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1 Introduction 1

1 Introduction

1.1 Motivation and aim of this work
The rising worldwide energy consumption increases the demand for the replacement

of fossil based energy sources by equivalent renewable energy sources such as wind
energy, hydro power, geothermic, biomass or photovoltaic (PV). However, these
sustainable energy sources have to fulfill equivalent criteria in terms of capacity,
electricity costs and security of supply. These criteria set in the beginning challenging
requirements on the different technologies. However, the establishment of foreseeing
political frameworks, such as the “Erneuerbare Energiengesetz (EEG)” in Germany,
triggered the development of new technologies and processes for the cost competitive
energy production by renewable energy sources. These developments are for PV
clearly visible in the price learning curve, which reveals a price decline of about 20%
for every doubling of the cumulative production volume in the last decades [1]. The
technological induced price declines combined with a considerable oversupply lead in
the field of crystalline silicon PV to module costs down to 0.5-0.8 €/W e in the first
quarter of 2013 [1]. Furthermore, the increasing installation of renewable energy
sources in combination with significant technological improvements results for
example in Germany in a share of about 25.8% for renewable energy sources
(including 5.3% for PV) in the national wide electricity consumption [2]. This
illustrates the significance of technological developments for the transformation to a
sustainable energy system. Within this work the scientific point of view is focused on
technological developments for PV.

The idea of PV is the conversion of light such as sun light into electricity by using the
photovoltaic effect. A conventional silicon PV module is built from strings of several
solar cells, which convert the incoming illumination in an electrical current flow. The
conversion efficiency of the PV module is a function of different module parameters
and the cell efficiency of each solar cell. The conversion efficiency is a crucial
parameter of the system because it determines the maximum power output per
installed system, as well as the electricity production cost per system. Therefore, the
increase of the solar cell efficiency due to technological improvements not only
increases the productivity of the system but also decreases the electricity production
costs.

The improvement of the solar cell efficiency can be realized by a reduction of the local
power losses due to resistive, optical and recombination effects. The decrease of these
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loss mechanisms can be realized in improved solar cell designs by optimizations of
each solar cell component or region. The local optimization of each solar cell region
requires in many cases local structuring and doping process technologies. However,
the integration of new process technologies cannot only be evaluated in terms of cell
efficiency improvements but must be evaluated in terms of increasing fabrication
costs, too. In fact the scientific challenge is the development of improved cell designs
with increased solar cell efficiencies under the constraints of industrial feasibility and
low processing costs in order to achieve low electricity production costs. Therefore,
the aim of this work is the development and characterization of industrially feasible
low-cost local structuring and doping processes for high efficiency silicon solar cells
designs. In this context two main application areas are investigated:

1. Boron local back surface field structures (LBSF) by laser chemical processing
(LCP) for p-type silicon solar cells

2. Local phosphorus doped structures by LCP for selective emitter designs with
plated metal contacts

The development of LCP boron doped LBSF structures allows the fabrication of
optimized solar cell designs with partial rear contacts and passivated rear sides. These
solar cell designs show decreased recombination induced power losses and increased
optical performance compared to state-of-the-art industrial solar cell designs.

The development of LCP selective emitter structures can result in several
improvements. The selective emitter design optimizes the emitter doping in different
cell regions, which results in lower recombination and series resistance losses and
therefore, in higher cell efficiencies. Furthermore, this work shows that the applied
LCP process can be combined with Ni-Cu plated front side metal contacts, which is a
low cost alternative to state-of-the-art screen printed Ag contacts. The integration of
plated Ni-Cu contacts brings in this case not only cell efficiency benefits but also
allows the replacement of cost-intensive Ag for front side contacting.

1.2 Thesis outline
The presented thesis is structured in 7 chapters. Chapter 2 summarizes the theoretical

background of important solar cell physics for this work and the relevant processing
and characterization techniques.

Chapter 3 focusses on the development of a LCP based local boron laser doping
process for the application as local back surface field (LBSF) in p-type passivated
emitter and rear locally diffused (PERL) solar cells. The chapter is structured in five
parts addressing alternative state-of-the-art local p-type doping processes (section 3.1),
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the evaluation of suitable boron doping sources and the development of a LCP boron
laser doping process (section 3.2), the first proof of concept of this process as LBSF in
p-type PERL solar cells (section 3.3) and a detailed loss analysis of the application as
LBSF with focus on the correlation of the base resistivity and the losses at the laser
processed LBSF structures (section 3.4 & 3.5).

Chapter 4 aims to analyze the different impacts of selective emitter designs on the
electrical performance of silicon solar cells by calculating and simulating the benefits
of a highly doped region underneath the metal contacts on the contact resistance and
contact recombination losses. Both loss mechanisms are discussed from a general
point of view in section 4.1 and 4.2. The impact of both loss mechanisms on the
electrical performance in different solar cell designs (Al-BSF, PERC, PERL) is
discussed in section 4.3. Furthermore, section 4.3 and 4.4 analyze the correlation of
different solar cell design features (selective emitter process — metallization scheme —
homogenous emitter design) and how their interaction defines the possible cell
efficiency benefit of a selective emitter design.

Chapter 5 analyzes the benefits of different cell design improvements on the electrical
performance of AI-BSF solar cells. The fabricated solar cells described in section 5.1
feature a lightly doped thermally diffused emitter, plated Ni-Ag or Ni-Cu-Ag front
side contacts and partly a selective emitter design by additional highly doped front side
contact openings by LCP-SE. The presented solar cell results of section O are
discussed in more detail in a loss analysis in section 5.3. The main findings of this loss
analysis are summarized in the conclusion of section 5.4.

Chapter 6 analyzes the fabricated solar cells of chapter 5 in terms of annealing induced
shunting effects. The analysis of the change in the global electrical characteristic due
to contact annealing is discussed in section 6.1. The findings of chapter 5 and section
6.1 led to the formulation of a hypothesis about the physical origin of the annealing
induced shunting effect in section 6.2. The stated hypothesis is experimentally
investigated on the macro scale by local imaging characterization in section 6.3 and in
the following section 6.4 by p-imaging methods and electron imaging methods on the
micro scale. Furthermore, the main design parameters of the highly doped contact
openings in order to prevent annealing induced shunting are discussed in section 6.5,
which allows further optimization routes for future process developments. Section 6.6
summarizes the characterization results of this chapter and evaluates the stated
hypotheses.

Chapter 7 summarizes the results of chapter 3-6 and gives an outlook for further
developments based on the findings of this work.
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2 Fundamentals

2.1 Physics of silicon solar cells

2.1.1 Working principle & basic equations
Silicon solar cells convert incoming light into electricity. There are two main

components of silicon solar cells. The first component is the band gap of silicon
between the valence and conduction band with a band gap energy of 1.107 eV.
Incoming light with photon energies larger than the band gap energy (such as visible
light) is absorbed leading to free electron (¢) and holes (h¥) in the conduction and
valence band, respectively. Depending on the doping type of the silicon the minority
charge carriers are electrons or holes for p- or n-type Si, respectively. Fig. 1 illustrates
the energy band diagrams of an illuminated solar cell with highly doped layers at the
two metal contacts (Metl, Met2). After carrier generation the silicon Fermi level is
split into two quasi Fermi-levels (electron and hole quasi Fermi-level) and each charge
carrier type has to be extracted at one of the contacts. The current extraction either
requires selective metal contacts or charge separating regions between the contacts.
State-of-the-art silicon solar cells use pn-junctions in order to separate the generated
charge carriers. Assuming a p-type Si bulk material, the n* doped layer in Fig. 1
represents an n-type emitter doping. The space charge region of the pn-junction creates
an energy barrier for the majority carriers of the bulk (h") and transfers the minority
charge carriers of the bulk (e") into the emitter region, where they become majority
carriers. The generated minority charge carriers diffuse in each region with a
characteristic diffusion length, which is a function of the local lifetime distribution in
the surrounding regions. The energy barriers of the doped layers at each contact
prevent the diffusion of majority carriers and minority carriers form the bulk to the
emitter and base contact, respectively. Thus, the recombination at the opposing metal
contact can be significantly reduced. However, minority charge carriers generated
within the doped regions or majority charge carriers overcoming the barrier (becoming
minority charge carriers) can still recombine at the opposing metal contact. The
transfer of electrons and holes in their respective metal contact is influenced by
different aspects (i.e. work function difference between the metal and Si) and is
discussed in more detail in section 2.3.
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Fig. 1
Energy band diagram of an illuminated solar cell with highly doped layers

In principle the majority of silicon solar cell concepts is based on illuminated pn-
junction diodes. Therefore, their electrical characteristic can be described by one- or
multi-diode models. In the dark the electrical characteristic can be described by a sum
of multiple diodes with different saturation current densities Jy;, ideality factors n;, the
Boltzmann constant kg, the temperature T, the series resistance Ry and a linear term
accounting for ohmic shunting currents over the parallel resistance R.

V — J(V)R, aW=J(V)Rs)
J0) = =%+ ) Jo (e T 1) (1)

The conventional form of Eq. ( 1 ) is a two diode equation, which accounts for
recombination currents within the emitter and bulk in the first diode with n; =1 and
recombination currents within the space charge region usually described by a diode
with ideality n, = 2.

If the solar cell is not dominantly limited by series resistance effects, is operated in low
level injection conditions and the photo-generation within the space charge region is
negligible small, the differential equations governing the operation of the cell satisfy
the principle of superposition [3, 4]. This allows the definition of the light JV curve as
a dark JV curve shifted by the short circuit current density Ji.. The short circuit current
density equals the current density due to light absorption within the solar cell reduced
by the recombination current at V = 0.

