
4E3/2

m
3

√
2εs

qagrad

≈ 60(
Eg

1.1eV
)6/5(

agrad

3× 1020cm−4 )
−2/5 V ( f or Si) ,

(5.3)

where Em is the maximum electric field, Nli the impurity concentration of the lightly
doped side, εs the permittivity of semiconductors, and agrad the doping gradient.

A common trend for both breakdown mechanisms is that pn junctions with higher
doping concentrations and larger doping gradients have lower breakdown voltages [93,
172, 173].

Moreover, if the breakdown voltage is between 4 Eg/q and 6 Eg/q (4.56 V < |VBD| <
6.84 V for Si at 300 K), the breakdown is caused by a mixture of both avalanche multipli-
cation and tunneling [93].

Temperature coefficient measurements

A common method to distinguish between avalanche multiplication and tunneling is to
measure the temperature coefficient [93, 173]; avalanche multiplication has a positive tem-
perature coefficient, whereas tunneling has a negative temperature coefficient.

To study the breakdown mechanism of our IBC cells, temperature coefficient mea-
surements were performed. IBC cells with five combinations of rear sheet resistances
were fabricated, and their reverse I-V curves were measured at various temperatures.
Figure 5.5 presents the measurement data for one cell from each group (two different tem-
peratures for each cell). In Figure 5.5, reverse currents are shown only until −10 A. The
reason is that when the IBC cells are fully shaded (worst case), the maximum current of
the shaded cells will not exceed the current generated by the other non-shaded cells in the
modules, namely the short-circuit current (approximately −10 A for our cells). A reverse
current significantly beyond −10 A is not relevant for practical applications. Moreover,
throughout this chapter “phos.” stands for phosphorus.

Sheet resistances of the rear p+ and n+ regions from each group are indicated in Fig-
ure 5.5. The groups “boron 51, phos. 18”, “boron 65, phos. 25”, and “boron 85, phos.
55” reached -10 A when |VBD| < 5 V. They all exhibited negative temperature coefficients,
which means for a given reverse voltage, the absolute values of reverse currents increased
with temperatures. This suggested that the breakdown was mainly caused by the tunnel-
ing effect. Cell-201 (Section 5.2.1) shared the same rear sheet resistances and other cell
processes as the group “boron 85, phos. 55”. It was expected that the breakdown of Cell-
201 was due to tunneling as well.

The rest of the groups, “boron 150, phos. 160”, “boron 127, phos. 82”, showed negative
temperature coefficients until approximately −5 V. Beyond this voltage (e.g., at −5.2 V) the
temperature coefficients switched to positive. For these cells, the breakdown mechanism
may be tunneling when |VBD| < 5 V, and when |VBD| > 5 V, the breakdown was caused
by a mixture of avalanche multiplication and tunneling. The transition point seemed to
be near −5.0 V.

Although in Figure 5.5 only the I-V curves of one cell from each groups are shown,
two to three cells were measured for each group. Their results coincided with the data
in Figure 5.5. Furthermore, for each cell, when the measurements were performed at
temperatures between the low and the high temperatures shown in Figure 5.5, the reverse
I-V curves all fell between the two reverse I-V curves in the Figure 5.5.

Additionally, IBC cells with another six combinations of rear sheet resistances were
fabricated; the measured reverse I-V curves at two different temperatures are shown in
Figure 5.6. The trend shown in Figure 5.6 (a) and (b) coincided with the one in Figure 5.5.
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Figure 5.5: Reverse I-V curves of IBC cells measured at a high and a low temperatures. Cells with
different sheet resistances on the rear p+ and n+ regions were tested. As the |VBD| increased, the
temperature coefficient changed from negative to positive. The transition point was near −5.0 V.
Dots: low temperatures in the range from 26.5 to 36.7◦C; Solid lines: high temperatures in the
range from 79.7 to 84.8◦C.
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Figure 5.6: Reverse I-V curves of IBC cells measured at a high and a low temperatures. The
sheet resistances of the these cells were different from those of the cells in Figure 5.5. Dots: low
temperatures in the range from 24.4 to 36.6◦C; Solid lines: high temperatures in the range from
70.6 to 99.9◦C.

Hypothesis

Based on the references [16, 24–26, 166] and the results presented in Figures 5.2, 5.3
and 5.5, a hypothesis was proposed to explain the breakdown of the IBC cells without
the gap regions:

The abutted p+ and n+ regions on the rear side of the IBC cells enable the early breakdown,
through either tunneling or a mixture of avalanche multiplication and tunneling.

Several inferences can be drawn from this hypothesis. Experiments were designed to
validate these inferences, which are discussed in the following sections.
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5.3 Modification of breakdown voltages

5.3.1 Influence of pitch

If the hypothesis in Section 5.2.2 were true, then the total reverse current of the entire IBC
cell would grow proportionally to the total p+n+ junction area. This is because the total
reverse current caused by either tunneling (see Equation (5.1)) or by avalanche multiplica-
tion (see Equations (5.2) and (5.3)) is the product of current density and the p+n+ junction
area, and additionally the current density is fixed for given doping profiles in the p+ and
n+ regions. When the overlapping width of the p+ and the n+ region, Wo (see Figure. 5.7),
is constant, the total reverse current should increase proportionally to the total length of
p+n+ junctions of the entire IBC cell. The experiment in Section 5.6 included IBC cells
with varying pitch, and thus varying length of p+n+ junctions, but Wo is the same for the
cells from all groups. The reverse I-V characteristics of these cells are discussed herein.

pitch

p+n+ junction area

p+ regionn+ region

Wo
diffused depth p+diffused 

depth n+

length of a single p+n+ junction, 

about 15.6 cm for the 

cells in this thesis 

Figure 5.7: Simplified drawing of a p+n+ junction in an IBC cell. The p+n+ junction area and the
overlapping width Wo are indicated.

Figure 5.8 shows the reverse I-V curves of the best cell from each group. One can
observe that the cell with a smaller pitch (hence longer p+n+ junctions) exhibited a higher
total reverse current at a given reverse voltage.

Figure 5.9 (a) shows the reverse currents at −4.0, −4.2, and −4.4 V for all cells (ten cells
for each pitch). Indeed, a statistical difference existed in the reverse current among the
cells with different pitch. For instance, at −4.8 V, the reverse current of cells with a pitch
of 0.8 mm was almost double that of the cells with a pitch of 1.7 mm. However, these
differences almost vanished when comparing the reverse current in per unit length of the
p+n+ junctions. The reverse current in per unit length of the p+n+ junctions, as shown in
Figure 5.9 (b), was calculated by dividing the total reverse current by the total length of
p+n+ junctions in one cell. One can observe that at a given voltage, the reverse current in
per unit length of p+n+ junctions only varied slightly among the cells with different pitch.
These results supported the inference that the reverse current increases linearly with the
total length of p+n+ junctions in an IBC cell.
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Figure 5.8: Reverse I-V curves of the best cell of each pitch in Table 5.15. Longer p+n+ junctions
(smaller pitch) led to higher reverse currents at a given reverse voltage.
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Figure 5.9: Reverse current of IBC cells at −4.0, −4.2, and −4.4 V. These cells are the same as those
in Table 5.15 (ten cells for each pitch). The reverse currents of the whole solar cells (a) and the
reverse currents in per unit length of p+n+ junctions (b) are shown. The symbols represent the
average values, whereas the error bars represent the standard deviation. The dashed lines are
guides for the eye.

5.3.2 Influence of doping profile

The doping profiles are known to have a significant influence on the reverse I-V character-
istics of devices based on semiconductor pn junctions [93, 171–173]. Here their influence
on the reverse I-V characteristics of IBC cells without the gap regions is discussed.

Variation of the breakdown voltage in a batch

Figure 5.10 presents the reverse I-V curves of 100 cells. These cells belonged to the same
batch, and thus shared the same processes, including boron and phosphorus diffusions.
The pitch was 1.4 mm, and the sheet resistances were 78 and 55 Ω/sq for the rear p+ and
n+ regions respectively. The standard deviations of sheet resistances for the two used dif-
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fusion recipes were studied in a separate experiment. The measured standard deviations
were 5.0 Ω/sq for the wafer in the center zone and 12.2 Ω/sq over the entire quartz boat
for the boron diffusion*. As for the phosphorus diffusion, the standard deviations were
1.7 Ω/sq for the wafer in the center zone and 3.1 Ω/sq over the entire quartz boat. The
doping profiles of the rear p+ and n+ regions among these 100 cells were thus expected to
be relatively close. From Figure 5.10 one can observe a relatively small deviation among
all reverse I-V curves. The average and the standard deviation of the breakdown voltage
are −4.84 V and 0.04 V respectively. The difference between the maximum and minimum
breakdown voltages is 0.21 V. In the same figure, I-V parameters are also reported, which
show a tight distribution as well.
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Figure 5.10: Reverse I-V curves of 100 IBC cells from the same batch. The average and the standard
deviation of the breakdown voltage and I-V parameters are shown.

Moreover, IBC cells processed by another five combinations of boron and phospho-
rus diffusion recipes were analyzed, and for each combination of diffusion recipes, the
resulting reverse I-V curves were found to only exhibit small deviations over the entire
batch.

Comparison of cells fabricated with different diffusion recipes

IBC cells fabricated with different combinations of diffusion recipes are compared herein.
The pitch of these cells was 1.4 mm, and apart from the diffusion recipes, all other pro-
cesses were kept the same. Table 5.1 summarizes the sheet resistances of each group.
Figure 5.11 shows the boron and phosphorus diffusion profiles measured by the elec-
trochemical capacitance-voltage (ECV) method; these profiles correspond to those in the
finished solar cells.

Figure 5.12 shows the measured reverse I-V curves of one cell from each group. The
solar cell of Group 7 came from one of the cells in Figure 5.10. One can observe that the

*To calculate the standard deviations, three monitor wafers were diffused and they were placed in the
gas zone, the center zone, and the load zone of the quartz boat respectively. For each wafer 25 positions
distributed evenly over it were measured. The standard deviation over the wafer in the center zone was
calculated with the 25 data points of that wafer. The standard deviation over the entire quartz boat was
calculated with the 75 data points from all 3 monitor wafers. The same method applied for the phosphorus
diffusion.
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Table 5.1: Sheet resistances, breakdown voltages, and I-V parameters for the IBC cells with eight
combinations of doping profiles.

Group 1 2 3 4 5 6 7 8
Boron sheet
resistance (Ω/sq)

51 78 63 63 127 78 78 78

Phosphorus sheet
resistance (Ω/sq)

18 19 25 82 82 25 58 73

Breakdown
voltage (V)

-4.33 -4.66 -4.78 -4.89 -5.21 -4.42 -4.87 -5.23

pFF (%) 76.6 81.4 79.3 82.1 79.7 82 82.6 82.0

Voc (mV) 616.5 651.9 643.3 659.2 646.1 652.4 655.8 652.8

η (%) 17.3 20.9 19.7 21.4 20.0 21.4 21.4 21.1
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Figure 5.11: Boron (a) and phosphorus (b) doping profiles used in the experiment as summarized
in Table 5.1.

reverse I-V curves changed with the diffusion profiles. A general trend was that the |VBD|
increased with sheet resistances. For instance, in Figure 5.12 (b), the boron sheet resistance
was fixed at 78 Ω/sq, whereas the lowest and highest |VBD| were achieved with the cells
exhibiting phosphorus sheet resistances of 25 Ω/sq and 73 Ω/sq respectively. Figure 5.13
shows the relation between breakdown voltages and sheet resistances for all the eight
groups. Most groups followed the aforementioned trend.

According to the theories of tunneling and avalanche multiplication, as well as the hy-
pothesis at the end of Section 5.2.2, the reverse I-V characteristics of an IBC cell probably
depend on the properties of the rear p+n+ junctions. In addition, an IBC cell with higher
doping concentrations and larger doping gradients in its rear p+n+ junctions would have
a lower breakdown voltage. The experimental results might be explained by this infer-
ence. First, different reverse I-V curves were measured on cells with different doping
profiles. Second, most of the groups exhibiting lower sheet resistances also exhibited
higher surface concentrations (see Figure 5.11), and these groups had lower breakdown
voltage values. Although the sheet resistance provided a good indication of the break-
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Figure 5.12: Reverse I-V curves of IBC cells with different combinations of boron and phosphorus
doping profiles. Details of these cells can be found in Table 5.1.
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Figure 5.13: Breakdown voltages vs. phosphorus sheet resistances. Values under the data points
are the boron sheet resistances. The solid line is a guide for the eye.

down voltage, the electrical properties of the p+n+ junction (including the breakdown
voltage) were determined by the entire doping profiles of the emitters and BSFs, as well
as the lateral diffusion between the emitters and the BSFs [26]. In summary, this experi-
ment demonstrated that by changing the doping profiles, one can modify the breakdown
voltage of IBC cells.

The ECV profiles were measured on the monitor wafers that received diffusions on
their entire surfaces. On these monitor wafers, there were no rear alternating p+ and n+

regions as in the solar cells. The measured ECV profiles can be considered the same in
most areas on the rear of the solar cell, except for the area near the space charge regions
of the p+n+ junctions, where lateral diffusions of boron and phosphorus occurred. There-
fore, the doping concentrations should be measured in both vertical (as in Figure 5.11)
and lateral directions with a high resolution (e.g., 1 nm). Our ECV measurement setup
had a spot size with a diameter of approximately 4 mm, which obviously cannot meet this
requirement.A two-dimensional map of doping concentrations in the space charge region
would be essential to achieve an accurate numerical simulation of the reverse current of
an IBC cell [174].
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5.3.3 Influence of bulk resistivity

If the hypothesis in Section 5.2.2 is true, the junctions between the Si substrate and rear p+

regions, and the junctions between the Si substrate and rear n+ regions, should only have
minor influences on the reverse I-V characteristics. This inference can be tested by vary-
ing the bulk resistivities of the wafers. Thus, an experiment was performed accordingly.
A batch of IBC cells was fabricated by wafers with bulk resistivities of 1, 10, and 16 Ω·cm
respectively. Except for the wafers, all of the other processes were kept the same for all
groups. These IBC cells had a pitch of 1.1 mm, and the rear boron and phosphorus sheet
resistances were 85 and 55 Ω/sq respectively. The top 15 cells (in terms of cell efficiency)
from each group were selected for the following analysis.
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Figure 5.14: Reverse I-V curves of IBC cells with bulk resistivities of 1, 10, and 16 Ω·cm respec-
tively.