! The value 2 results from the assumption that the energy level of the recombination center is located in the
middle of the energy band gap in Si. In actual solar cells the energy levels of usual defect or impurity related
recombination centers differ from that assumption. Therefore, the second ideality factor can differ from the value
2 in dark 1V measurements of defect rich solar cells.
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q(V=J(V)Rs) q(V=J(V)Ry) V —J(V)R,
JW)=Jo1|e ksT —1)+]Jp2{e 2T -1 +—R —Js¢ (2)

p

Eq. ( 2 ) shows the 2-diode version of a light JV-characteristic of a pn-junction silicon
solar cell. The 2-diode approach describes the main aspects of most pn-junction silicon
solar cells and is the common model for solar cell characterization. Multi-diode
models are usually only applied for advanced loss analysis [5]. The plots in Fig. 2
show an exemplary a) dark and b) light JV curve of a pn-junction silicon solar cell.
The models in Eq. (1) and ( 2) allow to distinguish between the different components
of the JV curve. The curves in Fig. 2 demonstrate that the JV curves are dominated by
different parameters in each voltage regime. The linear term of the ohmic shunt R,
dominates for low voltages the dark JV curve. The same is true for the light JV curve;
however, also the series resistance Ry becomes relevant in this voltage regime. In the
mid-voltage regime the diode recombination according to an ideality of n, = 2 become
dominant in the dark JV as well as in the light JV curve. For higher voltages the dark
IV curve is dominated in the beginning by the first diode with an ideality of n, =1 and
later on by the series resistance Rs. The light JV curve is dominated for high voltages
by the first diode. The opposing impact regimes of the series resistance in the light and
dark JV curve can be explained by the fact that the impact of R, becomes more and
more relevant for increasing current densities. Therefore, Ry becomes relevant in the
dark JV for high voltages and in the light JV curve in the low-mid voltage regime.

The performance of a solar cell is evaluated by different parameters of the light JV
curve. The voltage point where the recombination currents completely compensate the
generated short circuit current density J. is called open circuit voltage Vo.. The light
JV plot in Fig. 2 b) shows that in most solar cells the first diode is the most dominating
limitation on V... The most efficient operating point for a solar cell is the maximum
power point (MPP) at Vy,, with a current density Jy,,. The ratio of the maximum
power output Py, of the solar cell and the incoming illumination power Pj, defines the
cell efficiency 7 shown in Eq. ( 3 ). Furthermore, Eq. ( 3 ) can be expressed using the
fill factor FF, which is defined by Eq. ( 4 ). The fill factor gives the ratio of the MPP
of the actual device and the theoretical maximum output power defined as the product
of Jsc and V.
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Fig. 2

lllustration of the different contributions to the dark 1V a) and light IV b) characteristic of a pn-junction
silicon solar cell assuming Jo; = 100 fA/lcm?, Jo, = 10 nA/cm?, R, = 3000 Qcm? (for the blue, magenta
and cyan line) or 10'° Qcm? (else) and R = 5 Qcm?.

The interaction of Jg, Vo and FF results in different solar cell efficiencies. In Fig. 3
different combinations are illustrated for value ranges of each parameter comparable to
state-of-the-art industrial and high efficiency lab-type one-sun silicon solar cells.
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2.1.2 AI-BSF solar cell design
Within this work different kind of solar cell designs will become relevant. One of the

most relevant solar cell designs in terms of industrial applicability and industrial
market share is the aluminum back surface field (Al-BSF) solar cell. Fig. 4 shows the
schematic design of screen printed Al-BSF silicon solar cells. The silicon substrate of
an industrial Al-BSF solar cell is a p-type mono crystalline Czochralski grown (Cz),
multi crystalline (mc) or casted quasi-mono silicon wafer with a thickness of 150-
250 um. The front side of the solar cells is textured with random pyramids fabricated
by an alkaline etching process for Cz-solar cells or random valley structures (iso-
texture) by an acidic etching process for mc-solar cells After texturing the pn-junction
is formed using a thermal POCI; diffusion in order to create an n-type doped layer
with pn-junction depths of about 200-350 nm and surface doping concentrations
Np > 10%° cm™. After pn-junction formation the front side is coated with a dielectric in
order to reduce the front side reflection and to electrically passivated the front side i.e.
to reduce minority charge carrier recombination at the surface. In state-of-the-art Al-
BSF solar cell designs this dielectric layer is usually a non-stoichiometric silicon
nitride (SiNy) fabricated in a plasma-enhanced chemical vapor deposition (PECVD)
process. After deposition of the front side SiN, layer the local front side metallization
and the full area rear side metallization is applied by screen printing. The front side
contact is realized by printing of silver paste and the rear side contact by printing of
aluminum paste. After screen printing the contact formation is finalized in a short high
temperature process (FFO) with peak temperatures between 750-950°C and process
times of several minutes. Within the FFO process the solvents of the screen printing
pastes are burned and the front side contact is etching through the SiNy layer in order
to realize a contact to the emitter. At the same time the rear side Al-paste forms an
alloy with the silicon resulting in a highly aluminum doped layer with a thickness of
about 5-15 pm and doping concentrations of about N, ~ 10*° cm™. This highly doped
p-type layer is called back surface field [6] and acts as barrier for the minority charge
carriers to the metalized surface, which reduces the recombination losses at the rear
side.

The simple design and low processing effort has made the Al-BSF solar cell design to
the dominating design in the silicon PV market at this moment. The constant effort in
process optimization has led to high cell efficiencies of up to 19.9% [7]. However,
different design aspects limit the maximum cell efficiency of the AI-BSF design.
Especially the full area metallization and the full area Al-BSF doping of the rear side
lead to enhanced recombination and optical losses.
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Fig. 4
Schematic Al-BSF solar cell design

2.1.3 PERC/PERL solar cell design
There are several high efficiency silicon solar cell designs, which enable higher

maximum cell efficiencies in comparison to the AI-BSF design such as passivated
emitter and rear cells (PERC) [8], passivated emitter and rear locally diffused (PERL)
cells [9], back contact back junction solar (BC BJ) cells [10, 11] or hetero emitter solar
cells. However, each of these concepts comes along with higher fabrication effort due
to local doping structures (PERL, BC BJ), local metallization structures (PERC,
PERL, BC BJ) or high requirements on pre-cleaning and deposition homogeneity
(hetero emitter). Therefore, a main topic in the applied PV research is the development
of industrially feasible local doping, structuring or metallization processes.

Within this work local structuring and doping processes will be developed for PERC
and PERL solar cell designs. The main difference of these two concepts compared to
the Al-BSF design is the replacement of the full area metallization on the rear side by a
locally structured and metalized passivation layer. Fig. 5 shows an example of a PERL
solar cell with rear side passivation layer and line shaped local back surface field
structures. The PERC solar cell design has basically the same features as the PERL
design but no local back surface field (LBSF) doping underneath the rear side contacts.
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Fig. 5
Schematic of a PERL solar cell design with LBSF line contact design on the rear side. The PERC solar
cell design has the same structure only the doping underneath the rear side contacts is missing.

2.2 Electrical characterization of silicon solar cells
The most common electrical characterization technique for silicon solar cells is the

measurement of the current density-voltage (JV) characteristic under illumination
(light JV) and in the dark (dark JV). The physical interpretation of both measurements
Is discussed in section 2.1.1. However, both techniques are strongly affected by series
resistance effects, which lead to significant differences of the I\ curves in early
processing stages (without metal contacts) and the final solar cell. Therefore, the
application of both methods is usually applied on the finished solar cell.

2.2.1 SunsVq
The SunsV,. method developed by Sinton et al. [12] is widely used to perform

electrical characterizations of solar cells even in early processing stages. The method
aims to recreate series resistance free dark JV curve, which equals in first
approximation the Jy-V,. curve for varying illumination intensities ¥. The main
assumption of SunsV,. measurements is a linear dependency of the short circuit
current density Js. on the illumination intensity. This allows the recreation of the Jg-
Voc curve by only measuring the V,. of the solar cell and the simultaneous
measurement of the illumination intensity ¥ by a calibrated reference solar cell. The
measured illumination intensity can be multiplied by an estimation of the later Js. at
one sun of the solar cell resulting in a Js.-Vo curve. The influence of the error of the
estimated Js. on the resulting Js -V, curve is small and only leads to a shift in the
currents of the pseudo Js.-Vq curve but leads to no variation in the shape. If the Js
measurement is not limited by high series resistances, the Js.-V,. curve equals a series
resistance free dark JV curve. Therefore, the measured pseudo Js-V,c curve is also a
series resistance free pseudo dark JV curve of the measured solar cell.
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Fig. 6

Comparison of measured dark/light JV curves with the measured pseudo dark/light JV curve by
SunsV,.. The current density scale of the pseudo dark JV curve is equivalent to an illumination
intensity scale multiplied by the solar cells Js. = 38.0 mA/cm2. Both measurements were performed in
a Xenon flasher class AAA (25°C, measurement time 25 ms).

The main advantage of the SunsV,. method is the fact that there is no direct current
measurement at all, which means that there is in first approximation no net current
flowing out of the cell. The only current extraction is the negligible measurement
current of the voltmeter determined by its internal resistance. Thus, series resistance
effects such as contact resistances® [12] or the series resistance of the metallization do
not significantly affect the measured SunsV, curve.