Table 5.2: Comparison of breakdown voltages and I-V parameters of IBC cells with different bulk
resistivities. There are 15 cells in each group. The average and the standard deviation are listed.

Bulk
resistivity

(Ω·cm)

VBD
(V)

Irev
at

-3 V (mA)

Irev
at

-4.2 V (mA)

pFF
(%)

Voc
(mV)

η
(%)

1 -5.04±0.03 -164±45 -720±101 83.0±0.1 661.5±0.6 20.7±0.1
10 -5.03±0.03 -79±20 -662±104 83.5±0.1 660.9±0.6 21.4±0.0
16 -5.04±0.02 -67±25 -594±71 83.4±0.1 659.0±2.3 21.3±0.1

Figure 5.14 shows one reverse I-V curve from each group. Each of these reverse I-V
curves corresponds to the IBC cell with the median efficiency in each group. Only slight
differences can be observed among these three curves. At a given voltage, the reverse
current of the cell with a bulk resistivity of 1 Ω·cm was slightly higher than those of the
other two cells. Table 5.2 compares breakdown voltages, reverse currents (Irev) and I-V
parameters for all cells from each group. Based on the good pFF, Voc, and η values, these
cells were considered functional solar cells, which were suitable for this study. The cells
with higher bulk resistivities exhibited slightly lower Irev at a given voltage. However, the
breakdown voltages showed almost no differences. These results demonstrated that the
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bulk resistivity of the wafer only had a marginal influence on the reverse I-V characteris-
tics of the IBC cells, thereby verifying the aforementioned inference.

The differences in cell efficiencies observed in this experiment can be explained by the
differences in wafer properties. The bulk resistivity and the bulk lifetime are important
parameters that determine the IBC cell efficiency. A detailed investigation concerning the
influence of wafer properties on the performance of ZEBRA cells can be found in [175].

5.3.4 Influence of metal paste

Based on the hypothesis in Section 5.2.2, the metal-Si interface should have a marginal
influence on the reverse current. To verify this inference, the experiment in Section 4.4.1
was further analyzed. In that experiment, the emitters were metallized with either a Ag
paste or a AgAl paste, and the Ag paste selected for metallizing the emitters of one group
of cells was also used for contacting the BSFs for both groups of cells. If the leakage current
from the metal-Si interface dominated the total reverse current of the cell, using different
metal pastes might lead to a change of the reverse current. This is because the AgAl paste
is known to exhibit large Ag/Al spikes that penetrate over 1 µm into the emitters [50]. As
it is deeper than the emitters of many solar cell concepts, there has been a concern about
whether the Ag/Al spikes cause shunting of the pn junction [50]. By contrast, much
shallower metal penetration was reported for the Ag paste (below 0.2 µm) [64].

Table 5.3: Comparison of breakdown voltages of IBC cells metallized with Ag or AgAl pastes on
the emitters. I-V data of these cells can be found in Table 4.5 (see Chapter 4).

Paste
on emitter

VBD
(V)

Irev
at 3 V
(mA)

Irev
at 4.2 V

(mA)
Ag -5.03±0.04 -74±11 -648±73

AgAl -5.03±0.05 -186±105 -823±170
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Figure 5.15: Reverse I-V curves of IBC cells metallized with Ag or AgAl pastes on the emitters.

Table 5.3 compares the breakdown voltages of these cells, and the reverse I-V curves
from each group are plotted in Figure 5.15. Each of these reverse I-V curves corresponds
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to the IBC cell with the median efficiency in each group. These two curves show only a
slight deviation from each other. Table 5.3 shows that statistical differences in the break-
down voltage between the IBC cells printed with the AgAl paste and with the Ag paste.
Moreover, characterization with IR (infrared) imaging and ReBEL imaging* were per-
formed. The IR and ReBEL images from both groups were highly similar (not shown
here), and no additional breakdown sites under the emitter fingers were found for the
group metallized with the AgAl paste. These observations demonstrated that as expected,
the metal pastes had a negligible influence on the reverse bias characteristics of our IBC
cells.

5.3.5 Conclusion

The current that flowed across the rear p+n+ junctions appeared to dominate the total
reverse current of our IBC cells. This current depended heavily on the doping profiles
of the p+ and n+ regions, and it also increased linearly with the total length of the p+n+

junctions of the cell. Furthermore, the junctions between the bulk and the rear emitters,
the junctions between the bulk and the rear BSFs, and the interfaces between the metal
contacts and the doped Si only had negligible influences on the reverse I-V characteris-
tics. These results supported the hypothesis in Section 5.2.2 that the abutted p+ and n+

regions on the rear side of the cell cause the early breakdown. Figure 5.16 shows a con-
ceptual diagram of the flow of electrons in the IBC cell in reverse bias operation; a dashed
rectangle highlights the p+n+ junction. The charge carriers cross this junction by either
tunneling (see Figure 5.4 (a)) or a mixture of tunneling and avalanche (see Figure 5.4 (b))
processes.

n
+

n-type Si

������

passivation p+ n+

electrons

metal

Figure 5.16: Conceptual diagram of the flow of electrons in the IBC cell in reverse bias operation.
The holes flow in opposite direction (not shown).

5.4 Non-uniform breakdown

For the IBC modules with low breakdown voltages, the bypass diodes are not activated
under many partial shading conditions. For example, when only one cell in the module
is completely shaded, it will be reverse biased, and it must pass a current that equals the
Impp (current at the maximum power point) of the non-shaded cells [20, 21]. As for the

*More details of these two characterization methods are described in Section 5.4.
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modules assembled by our 6-inch IBC cells, their Impp range from approximately 8.5 to
9.5 A. The spatial distribution of the reverse current has a significant influence on the
module reliability. When the reverse current crowds into several local spots, hot spots
may be formed. Consequently, the backsheet, the module glass, and the solar cell itself
may be permanently damaged. By contrast, a uniform distribution of reverse currents is
preferred because the temperature of the shaded cell would be significantly lower than
that in the aforementioned case. Much better reliability can be expected. This is the moti-
vation to study the breakdown uniformity of IBC cells.

5.4.1 Experimental results

The infrared (IR) imaging camera is now the most used diagnostic tool for studying the
hot spot problem of solar cells and modules [18, 157, 176–179]. The spatial distribution of
temperatures over the studied object can be obtained conveniently. For a solar cell that
is reverse biased, a higher local temperature should correlate with higher local power
dissipation (supposing an identical cooling rate). The local dissipated power is equal
to the product of the local reverse voltage and the local reverse current. Because the
metallization layout in our IBC cells resulted in a uniform distribution of reverse voltages,
the local temperature should be closely correlated with the local reverse current. Thus, a
portable IR camera was selected to study the breakdown uniformity in this thesis.

Another useful tool for studying the breakdown of solar cells is ReBEL imaging.
ReBEL in silicon pn junctions has been observed and studied since the 1950s [169, 180,
181]. The light-emitting spots were concluded to be the sites where the breakdown cur-
rent passed through. Studies on solar cells have also led to the same conclusion, and thus,
ReBEL imaging can provide localization of breakdown sites in the whole cell with a high
spatial resolution [155, 182–184]. However, the process of light generation is not fully un-
derstood. The spectra were measured and exhibited broad ranges. Different positions of
spectra maxima were reported in different references [183, 185–187]. Moreover, the emit-
ted light intensity from the cell was found to be not strictly proportional to the reverse
current [155, 182–184]. Some authors have speculated that the light intensity depends on
the reverse current non-linearly as well as on other parameters, such as local temperatures
and geometry of breakdown sites [155, 182, 184]. ReBEL imaging was also used to study
the breakdown uniformity of IBC cells in this thesis.

Figure 5.17 (a) and (b) shows the IR and the ReBEL images of a mini-module that
encapsulated an IBC cell (hereafter Module-501). Both images were taken when the mini-
module was reverse biased (current: −8.5 A) and placed horizontally*. One can observe
from the IR image that the temperature of the module was not completely uniform; the
upper part exhibited a higher temperature. The ReBEL intensity distribution was simi-
lar to the temperature distribution in the IR image. According to the results of IBC cells
reported in others’ studies [23, 28], the IR images of their IBC cells or mini-modules un-
der reverse bias conditions also revealed non-uniform temperature distributions over the
whole samples, even though the sizes of wafers were smaller (2× 2 cm2 and 5-inch).

It is meaningful to identify the cause that led to the non-uniform breakdown in
Module-501. Based on the discussion in Section 5.3.2, a hypothesis was proposed that
the doping in the whole cell was not uniform; hence, the breakdown was not uniform. To
verify this hypothesis, measurements of sheet resistances were performed on two mon-
itor wafers that were processed together with this cell. One monitor wafer was placed
next to this cell during the phosphorus diffusion, whereas another monitor wafer was

*The IR image was measured after reverse biasing the module for over 30 minutes (indoors), and the
temperature has already stabilized.
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(a)

��������	

�� ���

(b)

Figure 5.17: IR (a) and ReBEL (b) images of a mini-module operated with a current of -8.5 A. The
values in the IR image are local temperatures.

(a) (b)

Figure 5.18: Sheet resistance (Rsh) maps of phosphorus (a) and boron (b) doping on monitor
wafers. The values in the maps are local sheet resistances (unit: Ω/sq).

placed next to this cell during the boron diffusion*. The spatial distribution of the sheet
resistances of these two monitors were thus considered to be very close to those in the
cell. The sheet resistance maps in Figure 5.18 were obtained by the junction photovolt-
age method. Due to the large measurement error close to the wafer edge, Figure 5.18
does not show measurement data in regions within 1 cm from each wafer edge. One can
observe that the phosphorus sheet resistance shows relatively good uniformity (see Fig-
ure 5.18 (a)), whereas the distribution of boron sheet resistance shows a similar pattern to
the IR image (see Figure 5.18 (b)). The upper part of the boron sheet resistance map had a

*The wafers were placed vertically in the quartz boat of the boron and the phosphorus diffusion furnaces.
There is a laser code on each wafer, which helps to keep the orientation of the monitor wafers and the cells
identical.
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slightly lower sheet resistance than the other parts, which may be the cause of the higher
local reverse current and the higher local temperature as shown in Figure 5.17 (a).

5.4.2 IBC cells with intentionally non-uniform doping

A certain level of doping non-uniformity is expected for our diffusion processes, because
it is very challenging to achieve absolutely uniform doping over an entire 6-inch wafer. To
systematically study the correlation between temperature non-uniformity (under reverse
bias conditions) and doping non-uniformity, a batch of IBC cells were fabricated with
intentionally non-uniform doping. Table 5.4 summarizes the details of diffusions for each
group. For all four groups, the phosphorus doping was identical over the whole wafers,
whereas the boron doping was made non-uniform on purpose.

Table 5.4: Summary of diffusions of IBC cells with intentionally non-uniform doping.

Group
index

Number of
phosphorus
diffusions

Spatial distribution
of phosphorus doping

Number of
boron

diffusions

Spatial distribution
of boron doping

A1

One time
The whole wafer

was diffused
Two times

See Figure 5.19 (a)

A2 See Figure 5.19 (b)

B1 See Figure 5.19 (c)

B2 See Figure 5.19 (d)

Figure 5.19 shows the planned spatial distribution of boron doping on a wafer for
each group. The intentionally non-uniform boron doping was realized by the following
approach. First, a boron diffusion process was performed, and subsequently, a layer stack
of BSG/SiO2 of approximately 25 nm was left, which covered the whole wafer surface
[60]. Then a part of the wafer was submersed vertically in a 2-vol% HF solution to etch
away the layer stack BSG/SiO2, while the part of the wafer that was not submersed in
the HF solution remained covered by BSG/SiO2. A second boron diffusion was then per-
formed, resulting in an additional boron diffusion only on those regions of the wafer not
protected by BSG/SiO2. The remaining BSG/SiO2 (on a part of the wafer) served as a
diffusion mask. Figures 5.20 and 5.21 show maps of the sheet resistances measured on
the monitor wafers for boron and phosphorus doping for each group respectively. Due to
the large measurement error close to the wafer edge, measurement data in regions within
1 cm from each wafer edge are not shown. Figure 5.20 (a) to (d) correspond to the boron
sheet resistances of representative wafers from groups A1, A2, B1, and B2 respectively,
whereas Figure 5.21 (a) to (d) corresponds to the phosphorus sheet resistances of repre-
sentative wafers from group A1, A2, B1, and B2 respectively. Again, these monitor wafers
were placed close to their corresponding cell precursors belonging to the same group dur-
ing the diffusions. Therefore, similar spatial doping distributions as the cell precursors
were expected.
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Figure 5.20 shows that the sheet resistances of boron were significantly lower in the
parts that received diffusion twice. The boron doping profiles of the samples in Figure 5.20
(a) and (c) were measured using the ECV method and are plotted in Figure 5.22. Wafers
from all groups were processed by the same phosphorus diffusion process. Therefore, the
doping profiles (phosphorus) for all wafers were expected to be very close. Figure 5.21
confirms that the phosphorus sheet resistances were quite uniform for all four groups,
reaching an average sheet resistance of approximately 64 Ω/sq. Additionally, the phos-
phorus doping profiles of the samples in Figure 5.21 (b) and (c) were also measured using
the ECV method and were found to be very similar to each other. The doping profile of
the former sample is shown in Figure 5.22. The variation of the boron doping profile over
a solar cell was expected to lead to different local reverse currents, and thus, different
local temperatures, which should be able to be observed by IR imaging.

Figure 5.21: Phosphorus sheet resistance maps: (a) to (d) correspond to the phosphorus sheet
resistances of representative wafers from groups A1, A2, B1, and B2 respectively. The values in
the maps are local sheet resistances (unit: Ω/sq).

Characterizations of the solar cells were performed, including measurements of for-
ward and reverse I-V characteristics, ReBEL imaging, and IR imaging. Based on the I-V
data listed in Table 5.5, these solar cells were considered functional cells, and thus, they
were suitable for this study.

A reverse current of −9 A was applied to the solar cell during the IR and the ReBEL
imaging measurements*. Figure 5.23 (a) and (b) show the IR and ReBEL images of a so-
lar cell from group A1 respectively. The bottom part of the cell showed a much higher
temperature than that of the upper part of the cell. This feature was also reflected in the
ReBEL images. These results suggest that the upper and bottom parts of the cell exhibited
highly different reverse currents. To confirm this speculation, the upper and bottom strips
were cut out by a laser along the two dashed lines shown in the ReBEL image. The size
of each strip was approximately 156 mm × 39 mm. Subsequently, the reverse I-V char-
acteristics of these two strips were measured, and the results were compared with that of

*The temperatures of the solar cells have not stabilized yet during the IR imaging measurement. However,
reverse biasing the cell for even longer might lead to permanent damage of the cell and the chuck due to the
large temperature difference over the cell.
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Figure 5.22: Boron and phosphorus doping profiles. “Phos. 64 Ω/sq” corresponds to the mea-
surement in the center of the sample in Figure 5.21 (b); “Boron. 169 Ω/sq” and “Boron. 103 Ω/sq”
correspond to the measurements at the positions of the two indicated sheet resistance values in the
sample in Figure 5.20 (a); “Boron. 156 Ω/sq” and “Boron. 63 Ω/sq” correspond to the measure-
ments at the positions of the two indicated sheet resistance values in the sample in Figure 5.20 (c).

the whole cell in Figure 5.23 (c). One can observe that the upper strip exhibited a higher
breakdown voltage than the bottom strip. To facilitate data analysis, the boron sheet resis-
tance map, Figure 5.20 (a), is placed here again and renamed Figure 5.23 (d). According to
Figure 5.23 (d) and Figure 5.22, the upper strip had a higher sheet resistance (boron) and a
lower peak doping concentration (boron), which could cause the higher breakdown volt-
age. At −5.30 V, the reverse current was −9 A for the whole cell. At this voltage (−5.30 V),
the reverse currents of the upper and the bottom strips were approximately −0.17 A and
−6.02 A respectively, which might result in the significant temperature difference between
the upper and the bottom strips (see Figure 5.23 (a)). Moreover, when applying a reverse
current of -2 A to the upper strip, the ReBEL image (Figure 5.23 (f)) became bright and
showed a similar feature (parallel bright lines) as in the bottom strip (Figure 5.23 (h)).
Figure 5.23 (e) and (g) show that at -2 A, both cut strips exhibited relatively uniform tem-
perature distributions. Based on Figure 5.23 (e) to (h), the same breakdown mechanism
might be shared by the upper and the bottom strips, and the only difference was the delay
of breakdown for the upper strip.

Table 5.5: I-V data of solar cells from Table 5.4. The average and the standard deviation are listed.

Group
Number
of cells

Jsc
(mA/cm2)

Voc
(mV)

FF
(%)

η
(%)

A1 6 40.1 ±0.2 657.7 ±1.0 79.1 ±0.8 20.9 ±0.3
A2 7 40.0 ±0.2 656.0 ±1.2 79.6 ±0.3 20.9 ±0.2
B1 7 40.3 ±0.0 658.6 ±1.2 79.3 ±0.6 21.1 ±0.2
B2 4 40.3 ±0.1 658.4 ±0.1 79.6 ±0.8 21.1 ±0.2
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Figure 5.24: IR (a) and ReBEL (b) images of a solar cell from group A2. The reverse current was
set at −9 A. The boron sheet resistance map (c) is the same as Figure 5.20 (b).

Figure 5.25: IR (a) and ReBEL (b) images of a solar cell from group B1. The reverse current was set
at −9 A. The boron sheet resistance map (c) is the same as Figure 5.20 (c).

Figure 5.26: IR (a) and ReBEL (b) images of a solar cell from group B2. The reverse current was set
at −9 A. The boron sheet resistance map (c) is the same as Figure 5.20 (d).

During the wet chemical etching of the diffusion mask, the cell precursors from group
A2 were turned 90 degrees compared to group A1 in the wafer carrier. The breakdown
pattern was thus expected to be rotated by 90 degrees accordingly. This was confirmed
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by the IR and the ReBEL images of a solar cell from group A2 (see Figure 5.24 (a) and
(b)). The boron sheet resistance map of group A2, Figure 5.20 (b), is copied here and
renamed Figure 5.24 (c). Through observing the IR images, the ReBEL images, and the
sheet resistance map, the right part of the cell (cooler) exhibited weaker ReBEL intensity
and higher boron sheet resistance. Similar to group A1, the left and right strips were
cut out by a laser along the dashed lines as shown in the ReBEL image, and reverse I-V
measurements were performed. At −5.27 V, the reverse currents of the left and the right
strips were found to be −4.10 A and −0.17 A. The significant difference in reverse currents
could be the cause of the non-uniformity in the IR image.

Figures 5.25 and 5.26 present characterizations of group B1 and B2 solar cells. Identi-
cal to group A2 cells, group B2 cells were turned 90 degrees in the wafer carrier during
etching of the diffusion mask. Figure 5.25 and Figure 5.26 again show the strong correla-
tion among the boron sheet resistance, the sample temperature and the ReBEL intensity.
Several samples from each group* were tested and this correlation always held.

The reverse I-V characteristics of representative solar cells from groups A2, B1, and
B2 are shown in Figure 5.27. When comparing the two strips that were cut away from
the same cells, the strip with heavier boron doping exhibited a lower breakdown voltage
than that of the one with lighter boron doping. These results were consistent with those
of group A1.

Except for the IBC cells presented in this section, all other IBC cells discussed in this
thesis received only one (relatively homogeneous) boron diffusion; they can be considered
the reference group. Figure 5.27 (d) shows the reverse I-V characteristics of a solar cell
from the reference group, which was fabricated in the same batch as the cell in Module-
501. This cell was cut with a laser, and the size of the cut strips was 156 mm × 39 mm
as well. As expected, the reverse I-V curves of the two cut strips were quite close. At
−5.33 V, the whole solar cell reached a reverse current of −9 A, whereas the upper and
the bottom strips reached a reverse current of −2.63 A and −2.00 A respectively. The
small difference in reverse currents between the upper and the bottom strips was in stark
contrast to those in the solar cells with intentionally non-uniform doping. Furthermore,
the area of the cut strips was approximately one quarter of the whole cell. A new reverse I-
V curve was constructed by quadrupling the Irev of the cut-off strip, which approximated
the measured reverse current of the whole cell well. Therefore, the difference between the
reverse I-V curves of the whole cell and the two cut-off strips should be mainly caused
by the difference in the sample area.

5.4.3 Conclusion

The doping uniformity was found to have an influence on the temperature distribution
of IBC cells under reverse bias conditions. In the experiment described in Section 5.4.2,
most of the reverse current of the whole cell came from the local regions with an earlier
breakdown. A different local doping profile can alter the reverse I-V characteristics of the
local p+n+ junction. As a result, the local reverse current and the local temperature might
change, leading to non-uniform breakdown and non-uniform temperature distribution
over the cell. The strong correlation among the IR images, the maps of sheet resistance,
the ReBEL images, and the reverse current of a cut-off strip supported this conclusion.
The risk of overheating the shaded IBC cell can be significantly reduced when the reverse
current is distributed evenly over the cell. To achieve this condition, good doping unifor-
mity across a cell is required.

*The number of samples measured by IR and ReBEL imaging: group A1 (5); group A2 (4); group B1 (6);
group B2 (3).
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Figure 5.27: Reverse I-V characteristics of a representative solar cell from group A2 (a), group B1
(b), and group B2 (c). As a reference, the reverse I-V characteristics of a solar cell that received
only one boron diffusion are also shown (d).

5.5 Reverse bias: degradation and recovery

5.5.1 Long-term reverse bias test

This section discusses the long-term reliability of IBC cells and modules under reverse
bias conditions. Key tasks include monitoring the changes in I-V characteristics, measur-
ing temperatures of the shaded modules, and inspecting defects.

5.5.1.1 Test on solar cells

The tests on solar cells were performed indoors by temporarily connecting the solar cell
through an electrical contacting unit (chuck) especially designed for this purpose. An
external laboratory DC power supply was used to provide reverse currents to the cell.
The chuck was covered by a piece of cardboard to keep the cell in the dark. During the
test, the ambient temperature in the room was in the range of 18 to 26◦C.

Table 5.6 lists the I-V parameters of a representative IBC cell (hereafter Cell-601) before
and after the reverse bias test (reverse current: -7.5 A, 14 hours). The Voc, FF and η all
decreased, while the Jsc remained constant. Furthermore, because the pFF − FF value
had almost no changes, the series resistance of the cell probably did not vary. By contrast,
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the FF0− pFF value rose from 0.7% to 2.5% after the test, which suggested an increase of
recombination in the space charge regions of the cell.

Table 5.6: I-V parameters of Cell-601 before and after the reverse bias test. The set reverse current
was −7.5 A, and the test duration was 14 hours.

Status
Jsc

(mA/cm2)
Voc

(mV)
FF
(%)

η
(%)

pFF
(%)

pFF− FF
(%)

FF0
(%)

FF0− pFF
(%)

Initial 41.0 660.3 79.5 21.5 83.3 3.8 84 0.7
After test 41.0 653.4 77.7 20.8 81.4 3.7 83.9 2.5
Difference 0.0 -6.9 -1.8 -0.7 -1.9 -0.1 -0.1 1.8
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Figure 5.28: PL images of Cell-601 before (a) and after (b) the reverse bias test (-7.5 A, 14 hours).
Histograms of PL intensities for both images are compared in (c), where the average and the stan-
dard deviation of each histogram are indicated. A plot profile along the length of the rectangle in
(a) is shown in (d).

During the reverse bias test, the cell was inspected by an IR camera after the tempera-
ture of the sample stabilized. A relatively uniform temperature distribution was observed
over the whole cell surface, and the peak temperature reached 80◦C.

After the test, the cell was examined by visual inspection; no defects were found.
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Additionally, Figure 5.28 shows the PL images taken before and after the test, where no
new local defects could be found either. Nevertheless, the global PL intensity of the image
taken before the test was higher. Figure 5.28 (c) shows the histograms of PL intensities of
the whole cell. The PL intensity was normalized to the exposure time. One can find that
both the maximum and the average PL intensities dropped after reverse biasing the cell.
The rectangle in (a) covers a region measuring approximately 6.7 mm× 3.4 mm (45 pixels
× 23 pixels). The plot profiles of this region before and after the test are shown in (d). The
vertical axis of (d) shows the average PL intensities of all pixels along the width of the
rectangle, and the horizontal axis of (d) shows the number of pixels along the length of
the rectangle. The width of the rectangle in (a) is parallel to the emitters or BSFs of the cell,
and therefore the PL intensity along it should not change significantly. One can observe
that the shapes of both plot profiles were similar, but the PL intensities were different*.
Based on the analysis from the PL images, the recombination that appeared after the test
might exist everywhere on the cell.

5.5.1.2 Test on mini-modules

Next, indoor as well as outdoor reverse bias tests on mini-modules constructed with indi-
vidual IBC solar cells were performed. The glass of the mini-module measured 20 cm× 20
cm, whereas the size of the IBC cell measured 6 inches.

The indoor test conditions were similar to those for the solar cells, except that the
mini-module was directly connected to the power supply. A mini-module was operated
with a reverse current of −9 A for a total of 54 hours. Figure 5.29 shows the changes of
I-V parameters of this mini-module (hereafter Module-611) with time. One can observe
that the Voc, FF and η all continued to decrease with time, whereas the Jsc remained stable.
Furthermore, the degradation rate was higher at the beginning of the reverse bias test, and
then decreased. For instance, η dropped by approximately 0.4% after the first 6 hours;
after the following 6.5 hours, it dropped by less than 0.1%. For this module the peak
temperature reached 110◦C during the test. No defects on the sample were found by
visual inspection after the test.

Similar indoor tests with different durations (mostly between 12 hours and 14 hours)
and reverse currents (ranging from −7.5 A to −9 A) were performed on another 16 cells
and five mini-modules. The findings were similar to the previously discussed samples.
Moderate degradation in efficiencies was observed, but no critical failures (e.g., cracks or
burn marks) were found.

For the outdoor test, the reverse current was applied in two manners. The first was
the same as the indoor test, where a constant reverse current of −9 A was applied to the
sample by a power supply. However, in practice, the reverse current of the shaded cell
is unstable; it changes with the photogenerated current from the non-shaded cells in the
module, and hence with solar irradiance. In the second method, the shaded cell was
therefore designed to be operated with a changing reverse current. A 60-cell module†

was installed next to the tested mini-module and it was connected to the mini-module
in series (see Figure 5.30). The 60-cell module served as a current source for the shaded
mini-module. This approach was also used in the outdoor test of SunPower Corporation’s
mini-modules [21].

*The emitter and the BSF regions of the investigated IBC cell exhibited different surface recombination
currents, and additionally different reflectivity due to the difference in surface morphologies. These two
factors were expected to be the causes of the variation of PL intensity along the length of the rectangle for
each plot profile [170].