In conclusion the SunsV,. method measures a series resistance free dark JV curve
(pseudo dark JV), which can be shifted by an estimated Js. to a series resistance free
light JV curve (pseudo light JV). The SunsV,. light JV curve allows the determination
of the series resistance free fill factor of the solar cells called pseudo-fill factor (pFF).
The pFF is only influenced by recombination and shunting effects and is a useful
parameter in order to evaluate the non-series resistance related limitations of a solar
cells fill factor. In the following chapters it will be used in order to evaluate
recombination related losses in the fabricated solar cells.

% The contact resistance only becomes significant if it is either larger than the internal resistance of the voltmeter
or if it is not an ohmic but a Schottky diode contact (see section 2.3.2).
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Fig. 6 illustrates the differences of the dark/light JV characteristics (blue data in Fig. 6)
compared to the pseudo dark/light JV characteristics (orange data in Fig. 6) measured
by the SunsV,. method. The difference of the FF and pFF can be attributed to series
resistance losses, which are also visible in the shallower slope of the dark JV curve
(blue data in left plot in Fig. 6) for high currents (see influence of Ry on dark and light
JV characteristics in Fig. 2). The difference in the lower voltage or current density
(illumination intensity) regime can be attributed to junction capacitance effects [13],
which will be discussed in the next section. The J,. estimation for the SunsV,.
measurements in Fig. 6 equals the measured Jg..

2.2.2 SunsV,. measurement artifacts
SunsV,. measurements can be used to detect and characterize processing faults such as

Schottky contacts during solar cell fabrication. However, the SunsV,. method features
for specific sample designs measurement artifacts, which lead to an error in the
measured pseudo dark/light curves. These artifacts lead to an over- or underestimation
in the determined pFF and V. Different physical reasons of measurement artifacts of
SunsV,. measurements are known from the literature. Examples are junction
capacitances [13], high contact resistances [14, 15], shading effects of the contacting
probe and/or high sheet resistances of the sample [16] and illumination
inhomogeneities, spectral mismatches and height differences [17] or combinations of
all of them. Table | summarizes different artifact features and shows exemplary data
from the literature.

The presence of a junction capacitance is visible in Table I a) in the lower illumination
intensity region and leads to an underestimation of the SunsV,. curve compared to the
dark IV curve. In the higher voltage (carrier density) region this effect becomes
negligible and the SunsV,. curve converges to the dark IV curve taking into account
the series resistance related difference. The physical reason is explained in more detail
in [13].

Contact resistance induced features in SunsV,. measurements (see Table | b) have to
be divided in two categories. The first one is correlated to Schottky contact induced
Vo losses that will be discussed in section 2.3.2 or in Bivour et al. [18]. These losses
lead to a difference of the dark IV and pseudo dark IV curve. However, this effect
cannot be designated as measurement artifact because this V. loss effect is also visible
in the light IV curve. Therefore, the SunsV,. method measures the real V. potential in
the illuminated state but disagrees with the dark IV curve. In contrast to this the other
category of contact resistance induced features in SunsV,. measurements is correlated
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to large ohmic contact resistances and leads for increasing contact resistances to a
slightly shift of the SunsV,. curve to higher voltages and similar to the Schottky
feature to an inflection point in the SunsV, curve at high illumination intensities. This
leads to an artificial overestimation of the measured pFF.

Harder et al. [16] analyzed the influence of shading effects of the probing tip and high
emitter sheet resistances of the solar cell on SunsV,. measurements (see Table I c).
They discovered that in both cases the SunsV,. measurements are shifted for high
illumination intensities to lower voltages, which leads not only to lower V, values but
also to an overestimation of the pFF. However, the simulations of Harder et al. also
showed that the effect of probe contact shading only becomes relevant in the presence
of high sheet resistances in the MQ/sq. regime as in the case of some thin film solar
cell applications. In conclusion they stated that for conventional c-Si solar cell designs
with emitter sheet resistances below 200 Q/sg. and voltage probe diameters below
1 mm, the V, deviation will be below 5 mV.

Roth et al. [17] discovered that setup related problems can lead to small differences in
the one digit area between of the V,. measured by SunsV,. and calibrated light IV
measurements (see Table | d-f). Examples are spatial illumination inhomogeneities
within the measurement area, a spectral mismatch of the SunsV, flash spectrum and
the AM1.5G spectrum and height differences of the reference solar cell and the solar
cell sample.
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Table I: Summary of measurement artifacts of the SunsV,. method. The shown data are
taken form the given references. The simulation cases (i)-(iii) in c) are described in more
detail in [16] and represent the case of increasing sheet resistances (Rshemi = 1.2-
750 MQ/sq., shading radius 50 um) or increasing shading radius (10-250 um, Rghemi =
30 MQ/sq.), which leads in both cases to the same plot.
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2.3 Schottky contacts

2.3.1 Schottky theory
The formation of a metal-semiconductor interface leads to modifications of the energy

bands within the semiconductor. The energy band deformation is a result of a work
function difference between the metal and the semiconductor. The work function
defines the energy difference of the Fermi level Er and the vacuum energy level E,,..
The work function mismatch at the metal-semiconductor interface leads to the
formation of an energy barrier schematically shown in Fig. 7.

Depletion
p-type: drm < ¢t si
n-type: d¢rm > Ot si

Accumulation
p-type: drm > disi
n-type: ¢rm < Psi

Fig. 7
Energy band diagrams of a metal-semiconductor contact (p-type Si) before and after equilibrium for
two types of work function differences.

The characteristic of the band bending at the interface strongly depends on the work
functions of the metal ¢, and the semiconductor ¢g;. In equilibrium the Fermi level
Eg in both materials is the same and the conduction and valence band E¢ and E, show
a bending, which is determined by the work function difference or so called built-in
voltage qVpi = drm-drsi. This system can also be described by the barrier height ¢,
shown in Eq. (5). ¢ is defined as the difference of the metal work function and the
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electron affinity x of the semiconductor and depends on the doping type of the
semiconductor. The sum of ¢, and ¢s, gives the band gap energy Eq (see Eq. (6)).

n-type Si: ben=brm—X
p-type Si: (PB,p = Eg - (¢f,m - )()

Eg = ¢B,p + ¢B,n (6)

(5)

The band bending leads either to an accumulation or depletion at the contact interface
illustrated in Fig. 7. In the case of accumulation the contact shows ohmic behavior and
for the case of depletion rectifying so called Schottky diode behavior. The current flow
is hindered by the Schottky barrier and can only be realized by thermionic emission,
thermionic field emission or field emission tunneling. The probability of each
mechanism strongly depends on the barrier height and width, which can also be
influenced by additional doping at the contacts. Fig. 8 shows the three current
transport mechanisms at the interface of Schottky contacts.

For undoped contacts as in the case of rear side contacts of some PERC solar cell
designs, the transport is limited to thermionic emission. If that is the case the Schottky
contact can be described by a Schottky diode equation with an ideality ng shown in Eqg.
(7)[19, 20]. The ideality of most Schottky diodes is ng = 1.

_av_
JV) = Jous (enskBT - 1) (7)

Fig. 8
Current transport mechanisms at a metal semiconductor (p-type) interface.
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The saturation current density Jo; s of the Schottky diode is given by Eq. ( 8 ) [19]. A%
is the Richardson constant (p-type Si: (32 + 2) Acm?K? [21], n-type Si: (112 +
6) Acm?Kz2 [21]).

qa%B

Jovs = ALT?e ksT (8)

The barrier height depends on the silicon dopant species and the applied metal. Table
Il shows measured barrier heights from the literature for different contact types on n-
and p-type Si.

Table II: Barrier heights on n-type (¢s.), p-type Si (#,p) and work functions ¢ of various
metals [19, 22-24] measured at 300 K.

Element an Pap &
(eV) (eV) (eV)
Ag 0.78 0.54 4.26-4.74
Al 0.45-0.72 0.4-0.75 4.06 - 4.26
Au 0.8 0.34 5.1-5.47
Cu 0.58 0.46 453-5.1
Ni 0.61 - 0.66 0.51 5.04 -5.35
NiSi 0.65-0.78 - 4.82
Ni,Si 0.66 - 0.75 - 4.94 - 4,96
NiSi, 0.63-0.79 - 5.03
Pd 0.81 - 5.22-56
Pt 0.9 - 5.12-5.93
Si - - 4.05 + AER
Ti 0.5 0.61 4.33
W 0.67 0.45 4.32-5.22

The barrier height depends not only on the work function difference between metal
and semiconductor but also on the surface condition at the interface. Therefore, the
measured values in Table Il show a wide spreading. The data of Card [25] in Fig. 9
show exemplarily for the case of Al that oxide layers at the interface of Al-Schottky
contacts on p- and n-type Si have a significant impact on the measured barrier heights.
These thin oxide layers can be formed due to native oxide growth and before the
metallization or even after metallization. Furthermore, Card [25] showed that thermal
treatments significantly change the measured barrier heights.
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Fig. 9
Barrier height dependence of Al on p- and n-type Si on the oxide thickness at the interface (data from

[25])

As shown in Fig. 8 the current transport at the Schottky contact is dominated by three
transport mechanisms: thermionic emission, thermionic field emission and field
emission. The probability of each mechanism is a function of the surface doping
concentration at the metal-semiconductor interface and the Schottky barrier height.
Therefore, the contact resistance is limited by the resistance of the dominating
transport mechanism. Models for the contact resistivity for each mechanism are
published in [19, 26, 27]:
Thermionic emission (TE):

Q(¢B_A¢(Nx))
Zfr R (9)
qAy

pere(Ny, ¢p) =
Thermionic field emission (TFE):