†It is a commercially available monofacial module that consists of 60 solar cells (full-area Al-BSF). The
size of cells is 6-inch. When measured under the STC conditions, the short circuit current and the current at
the maximum power point were 8.474 A and 7.960 A respectively, whereas the power was 241.6 W.
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Figure 5.29: Records of I-V parameters of a mini-module. A constant reverse current of -9 A was
applied to this sample. The values below the data points indicate the duration of reverse bias
(unit: hours).

Table 5.7 lists the details of the outdoor test carried out in 2016. Two mini-modules
were reverse biased by a power supply (current: −9 A), and three mini-modules were
reverse biased by the 60-cell module. As a reference group, another two mini-modules
were operated in open-circuit conditions (no shading).

I-V parameters measured before and after the test are shown in Table 5.8. Performance
of the mini-modules from the reference group was stable. By contrast, all five reverse
biased mini-modules degraded.

IR images of Module-622 and Module-632 are shown in Figure 5.31 (a) and (b) re-
spectively. When the images were recorded, the ambient temperature was 24◦C and the
reverse current was −8.2 A in Module-632. The peak temperatures in Figure 5.31 were
well below 150◦C. Wendlandt et al. [18] proposed that temperatures under 150◦C were
not critical for modules. However, in the temperature range of 150◦C to 200◦C, the encap-
sulated materials start to melt, which could lead to delamination.

The highest temperature was not recorded during the test period. Nevertheless, nei-
ther the visual inspection, nor the PL images of these degraded mini-modules showed
any new defects after the test. This result proved that except for the decrease of efficiency,
the mini-modules withstood the high temperatures that occurred during the test period.
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Current
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Figure 5.30: Connection used in the outdoor test to provide a reverse current that varied with solar
irradiance.

Table 5.7: Details of the outdoor test.

Sample
conditions

Percentage
of

shaded area
(%)

Sample ID

Cumulative
duration under

reverse
bias (hour)

Test period(a)

dd:MM

Reverse biased by
a power supply (-9 A)

100
100

Module-621
Module-622

306
214

18.07 to 16.09
11.08 to 16.09

Reverse biased by
the 60-cell module

100
100

Module-631
Module-632

213
213

11.08 to 16.09
11.08 to 16.09

50 Module-633 360 20.06 to 30.08

Open-circuit conditions
0
0

Module-641
Module-642

0
0

18.07 to 16.09
18.07 to 16.09

(a) For safety reasons, during the test period the mini-modules were only connected to the 60-
cell module, or to the power supply on weekdays from about 9 am to 6 pm. For the rest of
the time, the mini-modules were under open-circuit conditions. The cumulative duration
under reverse-bias conditions counted only the time when the mini-modules were reversed
biased, whereas the time when they were under open-circuit conditions was excluded.

5.5.1.3 Test on a 60-cell module

By using the conductive back sheet approach, 60 IBC cells were assembled into a module*.
Identical to standard front-contact modules, three bypass diodes were mounted on the
module and each bypass diode was connected in parallel with 20 cells (one string). The
details of the module integration can be found in [188].

An outdoor test was performed with this module (hereafter Module-60-A). As shown
in Figure 5.32, one cell from each string was fully shaded. The module was operated at
the maximum power point from June 8 to July 25, 2017 (Location: Konstanz, Germany).

Table 5.9 lists the I-V parameters measured before and after the test. The slight change
in module power was within the measurement error of the module I-V flasher. Based on
the results from the tests on solar cells and on mini-modules, the efficiencies of the shaded
cells in Module-60-A were expected to decrease. But even considering an efficiency drop

*This module was fabricated by the company Eurotron B.V. with their assembly line for back contact
modules.
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Table 5.8: Summary of changes in I-V parameters (outdoor test).

Sample
conditions

Sample
ID

Measurement
Jsc

(mA/cm2)
Voc

(mV)
FF
(%)

η
(%)

Reverse
biased by
a power
supply
(-9 A)

Module-621 Before test 38.8 652.5 76.6 19.4
(100% shading) After test(b) -0.1 -18.1 -4.8 -1.8

Module-622 Before test 40.0 657.3 76.3 20.1
(100% shading) After test +0.1 -9.8 -3.1 -1.0

Reverse
biased
by the
60-cell

module

Module-631 Before test 40.0 660.1 76.7 20.3
(100% shading) After test +0.2 -8.4 -1.8 -0.6

Module-632 Before test 40.0 659.1 76.2 20.1
(100% shading) After test +0.2 -8.0 -1.6 -0.6

Module-633 Before test 39.9 658.9 76.3 20.1
(50% shading) After test +0.2 -8.8 -2.9 -0.9

Open-circuit
conditions

Module-641 Before test 38.9 0.7 76.7 19.4
(0% shading) After test 0.0 0.0 0.0 0.0

Module-642 Before test 39.8 0.7 76.1 19.9
(0% shading) After test 0.0 0.0 +0.1 0.0

(b) The data in this row was obtained by subtracting the I-V parameters measured be-
fore the test from those measured after the test. The absolute differences are shown.
For the other tables in this chapter, if the same format of data is shown, then the same
procedure applies.
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Figure 5.31: Outdoor test: IR images of Module-622 operated with a current of -9 A (a) and
Module-632 operated with a current of -8.2 A (b). Values in the figures represent the local tem-
perature (unit: ◦C).

of 1% (absolute) for each shaded cell (equivalent to a power drop of about 0.25 W for each
shaded cell), three shaded cells would only lead to a decrease of 0.75 W for the whole
module. This small change can hardly be measured with high confidence by our module
I-V flasher. Additionally, no defects could be found by visual inspection after the outdoor
test.
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Figure 5.32: Photograph of an IBC module. One cell from each string was fully shaded during the
outdoor test.

Figure 5.33 presents measurements of the performance of this module on a sunny
day, where the irradiance on the front side of the module, the module power, Impp (cur-
rent at the maximum power point) and Vmpp (voltage at the maximum power point) are
shown against time. As expected, all three bypass diodes were not activated, and thus,
the module power was not zero. By contrast, when the same shading condition is ap-
plied on a module with the standard full-area Al-BSF cells, no power will be generated by
this module because all three bypass diodes will be activated. A more detailed analysis
of the performance of the IBC module under partial shading conditions can be found in
Section 5.7.

Table 5.9: I-V parameters of the IBC module (60-cell) measured before and after the outdoor test.

I-V
measurement

Isc
(A)

Voc
(V)

FF
(%)

Power
(W)

Before test 9.827 39.055 75.1 288.268
After test 9.818 39.086 75.1 288.077

Based on the test results in this section, the IBC cells and modules showed moderate
decreases in efficiencies after long-term reverse bias. However, no other critical failures
occurred.

5.5.2 Cause of degradation

To determine the cause of the degradation of IBC cells after reverse biasing, several studies
were conducted and they are presented in this section.

5.5.2.1 Test on n-PERT cells

First, the stability of passivation layers and metal grids were studied. A batch of n-PERT
cells (see Figure 2.5) was fabricated. Some processes or pastes of these n-PERT cells were
the same as those of the IBC cells, which included the layer stack (SiO2/SiNx) for the
passivation of p+ and n+ surfaces [60], as well as the Ag pastes for the fingers and the
busbars. Notably, the edge isolation process was skipped on purpose for these n-PERT
cells, i.e., on the wafer edges there was an overlapping of the front boron and rear phos-
phorus dopants. A large reverse current was expected to flow along the wafer edges.

Three of these cells were selected to be assembled as one-cell mini-modules. Sub-
sequently an indoor reverse bias test similar to that of the IBC cells was performed. A
constant current of −6.5 A (at approximately −7.1 V) were applied to these samples. Fig-
ure 5.34 (a) shows a ReBEL image of a module (hereafter Module-651), where high ReBEL
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Figure 5.33: Measurements of performance of the IBC module (60-cell) on a sunny day (June 22,
2017) in Konstanz, Germany.
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Figure 5.34: ReBEL (a) and IR (b) images of an n-PERT mini-module (Module-651) that was reverse
biased. The reverse current was set at −6.5 A.

intensity was only found along the wafer edges. This suggested that the breakdown hap-
pened only along the wafer edges as expected. An IR image of this module (at −6.5A) is
shown in Figure 5.34 (b). The image was recorded after the temperature was stabilized.
The region within approximately 2 cm of the wafer edges exhibited a temperature above
100◦C, whereas the center of the sample had a lower temperature. The high temperature
region (temperature above 100◦C) accounted for approximately 1/4 of the total solar cell
area. This region was large enough that if any degradation occurred in it, the I-V param-
eters of the solar cells would drop, and the PL intensity in this region would reduce.

Table 5.10 summarizes the changes in I-V parameters of the three tested n-PERT mini-
modules. Only very slight changes in I-V parameters were observed after the reverse bias
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Table 5.10: I-V parameters before and after the reverse bias test of three n-PERT mini-modules.

Cumulative
duration in

reverse
bias (hours)

Sample
ID

I-V
measurement

Jsc
(mA/cm2)

Voc
(mV)

FF
(%)

η
(%)

191 Module-651 Before test 36.8 661.0 76.6 18.6
After test 0.0 -0.9 -0.4 -0.1

155 Module-652 Before test 36.7 659.1 76.3 18.5
After test 0.0 -0.4 -0.1 0.0

155 Module-653 Before test 36.9 660.4 76.5 18.6
After test 0.0 -0.5 -0.3 -0.1

test, and these changes were within the measurement uncertainty of the I-V flasher. Vi-
sual inspection revealed no defects, and a comparison between the PL images (not shown)
taken before and after the test revealed no differences either. These results suggested that
the tested n-PERT mini-modules were free of degradation after long-term reverse bias.
An inference was that the passivation layer (in terms of surface recombination) and the
metal (in terms of contact and line resistances) of the IBC cells should be stable against a
combination of reverse biasing and high temperatures (between 100◦C to 140◦C).

5.5.2.2 Test on IBC cells without insulation pads

The insulation pads on our baseline IBC cells had to be carefully monitored, because de-
fects in the insulation pads would lead to shunting spots in the solar cell, and thus, to
performance degradation. An extreme case was that for some solar cells whose insulation
pads were not properly printed (verified by microscope), the insulation pads were burned
after reverse biasing the samples for just a few minutes.

p+ doped region

p BB n BB p BB n BB n+ doped region

finger
3.85 mm

Figure 5.35: Layout of the rear metal grid and doping of IBC cells without insulation pads.
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Table 5.11: Reverse bias test: I-V parameters of six mini-modules assembled with IBC cells with-
out insulation pads. The average and the standard deviation are listed.

I-V measurement
Jsc

(mA/cm2)
Voc

(mV)
FF
(%)

η
(%)

pFF
(%)

Before test 37.8±0.1 663.1±1.3 70.9±0.1 17.8±0.1 83.8±0.2
After test 0.0±0.0 -7.1±0.3 -1.1±0.1 -0.5±0.0 -1.5±0.0

To study whether the malfunction of insulation pads was the cause that led to the
degradation after reverse biasing, IBC cells without insulation pads were designed and
fabricated. Figure 5.35 shows the rear side structure of these cells. There are no insulation
pads. The busbars are printed directly on the cell precursors to connect the corresponding
polarity of fingers. These IBC cells shared most of their processes with the baseline IBC
cells that use insulation pads, except for the laser ablation layout, the metallization lay-
out, and the doping layout (but not the doping profiles) on the rear side of the cell. The
busbar regions were designed to be very wide (3.85 mm) to reduce the risk of misalign-
ment of ribbons during manual mini-module assembly. Such a wide busbar region was
expected to reduce the solar cell efficiency significantly. This is because, for instance, a
hole (minority carrier) generated above the center of the n busbar must travel laterally to
the next p+ region to be collected. However, this hole could recombine with an electron
before reaching the p+ region [123, 189].

Six solar cells were selected and assembled into one-cell mini-modules. The indoor
reverse bias test was performed on all of them*. The constant reverse current was set
at −8.5 A and the duration was 13 hours. Table. 5.11 lists the average and the standard
deviation of I-V parameters of these modules before and after the test. Compared to the
mini-modules with the baseline IBC cells, these mini-modules exhibited similar initial Voc
and pFF, but lower Jsc, FF and η. Furthermore, after the reverse bias test, the changes in I-
V parameters were similar to those of the modules with the baseline cells. Specifically, the
Jsc remained constant, whereas all other parameters dropped. Moreover, visual inspection
and PL imaging revealed no new local defects after the test. The results of this study
showed that the defects in the insulation pads (if any existed), could not be the major
cause of degradation that was observed on the IBC cells with insulation pads.

5.5.2.3 Recovery

The performance of semiconductor devices can be recovered after being heated to a rela-
tively low temperature for certain failure mechanisms [190–192]. For IBC cells that were
degraded due to reverse bias, it has been reported that they can be fully recovered by
heating on a hot plate at a temperature between 100◦C to 300◦C [28, 167].

Some of our degraded IBC cells were baked in ovens to study whether they could be
recovered. Table 5.12 summarizes the changes in I-V parameters after various treatments
on three IBC solar cells. First, Cell-661 and Cell-662 were reverse biased for 12 hours (re-
verse current: −8.5 A; indoor test). Subsequently, Cell-661 was baked in an RTP (rapid
thermal processing) oven at 250◦C. Cell-662 was baked in another oven with a tempera-
ture cycling between 140◦C and 200◦C (cycle time about 20 minutes). During baking both
ovens contained only normal air. Baking at 250◦C (for Cell-661) led to a rapid recovery of
the solar cell efficiency. Within five minutes, the degraded solar cell fully recovered. On

*The test was done on mini-modules instead of solar cells to save time. Multiple modules can be reverse
biased at the same time. By contrast, only one cell can be reverse biased for each time of test because only one
chuck was available. Based on the results of Section 5.5.2.1, the module materials should not lead to extra
degradation.
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Table 5.12: Recovery of I-V parameters by baking.

Sample
ID

Status
Jsc

(mA/cm2)
Voc

(mV)
FF
(%)

η
(%)

Cell-661

Before reverse bias 40.3 656.6 79.4 21.0
After reverse bias 40.3 652.6 78.2 20.5

Baked at 250◦C, 1 min(a) 40.3 654.9 79.3 20.9
Baked at 250◦C, 2 mins 40.3 655.1 79.5 21.0
Baked at 250◦C, 5 mins 40.3 655.3 79.6 21.0
Stored in a box, 28 days 40.3 655.7 79.1 20.9

Cell-662

Before reverse bias 40.5 658.7 79.7 21.2
After reverse bias 40.4 654.2 78.5 20.8

Baked at 140 to 200◦C, 40 mins 40.5 655.6 78.5 20.8
Baked at 140 to 200◦C, 180 mins 40.5 656.3 79.2 21.0
Baked at 140 to 200◦C, 360 mins 40.5 656.7 79.4 21.1

Cell-663

Before reverse bias 41.0 665.9 80.5 22.0
Baked at 250◦C, 2 mins 40.9 665.9 80.3 21.9
Baked at 250◦C, 4 mins 41.0 666.4 80.6 22.0
Baked at 250◦C, 6 mins 41.0 666.4 80.7 22.0

(a) All times listed in this table represent the cumulative duration of a treatment
that was performed on each sample. For example, “baked at 250◦C, 5 mins”
means the cell was baked for 5 minutes in total, instead of 8 minutes.

the other hand, for Cell-662, which was baked at a lower temperature, the recovery was
much slower, but it was clear that the cell efficiency gradually increased with time. Lastly,
Cell-661 was remeasured after being stored in a dark box for 28 days, and its efficiency
was stable. This showed the recovery was likely to be a permanent effect, instead of a
temporary one. As a reference group, one solar cell that was never reverse biased was
also baked in the RTP oven, and the solar cell efficiency remained stable.

Figure 5.36 shows the PL images of Cell-661 taken before and after the reverse bias
test, as well as after baking in the RTP oven for 5 minutes. The camera settings were the
same for the latter two cases, while the camera setting (aperture; distance between the lens
and the sample) was different for the first case. Therefore the PL image taken before the
reverse bias test can only be compared to another two images qualitatively. Compared to
the PL image taken before the reverse bias test, no new local defects or features appeared
after the reverse bias test and after baking. Nevertheless, as shown in Figure 5.36 (d), the
global PL intensity increased after the baking, which can be explained by the recovery of
the I-V parameters of this solar cell.

This experiment was repeated on another 10 solar cells (nine cells at 250◦C and one cell
at 140◦C to 200◦C). The aforementioned observation was made for all cells. The results in
this section demonstrated that the degradation caused by reverse bias of IBC cells can be
recovered by baking.

5.5.2.4 Hypothesis: hot carriers injection

Thus far, the studies have shown that after a long-term reverse bias test, the efficiency
of the IBC cells decreased, but no local defects could be found. Moreover, the study on
n-PERT solar cells demonstrated that the passivation layers and the metal grid are stable
during the reverse bias test. Based on the results of the IBC cells without insulation pads,
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Figure 5.36: PL images of Cell-661 before (a) and after (b) the reverse bias test (-8.5 A, 12 hours),
as well as after baking at 250◦C in an RTP oven. Notably, different calibration bars are used.
Histograms of PL intensities of (b) and (c) are shown in (d).

the insulation pads are likely not the major cause of degradation. Furthermore, the de-
graded IBC cells can be fully recovered after baking at a relatively low temperature. The
rest of this section will discuss other possible causes that led to the degradation.

Crystal defects in Si are not known to be recovered at temperatures below 250◦C; how-
ever, our solar cells can be recovered in this low temperature range. Therefore, crystal
defects in the bulk of the wafer were not expected to play a role.

The passivation layer used for our IBC cells, SiO2/SiNx, relies mainly on chemical
passivation (low interface defect density). The field-effect passivation is expected to play
only a minor role because of the small number of surface charges ( 1011 cm−2) [67]. One
possibility that could lead to the degradation was that the surface charges were modified
significantly due to the reverse bias, and thus the surface recombination increased. This
type of degradation can also be recovered by baking the device in an oven [193]. How-
ever, in the experiment of Section 5.5.2.1, the n-PERT cells passivated by SiO2/SiNx were
reverse biased, but they showed no degradation. Thus, the modification of surface charge
was not expected to be the major cause of degradation in the IBC cells.

Not discussed yet is the rear p+n+ junction of the IBC cells, in which hot carriers in-
jection might occur. For some semiconductor devices (e.g., MOSFET*, EEPROM†), hot
carriers injection is an important degradation mechanism. It is believed that because of
the high electric field (e.g., near the drain of the MOSFET), the electrons and/or holes gain
energy and can be injected on the Si–SiO2 interface or even into SiO2. Such injections occur

*Metal-oxide-semiconductor field-effect transistor.
†Electrically erasable programmable read-only memory.
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when the electron and hole energy exceed the energy barrier of Si–SiO2 (approximately
3.5 eV for electrons, and approximately 4.6 eV for holes). The injection could create inter-
face traps, oxide trapped charges, currents in the oxide, and photons [194–197]. Recovery
of the degraded devices by baking has also been reported [191, 192].

The solar cells discussed in Section 5.5 had a breakdown voltage of approximately
−5.0±0.3 V. During breakdown most of the voltage was applied across the p+n+ junc-
tions. This means the energy of electrons and holes was high enough to trigger hot carriers
injection. Figure 5.37 illustrates the possible effect of hot electrons in the p+n+ junctions
of IBC cells. When crossing the p+n+ junction, the electrons are accelerated by the large
electric field. Some electrons may gain a transverse component of velocity due to scatter-
ing, and thus they are injected into the SiO2 layer. These electrons can generate interface
traps (Dit) by breaking the Si–O or Si–H bonds, or they can be trapped in the bulk of the
oxide (Not). Additionally, if the interface traps and/or the oxide trapped charges consti-
tute a continuous path that connects the rear emitters and BSFs, this path will increase the
leakage current of the solar cell under normal operation conditions (forward biased and
illuminated).

Figure 5.37: Effect of hot electrons in an IBC cell that is reverse biased.

If hot carrier injection is assumed to be the cause that led to the degradation in IBC
cells after reverse bias, all previous results can be explained. The n-PERT cell exhibited
p+n+ junctions only along the cell’s edge, and thus the influence of hot carrier injection
should be marginal. By contrast, the IBC cell without insulation pads had a similar (total)
length of p+n+ junctions to that of the baseline IBC cell with insulation pads. Therefore,
both cell structures shared a similar degradation rate. Additionally, the defects introduced
by hot carriers injection should concentrate near the space charge regions of the p+n+

junctions. The p+n+ junctions spread around the whole cell surface, and so do the defects.
Considering the spatial resolution of our PL setup (164 µm/pixel) and the size of the
space charge regions, the PL intensity of the solar cells thus appeared to decrease globally
instead of showing local dark regions. The recovery of IBC cells through baking can be
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explained by: (1) the dangling Si- bonds at the Si–SiO2 interface were repassivated by H
species that remained in the cell [198]; or (2) The trapped charges in SiO2 were released
by either thermal emission or tunnel emission [199].

Based on previous studies on hot carrier injection in transistors, two experiments were
designed to test whether hot carriers injection caused the degradation in the IBC cells.

Table 5.13: Indoor reverse bias test of mini-modules at −0.1 A for 13 hours. The average changes
of I-V parameters of the three samples for each group are listed.

Sample ID
Type of

solar cells
Applied

voltage (V)
∆Jsc

(mA/cm2)
∆Voc
(mV)

∆FF
(%)

∆η
(%)

Module-671 IBC cells
without

insulation pads
-2.1; -3.9; -4.0 -0.03 -1.73 -0.22 -0.12Module-672

Module-673

Module-674 IBC cells
with

insulation pads
-1.6; -3.5; -3.7 -0.04 -0.59 0.01 -0.03Module-675

Module-676

First, the degradation rate of MOSFET depends on the gate voltage, and on the sub-
strate current induced by impact ionization [196, 200]. For a given drain voltage, the most
severe degradation is produced at the gate voltage that leads to the largest substrate cur-
rent. This means that for IBC cells, the degradation should be less severe when the reverse
current is lower, if the hypothesis is true. This is because the number of charge carriers
that can be injected to the SiO2 passivation layer is reduced in this case. Therefore, an
indoor reverse bias test was performed, where some mini-modules were reverse biased
with a current of −0.1 A for 13 hours (see Table 5.13). The solar cells in Module-671, -672,
and -673 were without insulation pads and were fabricated in the same batch as the solar
cells in Table 5.11. The solar cells in Module-674, -675, and -676 were with insulation pads
and were fabricated in the same batch as Cell-661 and -662 as in Table 5.12. The average
changes (absolute) in I-V parameters of the three samples for each group are shown in
Table 5.13. One can observe that with a reverse current of only −0.1 A, much less degra-
dation was observed. The changes were within the measurement uncertainties of the I-V
flasher. This result agreed with the hypothesis that hot carrier injection was the cause of
degradation.

Second, a strategy to reduce degradation in MOSFETs is to decrease the doping con-
centrations, and/or make graded junctions [194, 201]. This is because the maximum
electric field in the junction can be reduced. This strategy should also be valid for IBC
cells. Therefore, the IBC cells with lighter doping in the emitters and the BSFs should
exhibit less degradation. An indoor bias test was performed on two groups of IBC cells
(with insulation pads). The reverse current was set at −8.5 A with a duration of 12 hours.
The only differences between the two groups were the rear side doping profiles (see Fig-
ure 5.38). The group with light doping exhibited boron and phosphorus sheet resistances
of 150 Ω/sq, whereas those of the group with heavy doping were 141 Ω/sq and 61 Ω/sq
respectively. Table 5.14 shows the average changes in I-V parameters of the two groups
before and after the test. Less degradation in Voc, FF, and η was observed for the cells
with light doping. This result was in line with that observed in the MOSFETs.

5.5.2.5 Conclusion

Based on all of the results discussed in Section 5.5.2, the degradation of IBC cells after
long-term reverse bias appears to be an intrinsic degradation mechanism for the IBC cells
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Figure 5.38: ECV measurements of boron and phosphorus doping profiles for the IBC cells with
high and low doping.

Table 5.14: Average I-V parameters before and after the reverse bias test (comparison between
cells with heavy and light doping).

Rear side
doping

Number
of cells

I-V
measurement

Jsc
(mA/cm2)

Voc
(mV)

FF
(%)

η
(%)

Light 4 Before test 41.1 671.9 76.9 21.3
After test 0.0 -3.0 -0.3 -0.2

Heavy 3 Before test 40.8 665.6 80.2 21.8
After test 0.0 -6.7 -1.8 -0.7

without the gap regions. The direct contact of the rear p+ and n+ regions not only en-
ables early breakdown, but also leads to a high local electric field in the p+n+ junctions.
Hot carriers injection occurs there, which results in defects near the Si–SiO2 interface; the
IBC cells thus degrade. The other parts of the IBC cells, including the metal grids, the
substrates, and the insulation pads, probably remain stable during the reverse bias test.
Additionally, the stability against reverse bias can be modified by changing the rear side
doping. Designing an IBC cell with lighter doping in the rear p+ and n+ regions is pre-
ferred because the effect of hot carrier injection is suppressed in this case. The author is
not aware of any other publications that discuss this effect in IBC cells, and thus, more
experiments should be conducted in the future for confirmation.

5.6 Evaluating recombination losses in the p+n+ junctions

The process of IBC cells can be greatly simplified if the gap regions on the cell rear are
excluded. However, the abutted p+n+ junctions may cause high recombination, thereby
limiting the cell efficiency. There are still no methods that can directly measure the recom-
bination current in the p+n+ junctions of IBC cells. Nevertheless, based on the achieved
high cell efficiency, some references [16, 17, 26, 101] have reported that if the doping pro-
files of the rear p+ and n+ regions were carefully chosen, then the abutted p+n+ junctions
had a negligible influence on the efficiencies of homojunction IBC cells. Recently a new
method was proposed to quantify the recombination losses in the p+n+ junctions with a
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special test structure [163, 202]. This section presents a study on evaluating the recombi-
nation losses in the p+n+ junctions of our IBC cells. The results can help to determine the
influence of eliminating the gap regions on the performance of IBC cells.

IBC cells with a pitch of 0.8, 1.1, and 1.7 mm were fabricated. The major difference
between these three groups of cells is the length of the total p+n+ junctions. The diffusion
recipes and chemical processes were kept the same for all cells.

The ten best cells from each group were selected for analysis. Table 5.15 shows the
measured average and standard deviations of the I-V data. A simulation of these solar
cells was also performed using the simulation tool, Quokka 2 [131], and the results are
listed in Table 5.16. From these two tables, the following observations can be made:

(1) For all groups, pFF (fill factor without series resistance losses) [203] and FF0 (fill factor
without series resistance and shunting losses, and without recombination losses in the
space charge regions) [79, 204] are both relatively high.

(2) FF0− pFF is an important parameter for evaluating the shunting or recombination in
the space charge regions [205]. It would increase significantly for cells with smaller pitch
if there were serious shunting or recombination in the space charge regions of the p+n+

junctions. This is because the total length of the p+n+ junctions of the cells with smaller
pitch is longer than those with larger pitch. However, almost constant FF0− pFF values
were found for all the cells, independent of their pitch.