2/Kseomi(pp—Ad(Ny))

k EOO(NX)
perre(Ny, ¢p) = qA—chl(Nx, b Ye TNk coth=TE (10)
X
Field emission (FE):
k 2y ngom'*r((bB_Aq)(Nx))
B
pc,FE(Nx' (o) ) = qA_*TCZ(Nx’ ¢p e qhy/Nx (11)
X
Parameters:
3
q°Nyx(Vg; — kgT/q)
APp(N,) = 12
(I)( x) 87‘[2K583 ( )
kgT cosh (M) \/ coth (—E"O(Nx )) qAEF'x(IZx) Ny qAEI?éxT(Nx)
(N, g ) = ksl kpT ) Eoo(ivo) cotn(*5, ) (13)
7 (95 + BB (V) By ()
gh N.
Eoo(Ny) = —- - (14)

2 m;KS{:‘O
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_4,¢
. 2y e |
C,(N,, = — e 2Eo(Ny) 15
2l 90 mk Tln(—_4¢3 ) k Tln(—_4¢3 ) e
sin B AEF,x(Nx) B AEF,x(Nx)
2E oo (Nyx)

Egs. (9) - ( 15) fully describe the contact resistivity for each transport mechanism.
The contact resistivity models depend on the dielectric constant of Si Kg=11.9 [24],

the vacuum permittivity ¢, =~ 8.8542 - 10712 2% the effective mass of the tunneling

vm'
electron my = 0.3 m, [28] with the electron elementary mass m,, the reduced Planck
constant 7 and the difference AE,, or AEg,, of the majority energy band E¢ or Ey and

the Fermi energy level Ef:

AEF,n(ND) = EC,n(ND) - EF,n(ND) ( 16 )
AEp ,(Na) = Epp(Np) — Ey p(Ng) (17)

Fig. 11 shows the modeled effective contact resistivity and measured values by
Schroder [29] for varying surface doping concentrations on p-type Si. It can be seen
that for low doping densities the experimental contact resistivities are significantly
lower than the modeled values for aluminum (¢z = 0.4 — 0.75 eV) on p-type Si. The
reason for this is assumed to be caused by an alloying of the Al and the Si, which
increases the effective interface doping density for lowly doped or undoped surfaces.

0.4
0.2+ 1
S
L 0.0
Luu.
" o2t e :
Cn F.n

'fo” 10® 10® 10 10® 10° 10° 10%
N (cm™)

Fig. 10

Difference AEr, and AEp, of the majority energy band Ec or Ey and the Fermi energy level Er at

300 K, calculated with the PV Lighthouse [30] band gap calculator taking into account band gap
narrowing by Schenk [31] and assuming Fermi-Dirac statistics and complete dopant ionization.
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Fig. 11
Modeled and measured [29] contact resistivities for aluminum on p-type Si.

The appearance of Schottky barriers at the front or rear side contact of solar cells has a
detrimental influence on the solar cell performance. Depending on the location of the
Schottky contact and the orientation of the Schottky diode, the open circuit voltage can
be decreased and the series resistance can be increased leading to a decrease in solar
cell efficiency. The following will analyze the impact of Schottky contacts on the
electrical characteristics of silicon solar cell.

2.3.2 Electrical characteristics of Schottky contacts in solar cells
Locally contacted solar cell designs such as PERC or PERL solar cells sometimes

suffer under the detrimental consequences of rear side Schottky contacts. Especially
for low base resistivities the work function mismatch can lead to increased barrier
heights, which create a Schottky diode in reverse to the pn-junction diode on the front
side. Fig. 12 shows a schematic of the equivalent circuit of this system.

The system in Fig. 12 is divided in two parts which describe the recombination and
generation currents in in the pn-junction solar cell (Jo1, Jo2, Jauger) @and the Schottky
diode (Js, Rps). The Schottky diode can be described by Eq. ( 7 ) and creates a
recombination current source in series to the pn-junction diode system. Furthermore,
the Schottky diode has a shunt resistance in parallel, which correlates to the rear
contact resistance.
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u»l_

Auger

Rp,S Js

Fig. 12
Equivalent circuit of a solar cell with front or rear side Schottky contact.

Electrical characteristic of Schottky contacts in SunsV,. measurements

The electrical characteristic of a pn-Schottky diode system can be experimentally
characterized by SunsV,. measurements [32]. SunsV,. measurements (See section
2.2.1) are an easy and common way to measure the open circuit voltage and a series
resistance free pseudo-light-1V curve of the cell. In open circuit conditions the
generated current I ., = Wiy, is compensated by the recombination currents at the
Schottky diode I and the pn-junction diode I,. (see Eq. ( 18 )). As shown in Fig. 12
the pn-Schottky diode system can be described by two recombination current sources,
which are connected in series. Therefore, the voltages in the subsystems are defined by
Eq. (19).

Vi, = IS(VS) + Ipn(V%m) ( 18)
Voc,ext = Vpn - Vs (19)

The external voltage Ve Of the system is the difference of the subsystem voltages®.
The whole system equals a modified Ebers-Moll equivalent circuit as described by
Sproul et al. [33], where the ratio of the two recombination currents Is and Iy, is
expressed by the factors ag + a,, = 1. Each recombination current can be expressed
in Egs. (21 ) and ( 20 ) using as and a,,, which are influenced by the generation
profile, the diffusion lengths in the solar cell and the solar cell geometry. In the
following the factors are set to a; = 0.5 and a,,,, = 0.5, which represents the case of a
homogenous generation profile in the sample and equally distributed recombination

® Please note that the different algebraic signs of V, and Vp, are a consequence of the different diode orientations
in Fig. 12.
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currents at the pn-junction and Schottky diode. This case is representative for the
effect of Schottky diodes in SunsV,. measurements. If ag < 0.5 the effects shown in
the following are weakened and the systems acts more and more like a conventional
pn-junction diode and vice versa for ag > 0.5.

Ipn(%n) = Apn LI,Isc ( 20 )

IS(VS) = ag W ( 21 )

The recombination current in each subsystem can be described by its equivalent circuit
models shown in Eq. (22 ) and ( 23).

Wpn WVon L[ 3 Vo
Ipn(%n) =Aceu(Jor| € kT — 1)+ oo |€2kT — 1|+ qWC(Cyni(T)° (e 2kT —1 +R (22)

p,pn
qPp qVs A V.
IS(VS) = AS A*Tze_ kT (enskT _ 1) + M

23
R, (23)

The pn-junction current |,, is described by an enhanced two diode model including the
saturation current densities Jo; and Jg,, the elementary charge g, the Boltzmann
constant k, the temperature T, the active cell area A, the wafer thickness W, a
parallel resistance R,,, the temperature dependent ambipolar Auger coefficient

1.1-10728
CA (T) =

T—-193

+ 2.1-10733T [34] and the temperature dependent intrinsic carrier

density n;(T) = 1.64 - 1013T1-7°6e‘% in cm™ [33] with the band gap energy Eg in
eV. In Eq. ( 22 ) the conventional 2 diode model is enhanced with an additional Auger
recombination part, which becomes important for high injection scenarios which are
relevant for SunsV,. measurements. The current in the Schottky subsystem is
described in Eqg. ( 23 ) by the Schottky diode equation shown in Eq. ( 7 ). Schottky
contacts in solar cells are usually a result of process inhomogeneities or processing
faults. Therefore, they wusually appear not as homogenous contact but as
inhomogeneous distribution of Schottky and ohmic contacted regions. This is taken
into account in Eq. ( 23 ) by an additional parallel resistance R, s, which reduces the
recombination current at the Schottky diode. Egs. (19 ) - ( 23) can be used to model a
SunsV,. measurement of a solar cell with a rear side Schottky contact. The solutions
Voo and Vs of Egs. (19 ) - (23 ) are the voltages of each subsystem and their difference
gives the externally measurable open circuit voltage for each illumination intensity.
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Table Ill: Simulation parameters for the Schottky contact simulations.

Parameter Unit
Jo1 50-10™ Alcm?
Joz 5-10° Alcm?
s 0.5 eV

Ns 1

Acell 4 cm2
As 0.2 cm2
lse 0.156 A

T 298.15 K

W 0.02 cm
Rp.on 10° Qcm?
Rps 2 Qcm?
Os 0.5

Qpn 0.5

Using numerical solvers Egs. ( 19 ) - ( 23 ) were solved in this work for a typical
intensity illumination range of a SunsV,. measurement: ¥ = 0.01 — 1000 suns. In
order to examine the relevant influence parameters on the V,, and Vs results, a
representative set of solar cell parameters of a high efficiency solar cell is defined and
shown in Table I1l. The parameter list includes a rear side Schottky diode defined by
#8, Rps and As. The parameter set is similar to the high efficiency PERL and PERC
solar cell design used in chapter 3.

Fig. 13 shows the simulated voltages at the pn-diode, the rear side Schottky diode and
the simulated external voltage of a SunsV,, measurement. As shown in Eq ( 19 ) the
external voltage is defined as difference of the pn- and Schottky-diode voltage. The
simulated curve in Fig. 13 illustrates that for low illumination intensities the measured
external voltage Ve, during the SunsV,. measurement is completely dominated by the
pn-junction diode and only for high illumination intensities the impact of the rear side
Schottky diode becomes relevant.