(3) The simulation was performed by neglecting the recombination in the space charge
regions. The simulated and experimental differences in Voc and η among groups hav-
ing different pitch match well. The overall higher simulated values might result from the
overestimated bulk lifetime of 2 ms, and from the overestimated surface passivation qual-
ity. Setting significant recombination in the space charge regions of the p+n+ junctions is
not required in the simulation model to match the experimental data.

Table 5.15: Measured average and standard deviations of I-V data of cells with different pitch.

pitch
(mm)

Jsc
(mA/cm2)

Voc
(mV)

FF
(%)

η
(%)

pFF
(%)

FF0
(%)

FF0− pFF
(%)

1.7 40.8±0.1 661.9±0.9 77.6±0.2 21.0±0.1 83.0±0.2 84.0±0.0 1.0±0.2
1.1 40.9±0.1 657.3±1.1 78.9±0.2 21.2±0.1 82.9±0.2 83.9±0.0 1.0±0.2
0.8 40.8±0.0 652.2±0.7 80.0±0.2 21.3±0.1 82.9±0.2 83.8±0.0 1.0±0.1

Table 5.16: Simulated I-V data of cells with different pitch.

pitch
(mm)

Jsc
(mA/cm2)

Voc
(mV)

FF
(%)

η
(%)

1.7 41.1 666.1 76.9 21.1
1.1 40.9 660.5 78.9 21.4
0.8 40.7 655.5 80.2 21.5

These three points supported that the recombination in the p+n+ junctions, at least for
the investigated cell processes, had a negligible influence on the cell efficiency. Hence, de-
signing IBC cells without the gap regions is practical for our IBC cell concept. Because this
IBC cell structure requires fewer process steps, the manufacturing costs can be reduced.
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In this experiment the group with the smallest pitch achieved the highest efficiency.
For an IBC cell with a smaller pitch, a shorter distance is needed for the charge carriers
to reach the rear emitters/BSFs. Consequently, the collection efficiency of minority car-
riers increases, and additionally, the series resistance losses in the bulk and in the doped
regions drop. However, the metallization fraction also increases, which leads to higher
contact recombination losses for the whole cell. Thus, the optimal pitch is a trade-off
among the aforementioned factors.

5.7 Performance of 60-cell modules under partial shading
conditions

Partial shading is one of the major causes of energy loss in PV systems. The performance
of PV systems under partial shading conditions is mainly defined by the reverse I-V
characteristics of the cells. Relevant studies have shown that the early breakdown of
IBC cells can increase the energy yield and improve the module reliability in a PV sys-
tem [20, 23, 166, 206]. However, no systematic studies exist on the energy yield and on
the role of bypass diodes for this type of PV system under partial shading conditions, es-
pecially for the cases when more than one solar cell is completely shaded. In this thesis,
these two topics were studied using simulations and measurements, and the results are
presented in the following subsections.

5.7.1 Modeling and measurement

A study of the 60-cell module in Section 5.5.1.3, Module-60-A, is presented here. The
forward and reverse I-V characteristics of all cells in this module were measured by the
cell I-V flasher before being assembled into the module, and the reverse I-V curve of a
representative cell from this IBC module is reported in Figure 5.39 (a). This cell exhibited
a breakdown voltage of approximately −4.8 V. Figure 5.39 (b) shows the forward I-V
curve of Module-60-A measured under the standard test condition. The I-V parameters
were as follows: Voc = 39.12 V, Jsc = 9.83 A, FF= 76.4%, and Pmpp = 293.8 W*.

Construction and validation of the SPICE model

SPICE (Simulation Program with Integrated Circuit Emphasis) simulation has been shown
to be a helpful tool for studying the performance of modules under partial shading con-
ditions [20, 207, 208]; in this section the circuit simulator LTspice [209] was used. First,
the forward and reverse I-V curves of a solar cell were reproduced. Figure 5.40 shows
a schematic of the used circuit model, which consisted of a current source, a series re-
sistance, and four diodes. Two diodes were used to reproduce the forward I-V curve,
whereas the other two diodes, connected in the opposite direction, were used to repro-
duce the reverse I-V curve. A similar approach has also been employed by the semicon-
ductor industry [210]. Subsequently, 60 of such circuit models and three bypass diodes
were connected in SPICE as in the experiment to simulate the module performance. This
four-diode model provided the freedom to fit the forward and reverse I-V curves sep-
arately in SPICE, and hence, the curve fitting was fast. Good agreement between the
simulated and measured I-V curves was obtained, as shown in Figure 5.39 (a) and (b).

*One of our 60-cell IBC modules was calibrated by Fraunhofer ISE Callab and used for the calibration
of I-V measurements for Module-60-A. All I-V measurements in this section were performed shortly after
the fabrication of the module (in 2015). Afterward several outdoor tests (normal condition, no shading) in
Germany and in Egypt have been performed by this module. The outdoor tests and the transportation might
lead to a decrease of module power, as can be seen in the I-V measurements of Section 5.5.1.3 (in 2017).
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Figure 5.39: (a) Measured and simulated I-V curves of solar cells with different breakdown volt-
ages; (b) measured and simulated I-V curves for Module-60-A at forward bias and under illu-
mination of AM 1.5 spectrum. The breakdown voltage of the solar cells in Module-60-A was
approximately −4.8 V.

The SPICE model was selected only because of fast fitting, but there are no solid physical
reasons to describe an IBC cell by this model.

Second, the shading effect was introduced to the model. Following the conventional
method, the magnitude of the current source was set to be proportional to the non-shaded
area of the cell. Using the illuminated forward and dark reverse I-V curves as input data,
the power-voltage curves under several shaded conditions were simulated. The module
was covered by cardboard to provide the same shaded conditions during the module I-
V measurements. Both simulated and measured results are shown in Figure 5.41. Good
agreement was found between the simulation and the measurement, especially for Pmpp,
which validated the SPICE model. In Section 5.7, if the module/cell power is negative,
it represents power generation, whereas a positive module/cell power represents power
dissipation. In a high voltage (low current) range, a relatively large mismatch was found.
A reason was that in the simulation all cells were assumed to have identical forward and
reverse I-V curves, while the actual I-V curves of all 60 cells in the module deviated
within a small range. An improved match would be obtained if the I-V curves of all cells
were imported into the simulation program.

Figure 5.40: Schematic of the circuit model in LTspice for IBC cells.

5.7.2 Influence of breakdown voltage

Because the breakdown voltage is the key factor that determines the performance of PV
systems under partial shading conditions, solar cells with different breakdown voltages
were compared here by simulation. The studied breakdown voltages were −2.5 V, −4.8 V
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Figure 5.41: Module power-voltage curves under various shading conditions. Solid lines and dots
stand for simulated and measured data respectively. All shaded cells are from the same string.

(the case for the solar cells in Module-60-A), and −24.1 V (the case for a well isolated full-
area Al-BSF solar cell). Figure 5.39 (a) shows the corresponding reverse I-V curves. The
reverse current reached only −0.004 A at −12.0 V, and −0.19 A at −18.0 V for the solar cell
with a breakdown voltage of −24.1 V. For all cases, the forward I-V curves of solar cells
were kept the same, leading to a module I-V curve that is the same as Figure 5.39 (b). A
PV system with 20 modules connected in series was simulated. The operation point was
set as the maximum power point (MPP) of the whole PV system.

Figure 5.42 (a) and (b) plot the system power and shaded cell power against the cumu-
lative shading fraction in a string (with 20 cells) respectively. All of the shaded cells were
assumed to come from the same string. If the cumulative shading fraction did not exceed
5% (one cell), all of the shaded area was on a single cell. For shading fractions exceeding
5%, the shaded area was distributed to several completely shaded cells, and in addition,
to a partly shaded cell. For example, 12.5% shading meant two completely shaded cells
plus a half-shaded cell.

According to Figure 5.42 (a), a larger shaded area is needed to turn on the bypass
diode for the cell with a lower breakdown voltage. When the string shading fraction
reached 0.7% (i.e., 14% of one cell), 10.7% (i.e., slightly larger than two completely shaded
cells) and 15.7% (i.e., slightly larger than three completely shaded cells), the bypass diode
was turned on for the solar cell with a breakdown voltage of −24.1 V, −4.8 V, and −2.5 V
respectively. Once the bypass diode was turned on, the whole string ceased to contribute
to the total system power. A string without any shading could produce approximately
98 W of power, which is close to the difference between the system power without any
shading (5862 W) and the system power after the bypass diode was activated (5760 W).

When the string shading fraction exceeded 0.7% (i.e., 14% of one cell), the voltages on
all three types of cell changed from positive to negative (see Figure 5.42 (c)). These cells
changed from generating power to dissipating power. When one cell (VBD = −4.8 V)
was fully shaded, the current of the shaded string remained the same as the system
current (see Figure 5.42 (d)). The power dissipated by the fully shaded cell was 43 W,
which approximately equaled the product of the breakdown voltage and the system’s
IMPP (−9.04 A) [20]. Because of the low breakdown voltage, the bypass diode was not
activated and the power generated by the other non-shaded cells of the same string still
contributed to the system power. By contrast, for the cell exhibiting high breakdown volt-
ages (VBD = −24.1 V), the bypass diode was turned on when one cell was fully shaded,
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and the power generated by the other non-shaded cells from the same string was wasted.
As a result, if the power sunk by the shaded cells is less than the power generated by
the non-shaded cells from the same string, the system with solar cells exhibiting lower
breakdown voltages produces more power.
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Figure 5.42: Simulation results: comparison of solar cells with different breakdown voltages. Sys-
tem power (a), shaded cell power (b), shaded cell voltage (c), and shaded cell current (d) are
plotted against the cumulative shading fraction in a string. One string consists of 20 solar cells.

However, if a larger area was shaded, more power was consumed by the shaded cells.
When the dissipated power surpassed the generated power from the same string, it was
beneficial to have the bypass diode (see Figure 5.42 (a)). For example, when three cells
were completely shaded, the system (VBD = −4.8 V) produced 5759 W with bypass diodes,
instead of 5719 W (without bypass diodes). Moreover, SunPower Corporation reported
that bypass diodes are included in their modules, even though their solar cells exhibit an
early breakdown [21]. Additionally, according to Figure 5.42 (b), the dissipated power of
the shaded cell remained at high level (> 40 W) for a broader range of shading fractions
when no bypass diodes were included, which might affect the module reliability. Because
of the inferior energy yield and the potential reliability problem, it is beneficial to include
the bypass diodes in the module even for cells with low breakdown voltages. Completely
excluding the bypass diodes, as proposed in [22, 24, 28, 211, 212], is not practical.

Figure 5.42 (b) shows that the higher the breakdown voltage, the higher the maximal
possible dissipated power of the shaded cell; if the shading fraction exceeds 5%, then only
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the power of the completely shaded cell is shown, and this power is always higher than
the partly shaded cell for a given cumulative shading fraction. The maximal shaded cell
power can reach 95 W (approximately equals the sum of power of all non-shaded cells
from the same string [20]) for a cell with VBD = −24.1 V, 43 W for VBD = −4.8 V, and
only 22 W for VBD = −2.5 V. The high dissipated power for the cell with VBD = −24.1 V
might lead to overheating of the module. Another critical factor for judging the module
reliability is the spatial distribution of dissipated power [213]. For mainstream both-side
contacted solar cells, the reverse current often crowds into several local spots. The local
power density is probably much higher than that in IBC cells, which exhibit a relatively
uniform breakdown over the entire cell. Therefore, the module with low breakdown volt-
ages probably has superior reliability. Moreover, because of the early activation of the
bypass diode, the shaded cell power fell rapidly with the increase of shading fractions for
cells with high breakdown voltages. After approximately 5%, it fell to zero, whereas the
dissipated power of the shaded cell with VBD = −2.5 V fell to zero only after approximately
25% of shading fractions.

Notably, for a given shading fraction, if the spatial distribution of the shaded area
was not the same as that defined in Figure 5.42, then different results were expected. It
is meaningful to study the change of module power with various shading patterns as
in [208].

5.7.3 Conclusion

When the shaded area is small (before the activation of bypass diodes), compared to the
PV system with solar cells exhibiting high breakdown voltages, the PV system with solar
cells exhibiting low breakdown voltages produces more power. The maximal dissipated
power of the shaded cell is lower for the solar cell with a lower breakdown voltage. This
is a critical merit because the risk of overheating is decreased significantly. Therefore, the
PV system with solar cells exhibiting low breakdown voltages is probably safer under
partial shading conditions. Furthermore, for the module with solar cells exhibiting low
breakdown voltages, bypass diodes are still necessary to avoid high power loss when a
large fraction of the module is shaded.
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Summary

This thesis discusses several important topics related to today’s industrial silicon solar
cells, which concern screen-printing metallization as well as interdigitated-back-contact
(IBC) solar cells (process development and reverse bias characteristics).

Chapter 2: Contact formation of screen-printed solar cells

According to recent studies by Kim et al. [29, 30], the short-circuit effect that occurs during
the fast firing process leads to non-uniform contact formation over the entire metal grid.
This thesis assumes that by firing without the presence of busbars, the short-circuit effect
can be mitigated. This hypothesis was examined on p-type full-area aluminum (Al) back-
surface-field (BSF) solar cells and n-type passivated emitter rear totally diffused (n-PERT)
solar cells. For each type of the cells, one group was fired with both fingers and busbars,
whereas the other group was fired with only fingers and without busbars. The contact
resistances (ρc) of the latter group were found to be lower than those of the former group
(up to two orders of magnitude), regardless of surface morphologies, doping profiles, and
Ag pastes suppliers. These results thus support the hypothesis that the short-circuit effect
can be mitigated by firing without the presence of busbars. Currently, no other theories
in the field of PV can explain these results. The redox reaction (2.5) seems to be able to
correctly describe the mechanism of contact formation.

Regarding another crucial property of Ag contacts, the contact recombination current
(J0,met), it was found out that firing with and without busbars led to comparable J0,met, in
spite of the highly different corresponding ρc. Thus, no strong correlation exists between
ρc and J0,met.