The numerical solutions of Egs. ( 19 ) - ( 23 ) can also be used to identify the
characteristic influence of the different Schottky diode parameters on the SunsV,.
curve. Fig. 14 illustrates the impact of different barrier heights (top left plot), Schottky
shunt resistances (top right plot), Schottky ideality factors (center left plot),
Recombination current ratio factor o5 (center right plot) and the pn-junction saturation
current densities (bottom left and right plot) on the SunsV, curve.
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Fig. 13

Simulated SunsV,. measurement of the external voltage (Veyx, blue line ) of a pn-junction solar cell
(Vpn, orange line) with additional rear side Schottky contact (Vs, green line) by numerical solution of
Egs. (19) - (23) using the simulation parameters in Table IIl.

An increase of the barrier height (top left plot) results in a shift of the SunsV, curve in
the high illumination range to lower voltages. This shift equals the voltage difference
of the according barrier heights.

The variation of the Schottky shunt resistance (top right plot) demonstrates that the
parallel resistance to the Schottky diode determines the lowest illumination intensity
level at which the bending of the SunsV curve starts.

In general the ideality factor of the Schottky diode is assumed to be unity. However,
several publications [35-38] show that interfacial insulating layers, doped layers, rough
or damaged semiconductor surface, silicide formation or an image force effect at the
barrier can cause non-idealities, which usually slightly increase the ideality factor
Schottky diodes in reality. The variation of the ideality factor of the Schottky diode in
Fig. 14 (center left plot) determines the slope of the SunsV,. curve in the high

illumination range. As shown by Glunz et al. [32] the external voltage is proportional

2

to: lim1p—>oo Vext N(nAuger - ns), with Nauger = 3
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Simulated SunsV,. curves of a solar cell with rear side Schottky contact obtained by numerical
solution of Egs. ( 19) - ( 23 ) using the simulation parameters given in Table Il and varying Schottky
barrier height ¢s, parallel resistance to the Schottky diode R,s, the area of the Schottky diode Ag,
saturation current density Jo; and Jy, of the pn-junction and the ideality factor ng of the Schottky diode.
Please note that for a5 = 1in the center right plot the voltages of the cyan curve are multiplied by -1 for
better comparability. The cyan curve is completely dominated by the Schottky diode, which would lead
to negative external voltages.

The recombination current ratio factor (center right plot) displays the dominant
recombination region in the solar cell. If the generated minority charge carriers
recombine dominantly at the Schottky diode (0.5 < as <1) the SunsV,. curve is less
and less dominated by the pn-junction diode behavior. The low recombination current
at the pn-junction leads to a low pn-junction voltage, which shifts the SunsV,. curve to
lower voltages for increasing «.. Furthermore, the negative slope of the Schottky diode
behavior leads to lower inflection voltages of the SunsV. curve for increasing o.
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The pn-diode parameters Jo; and Jo, also influence the SunsV,. curve (bottom left and
right plot). The increase of Jg, results in a shift of the curve in the low illumination
intensities to lower voltages. Furthermore, the increase of Jo; causes a shift of the
curve in the whole illumination intensity range to lower voltages.

Fig. 13 and Fig. 14 demonstrate that a rear side Schottky contact limits the open circuit
voltage of a solar cell. Depending on the barrier height and the availability of
alternative current paths by a parallel resistance R,s, the impact of the Schottky
contact on the open circuit voltage can be already visible at one sun and therefore, be
visible in a light IVV-curve and the cell efficiency.

For solar cells with ohmic contacts the SunsV,. measurement of the illumination
intensity — open circuit voltage curve equals the series resistance free dark I\V-curve of
the solar cell and is usually called pseudo dark-1V curve. The difference of the short
circuit current density and the pseudo dark-1V allows the determination of a series
resistance free pseudo light-1V. In the presence of a rear side Schottky contact the
determination of a pseudo dark 1V by SunsV,. is not valid anymore. The Schottky
induced bending of the SunsV,. curve is not present in a dark IV-measurement of a
Schottky limited solar cell and can lead even to pseudo fill factors above unity for the
pseudo light 1V curve.

Electrical characteristic of Schottky contacts in dark IV measurements

The impact of a rear side Schottky contact on the dark IV curve is not as significant as
for SunsV,. or light IV measurements. The dark IV measurement represents the
resulting recombination current in forward bias of the pn-junction diode. According to
Eqg. ( 18 ) and ( 19 ) this leads to the same current at the pn-diode and the Schottky
diode. However, the opposite direction of the pn- and Schottky-diode leads to an
opposite algebraic sign of I,, and Is. Including a parallel resistance to the rear side
Schottky contact the dark IV measurement is defined by Eq. (24 ).

%
Ipn(Vext + VS) + IS(VS) + Aceur R_S =0 ( 24 )
p,S

For a sweep of the applied external voltage Eq. ( 24 ) can be solved numerically using
the definitions of 1,, and Is in Eq. (22 ) and ( 23 ). The solution gives a simulated dark
IV curve® of a solar cell with a rear side Schottky contact.

* The series resistance R of the pn-junction diode is not taken into account in this simulation.
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Simulated dark IV measurement and the according device voltages at the pn- and Schottky diode as
function of the external voltage of a solar cell with rear side Schottky contact by numerical solution of
Eqg. (24 ) using the simulation parameters in Table IlI.

Using the simulation parameters shown in Table 111 the numerical solutions of Eq. ( 24
) gives an understanding why the Schottky contact is not dominating the dark 1V
curve. The simulated currents in Fig. 15 a) illustrate that for the assumed value of the
parallel resistance R, s, the current path along the parallel resistance is the dominant
one on the rear side for the whole external voltage range. Therefore, the dark 1V
measurement significantly differs from the pseudo dark IV from the SunsV.
measurement. Fig. 15 b) shows the according voltages at the front and rear side for the
applied external voltage range.

Although the impact of the Schottky diode on the dark IV curve is not as dominant as
in the SunsV,. curve, there is an influence in the higher voltage range. Fig. 16
illustrates the influence of different barrier heights (top left plot), Schottky shunt
resistances (top right plot), Schottky ideality factors (center left plot), Schottky contact
areas (center right plot) and both saturation current densities (bottom left and right
plot) on the dark IV curve. Despite the known behavior of Jy; and Jo, in the low and
mid-voltage regime of the dark IV curve (bottom left and right plot), there is an impact
of the Schottky barrier height ¢ (top left plot) and the Schottky shunt resistance R s
(top right plot) in the higher voltage regime. For high barrier heights or high parallel
resistances the Schottky diode influences the dark 1V curve similar to the impact of
high series resistances on the solar cell dark 1V characteristic. The Schottky ideality
factor (center left plot) and the Schottky area (center right plot) have no significant
influence on the dark IV curve.
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Simulated dark IV measurement of a solar cell with rear side Schottky contact by numerical solution of
Eq. ( 24 ) using the simulation parameters in Table Il and varying Schottky barrier height ¢, parallel
resistance to the Schottky diode R, s, the area of the Schottky diode As, saturation current density Jo;
and Jo, of the pn-junction and the ideality factor ng of the Schottky diode.

In conclusion the simulation results in Fig. 14 and Fig. 16 show that a rear side
Schottky contact leads to a characteristic inflection in the SunsV,, measurement of the
pseudo dark IV curve but has only a small impact on the dark IV measurement. In the
dark IV case Schottky contacts induce to decreased slopes in the higher voltage regime
similar to the impact of high series resistances.

Further discussion on the influence of Schottky contacts on the electrical performance
of silicon solar cells are shown in chapter 3. The experimental data in section 3.5 will
demonstrate even though the Schottky contacts are not directly visible in the dark IV
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curve, the Schottky induced losses can dominate the characteristic of the light IV curve
and limit the solar cells FF and V..

2.4 Process technologies for industrially feasible silicon solar cell
designs
Advanced solar cell designs such as PERL (see section 2.1.3) usually feature local

doping and passivation structures in combination with narrow metal contact structures.
The conventional processing schemes in a lab-type environment are based on
photolithographic (PL) mask and etch processes and PL structured evaporation of
suited metals such as Al, Ti, Pd and/or Ag. These processes are with state-of-the-art
technology not transferable to mass production due to low throughput and high
processing costs, though. Therefore, alternative processing routes have to be found in
order to realize similar cell designs with industrially feasible processing technologies.
The following sections will give an overview of state-of-the-art processes for
industrially feasible high efficiency silicon solar cell designs. The focus of the
discussed processes is on laser based process technologies, which allow a
simultaneously processing of local doping structures and local contact openings of the
passivation layer.

2.4.1 Industrially feasible selective emitter technologies
There are a variety of processing technologies to create industrially feasible n-type

selective emitter (SE) structures for silicon solar cells, which have their specific pros
and cons depending on the aimed cell design and their interaction with other process
technologies within the processing chain. Therefore, a substantiated evaluation of
suitable SE technologies is only possible within the complete processing chain. Hahn
[39] gives an overview of state-of-the-art SE processes including silicon ink printing
[40], ion implantation [41], etch-back technology [42], oxide mask diffusion [43], PSG
laser doping [44-46], laser doped selective emitter (LDSE, see section 2.4.3) [47-50]
and laser chemical processing (LCP, see section 2.4.4). The non-laser based
technologies in this list and PSG laser doping are located in the process chain at some
point before the passivation layer formation. Therefore, the processes only create a
highly doped region in the later metalized regions or -as in the case of the etch-back
process- decreases the doping concentration in the later non-metalized regions. The
application of these processes requires an alignment procedure [51] for the following
metallization process and is mostly combined with screen printed contacts.