In contrast to the behavior of the Ag paste in the firing process, the presence of bus-
bars caused no changes in ρc when the AgAl paste was used to contact boron emitters.
This result indicates that the two types of paste exhibit different mechanisms of contact
formation. Depending on the selected firing recipe, J0,met of the Ag paste was found to be
similar or slightly lower than that of the AgAl paste.

Additionally, this chapter discusses the possible short-circuit effect on samples with
different passivation layers. The results showed that the short-circuit effect is valid for
three common passivation layers: AlOx/SiNx, SiNx, and SiO2/SiNx.

The research in Chapter 2 is the first systematic study on the influence of the presence
of busbars during the fast firing process on both ρc and J0,met. With this new knowledge,
it is possible to achieve low ρc on lightly doped Si surfaces, which is a highly desirable
goal for industrial solar cells.

Chapter 3: Metallization losses of screen-printed solar cells

A numerical simulation was performed to study the influence of doping profiles of boron-
or phosphorus-doped Si surfaces on J0,met. It was shown that the J0,met decreases with a
decreasing sheet resistance (Rsh), with an increasing surface concentration, and with an
increasing junction depth. Furthermore, the simulation showed that for a given doping
profile, the J0,met on an emitter is higher than that on a high-low junction. The mobility of
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minority carriers, which is an intrinsic property of semiconductors, was indicated to be
an important factor that determines J0,met. The J0,met on a p+ emitter is higher than that on
an n+ emitter due to the difference in mobility

Subsequently, this chapter presents the experimental work to study the origin of
contact recombination losses for screen printing metallization. The voltage calibrated
photoluminescence (PL) method was employed to extract J0,met. For both boron- and
phosphorus-doped surfaces, the following findings were reported: (1) as expected, the
combustion of organics does not lead to any J0,met; (2) the etching of passivation layers
and Si surfaces causes most of the J0,met; (3) Ag crystallites, which are responsible for
current transport, only cause a minor increase of J0,met.

This chapter also found out that, for a given firing recipe, J0,met of the textured surface
was always higher than that on the planar surface. And lower J0,met were measured on
samples with thicker SiNx, whereas the corresponding ρc were as good as those on the
samples with thin SiNx. Based on the microscope images of metal-Si interfaces, the lower
J0,met on samples with thicker SiNx was speculated to be caused by a higher percentage
of remaining SiNx and less etching of the Si surface on those samples. Considering the
aforementioned findings, the optimum metal-Si surface should exhibit sufficient number
of Ag crystallites, but at the same time the etching of the passivation layer and the Si
surface should be minimized for the metallized area without Ag crystallites. The realiza-
tion of such metal-Si surfaces could lead to a significant improvement in screen-printed
Si solar cells.

Additionally, an experimental study on samples with different doping profiles showed
that J0,met decreased with a decreasing Rsh, which agreed with the previous simulation
study. Moreover, it was demonstrated that J0,met could be influenced by firing recipes.
It is possible to reduce J0,met by tuning the firing recipe while maintaining the same ρc.
Lastly, this chapter summarizes the relations between J0,met and five of its common influ-
ence factors. The findings in this chapter have improved the understanding of contact
recombination losses, which can help future research on screen printing metallization.

Chapter 4: Large area IBC cells

This chapter discusses the studies of a large area and industrially feasible IBC cell concept
(ZEBRA). A layer stack of SiO2/SiNx was utilized for passivating both p+ and n+ surfaces
of the ZEBRA cells. The passivation quality achieved using this layer stack was demon-
strated to be comparable to other state-of-the-art dielectric layers (e.g., AlOx, SiNx, wet
SiO2). And the merit of this layer stack is that it saves one process step when passivating
the p+ surface. To study the influence of rear side doping on the cell efficiency, cells with
three different boron emitters were fabricated. The optimal cell efficiency was shown to
be a trade-off between obtaining low J0,pass, J0,met, and ρc.

The loss analysis identified the contact recombination loss as a major loss mechanism
of the ZEBRA cell. Thus, several studies were conducted to improve the screen printing
metallization. First, an attempt was made to metallize the rear p+ and n+ regions of the
ZEBRA cells with a single Ag paste. When firing without the busbars, it was demon-
strated that the Ag paste could lead to reasonable ρc on both polarities of the ZEBRA
cells. Better cell efficiencies were obtained using this approach than using a AgAl paste
and a Ag paste to metallize the p+ and n+ regions respectively. These results confirm
the findings in Chapter 2 that by firing without the presence of busbars, low ρc on p+

surfaces can be obtained even with the Ag paste. Additionally, one printing step can be
saved when using the single Ag paste approach. The second study focused on reducing
the contact area. A point contact layout was designed by numerical simulation, and it was
successfully implemented on the investigated IBC cells. A gain in Voc (6 mV) was achieved
because of the decrease of contact area. The third study investigated the possibility of de-
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creasing J0,met by varying the rear SiNx thickness of the ZEBRA cells. When using a thicker
rear SiNx layer (up to 107 nm), both iVoc and Voc were improved, whereas FF was not af-
fected. The fourth study was the experiment with a non-firing-through Ag paste, which
has the potential of achieving low J0,met. However, the fabricated solar cells were limited
by the series resistance loss, which was assumed to be attributed to the nonoptimal laser
ablation. The findings in this chapter have partly contributed to the improvement of the
ZEBRA cell which reached an efficiency of 23.1%.

Chapter 5: Reverse bias characteristics of IBC cells and modules

This chapter presents studies on six important topics concerning the reverse bias char-
acteristics of IBC cells and modules without the gap regions between the rear p+ and
n+ regions. Two basic experimental results were observed: (1) low breakdown voltages
(|VBD| 6 6V), (2) parallel bright lines along the borders of the rear p+ and n+ regions in
the reverse biased electroluminescence (ReBEL) image. Moreover, temperature coefficient
measurements were conducted to investigate the breakdown mechanism. The breakdown
was hypothesized to occur at the rear abutted p+ and n+ regions, through either tunneling
or a mixture of avalanche multiplication and tunneling.

To test this hypothesis, four inferences drawn from the hypothesis were tested. It was
found out that the reverse current increased linearly with the total length of the p+n+

junction of the cell. Furthermore, the doping profiles were demonstrated to have a signif-
icant influence on the reverse I-V characteristics. In most of the groups, heavier doping
in the p+ and n+ regions led to an earlier breakdown. By contrast, the bulk resistivity and
the metal paste were found to have a negligible influence on the breakdown voltage. The
results described in this paragraph support the aforementioned hypothesis.

The breakdown of the investigated 6-inch IBC cells was found to be not completely
uniform. To identify the reason, IBC cells with intentionally non-uniform doping were
fabricated. The results showed that the non-uniform doping was very likely the cause of
the non-uniform breakdown. This finding reveals the necessity of high doping uniformity
over the entire wafer to avoid overheating of the IBC cell under partial shading conditions.

After the long-term reverse-bias tests, the investigated IBC cells and modules experi-
enced moderate decrease in efficiencies, but no other critical failures occurred. To identify
the cause of degradation, the long-term reverse bias tests were repeated on n-PERT solar
cells as well as on IBC cells without insulation pads. Moreover, after a short period of
curing at a temperature below 250◦C, the degraded IBC cells were fully recovered. Hot
carrier injection that occurs in the rear p+n+ junctions was proposed to be the cause of the
degradation.

Furthermore, the recombination losses in the rear p+n+ junctions were evaluated by
comparing IBC cells with different pitch. The analysis showed that for the investigated
IBC cells, the recombination in the p+n+ junctions only had a negligible influence on cell
efficiencies. Thus, it is possible to exclude the gap regions of the (homojunction) IBC cells,
which can significantly simplify the fabrication process.

A simulation study was conducted to calculate the power of PV systems under par-
tial shading conditions. Three important findings were obtained: (1) the PV system with
cells that exhibit lower breakdown voltages produces more power, when the shaded area
is small; (2) the maximum dissipated power of the shaded cell increases with increasing
(absolute) breakdown voltages; (3) to avoid high power loss when a large part of the mod-
ule is shaded, bypass diodes are still indispensable even for the modules with solar cells
that exhibit early breakdowns.

In summary, this thesis presents studies concerning contact formation and contact recom-
bination losses for screen-printed Ag contacts (Chapter 2 and Chapter 3). The knowl-
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edge gained from these studies was implemented to improve the efficiency of large area
IBC cells (Chapter 4). Furthermore, the insight offered by Chapter 5 contributes to an
enhanced understanding of the reliability of this type of cell and module under partial
shading conditions.



Zusammenfassung

Diese Doktorarbeit diskutiert einige ausgewählte wichtige Aspekte aktueller, industrieller,
mit Siebdruckverfahren hergestellter Siliziumsolarzellen mit interdigitierenden Rückkon-
takten (Prozessentwicklung und Sperrvorspannungscharakteristiken).

Kapitel 2: Kontaktierung von Solarzellen mit Siebdruckverfahren

Laut jüngster Studien von Kim et al. [29, 30], führt der Kurzschlusseffekt im letzten
Feuerungsschritt, zu einer nicht uniformen Kontaktierung über das gesamte Metallkon-
taktgitter. In dieser Doktorarbeit wird angenommen, dass durch das Feuern ohne Bus-
bars, der Kurzschlusseffekt abgemildert werden kann. Diese Hypothese wurde an vollflä-
chigen p-Typ Aluminium-Rückfeldzellen (engl.: back surface field, BSF) und n-Typ PERT
(engl.: passivated emitter, rear totally diffused) Solarzellen untersucht. Jede dieser So-
larzellentypen wurde in zwei Gruppen unterteilt, von denen eine mit beiden Kontaktfin-
gern und Busbars gefeuert wurde, und die andere nur mit Kontaktfingern, ohne Busbars.
Die Kontaktwiderstände (ρc) der letzteren Teilgruppe waren niedriger als die der ersteren
Gruppe (bis zu zwei Größenordnungen), unabhängig von deren Oberflächenbeschaffen-
heit, Dotierprofilen und dem Silberpastenlieferant. Diese Ergebnisse unterstützen die Hy-
pothese, dass der Kurzschlusseffekt abgeschwächt werden kann, indem man die Zellen
ohne Busbars feuert. Zum jetzigen Zeitpunkt kann keine andere Theorie der Photovoltaik
diese Ergebnisse erklären. Mit der Redox-Reaktion (2.5) scheint es möglich den Mecha-
nismus der Kontaktformation korrekt zu beschreiben.

Eine wesentliche Eigenschaft von Silberkontakten ist deren Kontakt-Rekombinations-
strom (J0,met). Es wurde herausgefunden, dass Feuern ohne Busbars zu vergleichbaren
J0,met führt, trotz stark abweichender ρc. Folglich korrelieren ρc und J0,met nicht.

Im Gegensatz zu der Ag Paste, verursachte das Vorhandensein von Busbars keine
Veränderungen in ρc, wenn eine AgAl Paste um Bor-Emitter zu kontaktieren verwen-
det wurde. Dieses Ergebnis deutet darauf hin, dass die zwei Pastentypen verschiedene
Mechanismen der Kontaktformation bewirken. Es wurde herausgefunden, dass J0,met der
Ag-Paste ähnlich oder leicht niedriger, als J0,met der AgAl Paste ist, abhängig vom ver-
wendeten Feuerungsrezept.

Zusätzlich wird in diesem Kapitel diskutiert, wie sich ein möglicher Kurzschlusseffekt
auf Proben mit verschiedenen Passivierschichten auswirkt. Die Ergebnisse zeigen, dass
der Kurzschlusseffekt für AlOx/SiNx, SiNx und SiO2/SiNx auftritt.

Die Untersuchungen in Kapitel 2 sind die erste systematische Studie des Einflusses des
Vohandenseins von Busbars während des letzten Feuerungsprozesses auf ρc und J0,met.
Mit diesem neuen Wissen ist es möglich niedrige ρc auf gering dotierten Si Oberflächen
zu erreichen, was ein höchst erstrebenswertes Ziel für industriell gefertigte Solazellen
darstellt.

Kapitel 3: Metallisierungsverluste von Solarzellen mit Siebdruckverfahren

Eine numerische Simulation wurde durchgeführt, um den Einfluss der Dotierprofile
von Bor- und Phosphor-dotierten Si Oberflächen auf J0,met zu untersuchen. Es wurde
gezeigt, dass J0,met fällt, sobald der Schichtwiderstand (Rsh) sinkt. Derselbe Effekt tritt auf,
wenn die Oberflächenkonzentration oder die p-n-Übergangstiefe zunimmt. Des Weit-
eren zeigten die Simulationen, dass für ein gegebenes Dotierprofil J0,met am Emitter höher
ist als an einer High-Low-Junction. Die Minoritätsladungsträgerbeweglichkeit, die eine
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wichtige intrinsische Eigenschaft von Halbleitern ist, stellte sich als ein wichtiger Faktor
heraus, der J0,met bestimmt. J0,met auf einem p+ Emitter ist höher, als auf einem n+ Emitter
aufgrund des Unterschieds der Beweglichkeiten.

Nachfolgend wird in diesem Kapitel eine experimentelle Arbeit präsentiert, bei der
der Ursprung der Konktaktrekombinationsverluste beim Siebdruckmetallisieren unter-
sucht wird. Die Photolumineszenzmessmethode mit Spannungskalibration wurde ange-
wandt, um J0,met zu extrahieren. Für Bor- und Phosphor-dotierte Oberflächen, wurde
folgendes herausgefunden: (1) Wie erwartet führt die Verbrennung von organischen Ma-
terialien nicht zu höherem J0,met; (2) das Wegätzen der Passivierschichten und Si Ober-
flächen verursacht den meisten J0,met; (3) Silber Kristallite, die für den Ladungstransport
zuständig sind, verursachen nur eine unbedeutende Erhöhung von J0,met.

Dieses Kapitel beschreibt auch, dass für ein gegebenes Feuerungsrezept, J0,met einer
texturierten Oberfläche immer höher ist, als einer planaren. Außerdem wurden niedrigere
J0,met auf Proben mit dickerer SiNx-Schicht gemessen, wohingegen die korrespondieren-
den ρc genauso gut waren, wie auf Proben mit dünner SiNx-Schicht. Basierend auf
(Licht-) Mikroskop-Aufnahmen von Metal-Si Schnittstellen, wird vermutet, dass der
niedrigere J0,met auf Proben mit dickerem SiNx von einem höheren Anteil übrigbleiben-
dem SiNx und dementsprechend geringeren Anteil an weggeätzter Si-Oberfläche verur-
sacht wird. In Anbetracht der zuvor beschriebenen Erkenntnis sollte eine optimale Metall-
Si-Schnittstelle genügend Ag Kristallite aufweisen, aber gleichzeitig sollte auch das Ätzen
der Passivierschicht und der Si Oberfläche ohne Ag Kristallite minimiert werden. Die
Herstellung solcher Metal-Si Oberflächen könnte zu einer signifikanten Verbesserung von
Solarzellen mit Siebdruckverfahren führen.

Zusätzlich zeigte eine experimentelle Studie von Proben mit verschiedenen Dotierpro-
filen, dass J0,met mit abnehmendem Rsh geringer wurde, was mit der vorangegangenen
Simulation übereinstimmte. Weiterhin wurde demonstriert, dass J0,met vom verwendeten
Feuerungsrezept beeinflusst werden konnte. Es ist möglich J0,met zu reduzieren, indem
man das Feuerungsrezept variiert, aber gleichzeitig ρc konstant zu halten. Zuletzt wird
in diesem Kapitel der Zusammenhang von J0,met und fünf seiner Einflussfaktoren zusam-
mengefasst. Die in diesem Kapitel beschriebenen Erkenntnisse konnten das Verständnis
von Kontaktrekombinationsverlusten verbessern, und können so zukünftige Forschung
an Siebdrucksolarzellen unterstützen.

Kapitel 4: Großflächige IBC Zellen

In diesem Kapitel werden Studien zu einem großflächigen und industriell fertigbaren IBC
Zellkonzept (ZEBRA) diskutiert. Ein Schichtstapel von SiO2/SiNx wurde für die Pas-
sivierung von p+ und n+ Oberflächen der ZEBRA Zellen verwendet. Es wurde gezeigt,
dass die Passivierungsqualität, die mit diesem Schichtstapel erreicht wurde, vergleichbar
mit dielektrischen Schichten auf aktuellen Stand der Technik (z.B. AlOx, SiNx, Nass-chem.
SiO2) ist. Der Vorteil des hier verwendeten Schichtstapels ist, dass ein Prozessschritt
beim Passivieren der p+ Oberfläche eingespart wird. Um den Einfluss der rückseitigen
Dotierung auf die Zelleffizienz zu untersuchen, wurden Zellen mit drei unterschiedlichen
Bor-Emittern hergestellt. Die optimale Zelleffizienz ist ein Kompromiss aus niedrigem
J0,pass, J0,met und ρc.

Eine Verlustanalyse identifizierte den Kontaktrekombinationsverlust als Hauptver-
lustmechanismus der ZEBRA Zelle. Daher wurden mehrere Studien durchgeführt, um
die Siebdruckmetallisation zu verbessern. Als Erstes wurde ein Versuch unternommen
rückseitige p+ und n+ Regionen der ZEBRA Zelle mit einer einzigen Ag Paste zu met-
allisieren. Beim Feuern ohne Busbars wurde gezeigt, dass die Ag Paste zu angemesse-
nen ρc für beide Polaritäten der ZEBRA Zellen führen kann. Mit diesem Ansatz wurden
bessere Effizienzen erzielt, als mit einer AgAl Paste für die p+ und einer Ag Paste für
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die n+ Regionen. Diese Ergebnisse bestätigen die Erkenntnisse in Kapitel 2, dass durch
Feuern ohne Busbars niedrige ρc auf p+ Oberflächen sogar mit Ag Pasten erreicht werden
können. Zusätzlich wird ein Siebdruckschritt eingespart, wenn man den Ansatz mit einer
einzigen Ag Paste verfolgt. Die zweite Studie war darauf fokussiert, die Kontaktfläche zu
reduzieren. Ein Punktkontakt-Layout wurde entwickelt mithilfe numerischer Simulatio-
nen und wurde erfolgreich in die untersuchten IBC Zellen implementiert. Ein Zugewinn
in Voc (6 mV) wurde durch die Verringerung der Kontaktfläche erreicht. Die dritte Studie
befasste sich mit der Möglichkeit J0,met zu verringern, indem man die rückseitige Dicke
der SiNx Schicht der ZEBRA Zellen variiert. Bei Verwendung einer dickeren rückseitigen
SiNx Schicht (bis zu 107 nm) konnten sowohl iVoc als auch Voc erhöht werden, wohinge-
gen der FF nicht beeinträchtigt wurde. Die vierte Studie beinhaltete ein Experiment mit
einer nicht durchfeuernden Ag Paste, die das Potential hat, geringere J0,met zu erreichen.
Allerdings waren die gefertigten Solarzellen durch den Serienwiderstandsverlust limi-
tiert, was auf nicht-optimale Laser-Ablation zurückgeführt wurde. Die Erkenntnisse in
diesem Kapitel haben teilweise zur Optimierung der ZEBRA Zellen beigetragen, die so
eine maximale Effizienz von 23,1% erreichen konnten.

Kapitel 5: Sperrvorspannungscharakteristiken von IBC Zellen und Modulen

In diesem Kapitel werden Studien beschrieben zu sechs wichtigen Themen, die Sper-
rvorspannungscharakteristiken von IBC Zellen und Modulen ohne Lücken zwischen
p+ und n+ Regionen betreffen. Zwei grundlegende Ergebnisse der Experimente sind:
(1) niedrige Durchbruchspannungen (|VBD| 6 6V), (2) parallele leuchtende Linien ent-
lang der Grenzen zwischen rückseitigen p+ und n+ Gebieten in Elektrolumineszenza-
ufnahmen unter Sperrvorspannung (ReBEL). Zusätzlich wurden Messungen des Tem-
peraturkoeffizienten ausgeführt um den Durchbruchmechanismus zu untersuchen. Eine
Hypothese wurde aufgestellt, nach der der Durchbruch an den rückseitig anstoßenden
p+ und n+ Gebieten entweder durch Tunneln oder eine Mischung aus lawinenartiger
Multiplikation und Tunneln zustande kommt.

Um diese Hypothese zu verifizieren wurden vier direkte Schlussfolgerungen aus
dieser getestet. Es wurde herausgefunden, dass der Sperrstrom linear mit der Gesamtlänge
des p+n+ Übergangs der Zelle steigt. Des Weiteren wurde demonstriert, dass die Dotier-
profile signifikanten Einfluss auf die Sperr-I-V-Charakteristik haben. In den meisten
Gruppen führte eine höhere Dotierkonzentration in den p+ und n+ Regionen zu einem
früheren Durchbruch. Der Volumenwiderstand (bulk) und die Metalpaste hingegen
zeigten nur einen vernachlässigbaren Einfluss auf die Durchbruchspannung. Die Ergeb-
nisse in diesem Paragraph unterstützen die zuvor erwähnte Hypothese.

Es wurde herausgefunden, dass der Durchbruch der untersuchten 6-Zoll IBC Zellen
nicht komplett uniform war. Um den Grund zu identifizieren wurden IBC Zellen be-
wusst mit nicht-uniformer Dotierung gefertigt. Die Ergebnisse zeigten, dass die nicht-
uniforme Dotierung sehr wahrscheinlich der Grund des nicht-uniformen Durchbruchs
ist. Diese Erkenntnis unterstreicht die Notwendigkeit einer hohen Dotierhomogenität
über den gesamten Wafer, um Überhitzung der IBC Zelle bei partieller Abschattung zu
vermeiden.

Nach Langzeit-Sperrvorspannungstests stellte sich ein moderater Abfall der Effizien-
zen bei den untersuchten IBC Zellen und Modulen ein, aber kein kritischer Ausfall trat
auf. Um den Grund der Degradation zu identifizieren wurden die Langzeit-Sperrvor-
spannungstests mit n-PERT Solarzellen, sowie IBC Zellen ohne Isolationsblock (pad)
wiederholt. Bereits nach kurzem Ausheilen bei 250◦C erholten sich die degradierten IBC
Zellen vollständig auf das Ausgangsniveau. Hot Carrier Injection, die an den rückseitigen
p+n+ Übergängen auftritt, wurde als Grund dafür vorgeschlagen.
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Weiterhin wurden Rekombinationsverluste nahe der p+n+ Übergänge evaluiert, in-
dem IBC Zellen mit unterschiedlichem Pitch verglichen wurden. Die Analyse ergab, dass
für die untersuchten IBC Zellen, die Rekombination in den p+n+ Übergängen nur ver-
nachlässigbaren Einfluss auf die Zelleffizienzen hatte. Folglich ist es möglich die Lücken
zwischen den unterschiedlich dotierten Bereichen der (Homojunction-) IBC Zellen zu
schließen, was den Herstellungsprozess signifikant vereinfachen kann.

Eine Simulationsstudie wurde durchgeführt, um die Leistung von PV Systemen unter
partieller Abschattung zu untersuchen. Drei wichtige Erkenntnisse wurden gewonnen:
(1) Solange die abgeschattete Fläche klein ist, produziert ein PV System mit Zellen, die
geringere Durchbruchspannungen haben, mehr Leistung; (2) die maximale durch Dissi-
pation verlorene Leistung in der abgeschatteten Zelle steigt mit steigenden (absoluten)
Durchbruchspannungen; (3) um hohe Leistungsverluste zu vermeiden sobald ein großer
Teil des Moduls abgeschattet wird, sind Bypass Dioden immer noch unverzichtbar, auch
wenn die Module Solarzellen mit frühen Durchbruch beinhalten.

Zusammenfassend, beschreibt diese Doktorarbeit Studien über die Kontaktformierung
und Kontaktrekombinationsverluste von Ag-Siebdruckkontakten (Kapitel 2 und 3). Das
Wissen, das aus diesen Studien gewonnen wurde, wurde angewandt, um die Effizienz
von großflächigen IBC Zellen zu verbessern (Kapitel 4). Weiterhin trägt der Einblick in
Kapitel 5 zu einem erhöhten Verständnis der Ausfallsicherheit dieses Zell- und Modul-
typs unter partieller Abschattung bei.
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Abbreviations

Abbreviation Description

BB busbar
BSF back-surface-field
Cz Czochralski process (a crystal growth method)
ECV electrochemical capacitance-voltage
EEPROM electrically erasable programmable read-only memory
IBC interdigitated back contact
IEC international electrotechnical commission
IR infrared portion of the electromagnetic spectrum
I-V current-voltage
LSM laser scanning microscope
MF metallization fraction
MOSFET metal-oxide-semiconductor field-effect transistor
MPP maximum power point
PECVD plasma-enhanced chemical vapor deposition
PERC passivated emitter and rear cell
PERL passivated emitter, rear locally diffused
PERT passivated emitter, rear totally diffused
PL photoluminescence
PM2.5 particulate matter with a diameter of up to 2.5 µm
PV photovoltaic
QSSPC quasi-steady-state photoconductance
ReBEL reverse biased electroluminescence
ROI region of interest
RTP rapid thermal processing
TLM transfer length method
UV ultraviolet portion of the electromagnetic spectrum

Symbols

Symbol Unit Description

Dn cm2/s electron diffusion coefficient
Dp cm2/s hole diffusion coefficient
Eavg V/cm average electric filed
Eg eV energy gap
Em V/cm maximum electric field
FF % fill factor
FF0 % ideal fill factor
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Symbol Unit Description

iVoc mV implied open-circuit voltage
Impp A current at the maximum power point
Irev A reverse current
Isc A short-circuit current
Jdi f f ,n f A/cm2 electron diffusion current (density)
Jdi f f ,p f A/cm2 hole diffusion current (density)
Jsc mA/cm2 short-circuit current (density)
Jt mA/cm2 tunneling current (density)
J0 f A/cm2 recombination current (density)
J0,bulk f A/cm2 recombination current (density) of the substrate
J0,met f A/cm2 contact recombination current (density)
J0,n f A/cm2 recombination current (density) of the n+ surface
J0,p f A/cm2 recombination current (density) of the p+ surface

J0,pass f A/cm2 recombination current (density) of the passivated surface /
dark saturation current (density) of the passivated surface

J0,total f A/cm2 recombination current (density) of the entire solar cell
Lp cm minority carrier diffusion length
me f f effective mass
n cm−3 concentration of free electron
n of n-type semiconductor (with donor impurity)
n of negative electrode
ND cm−3 bulk doping concentration
ni cm−3 intrinsic carrier concentration
p cm−3 concentration of free hole
p of p-type semiconductor (with acceptor impurity)
p of positive electrode
pFF % pseudo fill factor
Pmpp W generated power at the maximum power point
Rb Ω·cm bulk resistivity of the substrate
Rsh Ω/sq sheet resistance
Rshunt kΩ·cm2 shunt resistance
Smet cm/s surface recombination velocity under the metal
T ◦C temperature
VBD V breakdown voltage
Vmpp mV voltage at maximum power point
Voc mV open-circuit voltage
VR V applied reverse voltage
εs F/cm permittivity of semiconductor
η % energy conversion efficiency
µn cm2/V·s electron mobility
µp cm2/V·s hole mobility
ρc mΩ·cm2 (specific) contact resistance
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