LDSE and LCP offer the possibility to combine a local highly doped region with a
self-aligned passivation layer opening. The local passivation opening allows the
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application of self-aligned plating of the metal contacts. The introduction of plated
metal contacts can give an additional benefit in terms of cell efficiency and processing
costs due to a lower sensitivity of the contact resistivity on the surface doping
concentration, narrow contact widths and the replacement of Ag as contact material
with low cost alternatives such as a stack of plated Ni-Cu.

2.4.2 Industrially feasible local back surface field technologies
Many of the SE processes presented in section 2.4.1 could in principle be used for the

formation of n- or p-type local back surface field structures (LBSF). Generally,
processes such as ion implantation or laser doping from a spin-on dopant could be
easily adapted for the formation of LBSF structures. However, for p-type LBSF
doping structures two laser based local Al doping processes have become the most
popular technology for industrial applications. The first technology is the laser fired
contact process (LFC, see section 2.4.3) developed by Schneiderlochner et al. [52] by
using an evaporated or screen printed Al layer on top of the rear side passivation as
laser doping source and as rear metal contact. The alternative process developed by
Agostinelli et al. [53] uses laser structuring to create local rear side passivation layer
openings and a subsequently Al screen printing and Al-Si alloying process in a
conveyor belt furnace (firing) in order to create local p-type doped rear contact
regions.

The main developments of industrially feasible n-type LBSF structures are also mostly
based on laser doping processes. The main difference of the developed laser doping
processes is the used doping source. The PasDop process developed by Suwito et al.
[54] uses the rear side passivation layer as phosphorus doping source by applying a
PECVD deposition of phosphorus rich Si;xCy, SiN Oy or SiN, [55] layers and
subsequently perform a laser process in order to get locally doped contact openings.
Other processes use liquid doping sources such as phosphoric acid applied by either
spin/spray-on processes [56] or by using LCP [57].

2.4.3 Local doping and passivation structuring

Wet film laser doping (WFLD)
The term wet film laser doping (WFLD) will be used in this work for the description
of different laser doping processes, which have in common that they use a
galvanometric scanner system in order to guide the laser spot over the sample and that
they use a wet film on top of the sample as doping source. The most popular WFLD
process is an n-type laser doping process called laser doped selective emitter (LDSE)
developed by the University of New South Wales in Sydney. The laser doped selective
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emitter (LDSE) process [2, 58] is a method to locally structure a passivation layer and
simultaneously create a highly n-type doping profile within the opening. The LDSE
process uses a liquid dopant source, which is applied on top of the passivation layer,
using spin-on or spray-on techniques. After an optional baking step of the liquid the
passivation layer is locally patterned by a focused laser spot guided over the sample by
using a galvanometric scanner system. LDSE is mostly used in combination with a
plated metallization scheme, such as Ni-Ag or Ni-Cu plating, which enables a self-
alignment due to the locally passivation layer pattern. Fig. 17 shows a schematic of the
LDSE process in order to form a local highly doped region for a selective emitter
design. Recent publications showed very high cell efficiencies with LDSE and plated
front side contacts for AI-BSF solar cells [48, 49] and PERL solar cells [50] with cell
efficiencies of up to 19.8% and 20.3%, respectively.

The application of different liquid layers for WFLD allows either n-type or p-type
doping structures by using phosphoric acid or commercially available boron spin-on
dopants, respectively. The application of highly focused laser beams allows the
formation of narrow structuring widths down to 5-10 um, which is perfectly suited in
combination with fine line metallization processes such as metal plating. The WFLD
process used in section 6.5 in this work was developed by Christian Geisler using a
continuous wave laser system with a wavelength of 532 nm and a spun-on 30% Hs;PO,
layer as phosphorus doping source.

Fig. 17
Schematic of the LDSE passivation layer patterning and local n-type doping process (from [59]).
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Local Aluminum doping structures

The full area back surface field doping of conventional p-type BSF-solar cell designs
is based on alloyed p-type doping profiles using screen printed Al-pastes. However,
advanced solar cell designs such as PERL solar cells require locally doped contact
structures. One approach to form locally p-type doped structures is the use of Al metal
layers as doping source and local structuring processes of passivation layers as local
contact pattern. Within the last decade two laser based approaches proved to be
suitable to create industrially feasible Al-local back surface fields. The first approach
is the laser fried contact process (LFC) proposed by Schneiderléchner et al. [52] and
further developed by Jan Nekarda [60] by laser process optimization and the
introduction of alternative Al doping sources such as screen printed Al and Al-foils.
The process scheme is presented in Fig. 18. The starting point is a wafer with a fully
passivated rear side and an Al layer on top of the passivation. At this point the rear
side metal layer is not in direct contact with the silicon. The contact formation is
realized by using a pulsed laser system in order to locally structure the passivation
layer and simultaneously create a local p-type doping within the contact structure
using the Al layer as doping source.

An alternative approach for the fabrication of Al-LBSF structures was suggested by
Agostinelli et al. [53] under the name i-PERC. The i-PERC process sequence starts
with a local structuring process such as local laser ablation for local contact opening
formation of the rear side passivation layer. After the rear side contact opening
formation the rear side metallization is performed by full area Al screen printing and a
subsequent contact firing process in a conveyor belt furnace. The passivation layer
pattern acts during the firing process as diffusion or alloying barrier resulting in Al-
alloyed LBSF structures within the laser ablated areas.

Within this work an optimized LFC process by Jan Nekarda [60] and colleagues was
used in chapter 3 in order to form p-type LBSF structures for PERL solar cell designs.
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Fig. 18
Process scheme of Al-LBSF formation using the laser fired contact (LFC) process. The image is based
on a graphic from [61].

2.4.4 Laser chemical processing (LCP)
Laser chemical processing (LCP) is based on the idea of combining a laser structuring

process with a liquid jet in order to enhance the laser structuring process by chemical
reactions or simultaneously induce physical transport phenomena by the liquid jet such
as removal of the laser induced melt or diffusion of liquid jet constituents into the laser
induced melt. LCP is a further development of the LaserMicroJet (LMJ) technology of
the company Synova, which uses a laser spot coupled into a laminar water jet. LMJ
was developed by Richerzhagen [62] and is mainly used to microstructure different
materials without the drawback of a limitation of the process working distance due to
the constant focus length of conventional laser systems. In the LMJ system the laser
spot coupled into the liquid jet is guided onto the sample by total internal reflection at
the liquid jet-atmosphere interfaces. Therefore, the maximum spatial distribution of the
laser spot is limited by the diameter of the liquid jet, which allows a focused laser
processing independently of the working distance to the sample. The working distance
has not to be modified during processing in order to assure a focused laser spot as long
as the laminar flow of the liquid jet can be assured. However, the liquid jet itself acts
as multi-mode waveguide, which induces a distance dependent inhomogeneous spatial
laser intensity profile within the liquid jet [63, 64].

Willeke et al. [65] and Kray et al. [66] further developed the LMJ system by replacing
the water jet with a liquid jet using various chemicals in order to induce further
chemical reactions or locally diffuse the chemical components into the laser structured
area. The further development of the LMJ process by using a non-water based liquid
jetis called laser chemical processing (LCP).
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Fig. 19
Working principle of LMJ and LCP.

The working principle of LMJ and LCP is shown in Fig. 19. The laminar liquid jet is
created by using a high pressure pump system pumping the liquid into the nozzle head
with pressures between 100-200 bar. The nozzle can have opening diameters between
30 and 200 pum and is located in a high pressure chamber with a glass window on the
top surface above the nozzle position. The laminar liquid jet leaving the nozzle has a
diameter of approximately the nozzle diameter and is surrounded by a sheath gas for
an increased laminar length. The sheath gas used in this work was N, for the
experiments of chapter 5 and He for the experiments in chapter 3.

The laser emission in the conventional LMJ or LCP system is guided through an
optical fiber from the laser to the high pressure chamber (coupling unit). An alternative
approach co-developed in this work is a direct guidance of the laser spot from the laser
to the coupling unit by using a system of mirrors and an optical beam expander. This
system showed in experiments a reduction of the spatial laser inhomogeneities on the
sample and significantly smaller structure widths than the liquid jet diameter. The fiber
coupling system was in this work only used in chapter 3 and the direct coupling
system was used for the experiments in chapter 5-6. The guided laser spot is focused
on the nozzle entrance in the coupling unit and enters the high pressure chamber
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through a window. After coupling the laser spot into the liquid jet, it is guided onto the
sample and can be used for locally melting of the sample or locally ablation of either a
volume of the substrate material or thin layers on top of the sample. The processed
sample is moving on an x-y-axis system below the liquid jet. The relevant processing
parameters of the LCP technology are a combination of laser system parameters
(wavelength, laser pulse energy, laser pulse duration, etc.), liquid jet parameters (jet
diameter, optical absorption, liquid jet pressure, etc.), sample movement parameters
(spatial laser pulse distance) and the surface properties of the processed sample
(antireflection layers, topography, etc.). This work used an R&D LCP system of the
company Synova in combination with g-switched frequency doubled (green: 532 nm)
diode-pumped solid state nanosecond pulsed laser systems. The laser system used in
chapter 3 and 5-6 was a Hippo 532QW from Spectra Physics and a Nanio 532-20-V
from Innolas Laser, respectively.

The application areas of LCP so far were local micro structuring of silicon and other
materials [66-68], wafering of silicon [68, 69] and local doping for silicon and thin
film solar cell applications [49, 59, 61, 70-78]. Within this work LCP is primarily used
for simultaneously micro structuring of passivation layers and local doping of the
silicon substrate within the opening structure. LCP has many advantages for this
purpose. On the one hand the application of different laser systems allows precisely
controlled local silicon melting in combination with self-aligned passivation layer
openings. On the other hand the application of various chemicals allows either n-type
or p-type doping in silicon. Therefore, LCP is perfectly suited in order to create local
highly doped structures in high efficiency solar cells such as local back surface fields
or the highly doped contact opening for selective emitter designs.

2.4.5 Lightinduced plating
Conventionally, the front side metal contacts in silicon solar cells are fabricated by Ag

screen printing, which has proven to be a reliable and high throughput metallization
process. However, limitations of the minimum printing width, high contact resistivities
on lowly doped surfaces and increasing Ag costs make it interesting to develop new
metallization schemes to overcome these limitations. Light induced plating (LIP) of
Ni, Cu, Ag or Sn is an alternative approach for structured metal deposition in solar cell
fabrication. LIP is based on the idea of using the photovoltaic effect of a
semiconductor device in order to realize controlled metal deposition from an
electrolyte onto the semiconductor surfaces by regulating the electrochemical potential
of the system [79-83].
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Fig. 20
Schematic setup of a light induced plating (LIP) process for the fabrication of front side metal contact
for p-type silicon solar cells [84].

Fig. 20 shows the schematic LIP setup for the deposition of local metal contacts. LIP
can be used in order to plate metals such as Ni, Cu or Ag in locally patterned
passivation openings of n-type emitter regions. The solar cell precursor is in a process
stadium where all other processes (emitter diffusion, front side passivation, rear side
metallization) are completed and the passivation layer on the front side of the solar cell
is locally removed in the pattern of the desired metal grid. The passivation patterning
can be realized by laser structuring or mask and etch approaches. In order to deposit
the front side metal contacts by LIP, the solar cell precursor is immersed into an
electrolyte and illuminated on the front side. The rear side contact is connected to a
voltage source applying a bias voltage between the rear contact and an auxiliary anode
also immersed into the electrolyte. The illuminated pn junction of the solar cell
induces a potential difference between the local front side contact openings and the
rear side metal contact. The n-type emitter acts in this situation as electron source
leading to a reduction process at the contact opening pattern, and therefore, to a metal
deposition from the electrolyte solution. The corresponding oxidation process at the
auxiliary anode leads to a dissolution of metal ions into the electrolyte, thus
replenishing it. The deposition rate of the system can be controlled by the applied bias
voltage between the auxiliary anode and the rear metal contact of the solar cell.
Furthermore, the illumination intensity of the front side pn-junction is an additional
parameter to control the deposition. By applying an optimized voltage bias between
the auxiliary anode and the rear metal contact of the solar cell in combination with the
illumination induced pn-junction voltage, the reduction and oxidation of the rear side
metal contact can be held at the same rate. This results in no net dissolution or plating



38 2 Fundamentals

on the rear side metal contact, while at the same time deposition at the front side
occurs. The deposited metals for solar cell fabrication are at first Ni in order to achieve
an interface contact layer with low contact resistivity, a diffusion barrier between the
silicon and the subsequently plated Cu and after an annealing induced silicidation
process a sufficient adhesion for the later module production. Subsequently, plated Cu
or Ag layers build the main body of the front side contact grid. Cu plating offers the
opportunity to replace cost intensive Ag on the front side with the advantage of low
material costs and similar metal finger conductivity. The more interested reader is
referred to the publications of Bartsch [84-88] and Mette [89] about plating processes
in solar fabrication.

2.5 Nickel-copper metallization for silicon solar cells
The replacement of screen printed Ag front side contacts by using plated Ni-Cu stacks

involves the danger of increased recombination losses due to copper or nickel
diffusion into Si. Although Ni and Cu show similar recombination properties [90-92]
and diffusivities at high temperatures (T > 600°C) in silicon [93, 94], only Cu diffuses
significantly at low temperatures (< 200°C) and causes severe degradations in the
electrical performance of p-type silicon solar cells [95]. Therefore, diffusion barriers
are applied at the silicon-Cu interface in order to avoid Cu induced recombination
centers in Si. In semiconductor applications typical diffusion barriers against Cu are
TiN, TaN or Ta [96-98]. In PV applications Ni is usually applied as diffusion barrier
against copper [95, 99].

The electrical and structural properties of silicon metal interfaces can be modified by
silicidation processes. Silicidation describes the formation of a metal-silicon
compound at the silicon interface. The required energy for the compound formation is
usually supplied by heating the material. The compound formation at the interface can
be used to improve the contact resistivity or the adhesion of the metal silicon interface
[100]. Silicidation processes are typically used in semiconductor applications for
different combinations of silicon with metals such as Ni, Ti, Co, W, Mo, Ta or Pt.

In this work plated Ni layers are used as emitter contact material, which enable low
contact resistivities and provide a diffusion barrier against subsequently plated copper
layers. In order to achieve sufficient contact adhesions, the Ni-Si interface is silicided
in an annealing process. The silicidation process is a diffusion-driven reaction of Ni
and Si and results in different silicide phases. The formed silicide phase depends on
the applied thermal budget [101, 102] and the Ni/Si ratio [102]. In a medium
temperature range of 200-500°C the most dominant silicide phases are Ni,Si for
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temperatures 200 < T < 350°C and NiSi for 350 < T <550°C. These two phases are
the most common for semiconductor or PV applications due to a low resistivity and
high phase stability. Table IV gives an overview of the resistivity, the Si and Ni
consumption for the silicide formation and the formation depth as function of the
temperature T and the annealing time t of Ni,Si and NiSi.

Table IV: Resistivity, Si and Ni consumption for the silicide formation and silicide formation
depth of Ni,Si and NiSi.

Phase Resistivity Consumed Si (nm)  Sijlicide depth
(LQcm) Consumed Ni (nm)  (cm)
Ni 0.069
L 13q
Ni,Si 33 0.91 Wyisi = |t (10—Ze_k—T> [101]
. 1.4 q
NiSi 16 1.83 Wiisi = t (10%‘7) [101]

The parameterization of the silicidation depth of Ni,Si and NiSi by Coe eta al. [101] in
Table IV demonstrates that the phase formation strongly depends on the temperature
and the annealing time. Coe demonstrated that each silicide phase shows a different
dependence on the annealing time t, which implies different limitation in each phase
formation processes. The formation of Ni,Si (W ~+/t) demonstrates a diffusion rate
limitation in the supply of material necessary for the growth of the phase. The
formation of NiSi (W ~t) increases linearly with time, which indicates that the growth
of the phase is limited by the reaction rate at one or both layers of the interface.

The Ni silicide phase formation can be controlled by different annealing profile
parameters such as the plateau time and plateau temperatures as well as the
temperature ramps at the beginning and the end. Fig. 21 illustrates the consecutive
formation of Ni,Si and NiSi phases. In the beginning Ni diffuses into the silicon and
creates Ni,Si at the Ni interface and NiSi at the Si interface. Simulations of
Christensen et al. [103] showed that the barrier for Si moving via vacancy mechanism
inside the Ni bulk is 20 times higher than the diffusion barrier for Ni inside Si. “The
simulations indicate that there is a thin layer of NiSi closest to the Si/silicide interface.
In the presence of excess Si, there is a thermodynamic driving force to convert Ni,Si
into NiSi. This can occur in one of two ways which both involve diffusion through the
NiSi layer. Si can diffuse from the silicon substrate through NiSi and react with Ni,Si
to form NiSi, via the reaction:

Si+Ni,Si — 2NiSi (25)
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Fig. 21
Schematics of the key steps in the formation of Ni(Pt) silicides by Christensen et al. [103]

The energy gain is 47 kJ/mol. The other possibility is that Ni from either the metal
overlayer or from Ni,Si diffuses through NiSi to react with Si at the Si/NiSi interface.
For Ni to react with Si:

Si+Ni — NiSi (26)

the energy gain is 115 kJ/mol if Ni is taken from Ni bulk.” [103] In semiconductor
applications the Ni layer contains small amounts of Pt, which stabilizes the formation
of NiSi by transforming silicon rich phases such as Ni,Si in monosilicides in the form
of Pt;Ni.,Si [103]. The silicide growth of plated Ni contacts in laser patterned silicon
solar cells can show significant deviations from the theoretical behavior. Different
interface parameters such as interface oxides or inhomogeneous plating or laser
patterning can result in inhomogeneous silicide growth or even prevention of silicide
formation.

a) b)

Fig. 22
a) Schematics of Kirkendall voiding [102] at the Ni interface and b) a resulting gap due to Kirkendall
voiding between the Ni layer on top of a silicided (yellow contour lines) region.
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Lee et al. showed that native oxides with a width of 2 nm can prevent any silicidation
up to temperatures of 800°C [104]. Furthermore, the species diffusion can lead to
vacancies at the interface (Kirkendall voids). This effect is shown in Fig. 22 a) and can
lead to voids or gaps between the Ni and the silicide layer shown in Fig. 22 a).

2.6 Imaging characterization techniques
Imaging characterization techniques have proven to be a fast and reliable tool in order

to characterize local electrical properties of silicon wafers or silicon solar cells. The
interested reader is referred to the publications [105-113]. Within this work imaging
characterization techniques are mainly used to locate non-linear shunting regions in
order to determine the physical origin of annealing induced shunting of Ni plated solar
cells in chapter 6. The two imaging techniques most suitable for this purpose are dark
lock-in thermography (DLIT) [113] and reverse biased electroluminescence (ReB-EL)
[114].

2.6.1 Dark lock-In thermography
DLIT [113] is a thermography imaging technique, which uses the lock-in method in

order to measure small local temperature differences of the solar cell. The locally
dissipated heat can be correlated to free carrier density variations, which enables
information about local loss mechanisms in the solar cell. The local heat emission is
detected by a charge-coupled device (CCD) camera in a wavelength range of 3-5 pm.
The emitted spectrum relates to a black body emission spectrum according to Planck’s
law of radiation. The lock-in techniques allows the detection of small heat emission
differences induced by a periodic variation of the applied bias voltage, and therefore, a
periodic variation of the bias induced heat emission. The DLIT method can be used in
the solar cell characterization for shunt imaging, series resistance imaging, the
measurement of local IV curves, the detection of high recombinative areas and the
detection of local breakdown spots (hot spots). A detailed summary of the application
areas of DLIT for solar cell characterization can be found in [113].

As discussed in [109] the combination of the lock-in technique and thermography has
different benefits such as the significant improvement of the signal to noise ratio, the
reduction of blurring effects in the thermography image due to heat conduction and the
direct proportionality of the measured DLIT signal to the dissipated power for
optimized lock-in reference functions. The schematic measurement setup of DLIT is
shown in Fig. 23.
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Fig. 23
DLIT measurement setup

The main drawback of DLIT is that the long wavelength detection regime comes along
with a lower imaging resolution compared to imaging techniques in the lower
wavelength  regime (0.3-1.1 um) such as photoluminescence (PL) or
electroluminescence. The DLIT setup used in this work featured an imaging resolution
of 256x256 pixels. By applying an illumination source (i.e. laser source) to the DLIT
setup the measurement can be performed under real working conditions of the solar
cells, which is then called illuminated lock-in thermography (ILIT).

2.6.2 Reverse biased electroluminescence
Kwapil [114], Bothe [115] and Kasemann [109] showed that local breakdown spots in

solar cells can also be characterized by electroluminescence imaging in reverse bias
(ReB-EL). The ReB-EL setup is illustrated in Fig. 24. The solar cell is operated at a
fixed voltage in reverse bias and resulting emission in the visible and near infrared
(A =0.3-1.1 ym) is detected by a Si CCD camera with an imaging resolution of
1024x1024 pixels. Under reverse bias the solar cell emits a broad spectrum, which is a
combination of different breakdown mechanisms (Avalanche breakdown, internal field
emission and thermal breakdown) [114, 115] and relates to different transitions such as
indirect interband transition, direct interband transition and intraband transitions [116].
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Fig. 24
ReB-EL measurement setup.

Kwapil [114] and Bothe [115] showed that in multi crystalline (mc) silicon solar cells
the emission characteristics of different breakdown effects show similar trends in
DLIT and ReB-EL measurements. They classified three different breakdown types
with distinctive signal-voltage characteristics in DLIT and ReB-EL. Fig. 25 illustrates
the different signal-voltage characteristics.

Type | breakdowns (early breakdowns) show in DLIT for low reverse voltages no
emission signal and at reverse voltages of about V <-12V a linear signal-voltage
characteristics. The same type shows in ReB-EL measurements a linear signal voltage
characteristic from the beginning. This breakdown type was correlated to tunneling
assisted breakdown processes (probably internal field emission) via energy states in
the band gap or in the vicinity of conducting channels. The physical reason of type I
breakdowns can be Al particles on the solar cell surface [114, 117] or local defect
structures in the passivation layer and/or Si [114].

Type Il breakdowns (soft breakdowns) show in DLIT and ReB-EL for low reverse
voltages no emission signal and at reverse voltages of about V<-10V a soft
exponential signal-voltage characteristics. These breakdowns could be correlated to
trap assisted tunneling (internal field emission) or trap-assisted Avalanche
breakdowns, which are induced by defect rich areas with high recombination activity.
Examples for type Il breakdowns are cracks or metal precipitates affecting the space
charge region of the emitter.



44 2 Fundamentals

Fig. 25

Comparison of the breakdown light intensity measured via the ReB-EL setup (open symbols) and the
DLIT setup (closed symbols) as function of the applied reverse voltage. The dashed line corresponds
to the EL camera background noise. The image is taken from [114].

Type 11l breakdowns (hard breakdown) show in DLIT and ReB-EL also no emission
signal for low reverse voltages and at reverse voltages of about V<-15V a hard
exponential signal-voltage characteristics. This breakdown type could be correlated to
Avalanche breakdowns due to high local electric fields due to topography related high
voltage breakdown sites such as thin emitter structures or local etch pit structures.
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3 LCP local boron doping process

The focus of this chapter is the development of a LCP based local boron laser
doping process for the application as local back surface field (LBSF) in p-type
PERL solar cells. The chapter is structured in five parts addressing alternative
state-of-the-art local p-type doping processes (section 3.1), the evaluation of
suitable boron doping sources and the development of a LCP boron laser
doping process (section 3.2), the first proof of concept of this process as LBSF
in p-type PERL solar cells (section 3.3) and a detailed loss analysis of the
application as LBSF with focus on the correlation of the base resistivity and the
losses at the laser processed LBSF structures (section 3.4 & 3.5).

The results shown in this chapter led to following publications [118-120].

3.1 State-of-the-art local p-type doping processes
Several high efficiency silicon solar cell concepts require local p-type doped structures

in order to form local back surface fields (LBSF) or local emitter structures. The
conventional lab type approach usually involves a variety of photolithographic
structuring steps in order to from local p-type doped areas by thermal boron diffusion.
This approach allows a high doping quality under the restraint of high processing cost
and low processing capacity. Therefore, several processes were developed in order to
allow an industrially feasible fabrication of local p-type doped structures in the past.

Currently, the industrially most relevant processes for the formation of p-type doped
are laser based doping processes such as laser fired contacts [52, 60] or boron spin-on
doping laser processes [50] or the formation of locally aluminum doped structures
within a locally structured passivation layer mask [121, 122] or due to locally screen
printed aluminum structures [123]. All these processes allow the formation of locally
highly doped aluminum or boron doped structures in an industrial environment. A
short summary of these processes is shown in Table V. The aluminum based doping
processes rely on evaporated or screen printed aluminum layers, which act as Al
doping source. Therefore, the metallization process is coupled to the local doping
process and is limited on Al based metallization techniques. Furthermore, applications
with a structured metallization on top of the locally doped areas, such as interdigitated
doping structures [123] require highly precise alignment techniques between the
different processing steps.
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Table V: Industrially feasible local p-type doping processes

Process Doping source  Contact metal Possible Application
Laser fired contact / emitter Al Al LBSF [52] or
(LFC/ LFE) local emitter [124]
- . Lo LBSF [50] or
Spin-on laser doping(SLD) B No limitation local emitter
Al-screen printing Al Al LBSF [121, 122] or

local emitter [123]
Laser chemical processing S LBSF [119] or
(LCP) AlorB No limitation local emitier

The decoupling of the contact metal process and the doping process comes along with
a better flexibility in the choice of the contact metal layer and the choice of the doping
elements. The application of the LCP boron doping process for the formation of
locally p-type doped structures comes along with several processing related benefits.
On the one hand the LCP process does not need an existing doping precursor on top of
the sample as in the case of LFC. This allows the formation of interdigitated p- and n-
type doped structures as in the case of back contact back junction solar cells [11, 125]
and sets no limitation on the according contact metal. On the other hand the LCP
process enables a simultaneously doping and local structuring of the passivation layer.
This allows the application of self-aligned contacting schemes such as Ni-Ag or Ni-Cu
plating as well as other metallization techniques such as evaporation or screen
printing. Therefore, the development of a p-type doping LCP process can enable
improved and industrially feasible processing schemes for different high efficiency
solar cell designs.

3.2 Process development
In order to transfer high efficiency solar cell concepts such as PERL [126] in mass

production, it is crucial to develop industrially feasible local structuring and local p-
and n-type doping techniques. This chapter will focus on the fabrication of locally
doped p-type structures. Fig. 26 shows possible elements in order to form shallow
acceptor states within the silicon band gap. The most relevant elements in terms of
thermalization energy and industrial applicability are boron and aluminum due to their
acceptor levels close to the valence band of Si.
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Fig. 26
Acceptor and donor energy levels in silicon [127]

Comparing both elements, boron shows intrinsic advantages for p-type doping in
silicon solar cells. On the one hand, boron shows a higher solid solubility in silicon
than aluminum [128], which is about one order of magnitude higher. On the other
hand, not all of the introduced dopants are electrically active and boron has a higher
ionization rate of electrically active acceptor states compared to aluminum overall, as
shown in Fig. 27. Both effects enable an overall higher peak doping density for boron
doping, which can give significant advantages for the application LBSF structures.

Therefore, most of the p-type doping structures in lab type high efficiency solar cells
[9, 129] use local boron doping processes. However, it can be seen that aluminum p-
type doped solar cells can also reach high cell efficiencies [52] i.e. by using screen
printed and fired aluminum pastes [122, 123].
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Fig. 27
lonization ratio of Al (left graph [130]) and B, P and As (right graph [131]) in Si as function of the
dopant density Na.
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Fig. 28
Measured absorption spectra of 4.4 M aqueous NaBH, solution in 14 M NaOH.

Possible doping sources have to fulfill certain criteria in the case of LCP. The doping
source has to be liquid under atmospheric conditions, it should be non-flammable,
transparent for the applied laser wavelength, contain a large amount of boron or
aluminum, should not contain large amounts of n-type dopants such as phosphorus or
recombination active centers with energy levels in the middle of the band gap® and
should offer a reasonable price in terms of cost per liter. These limitations reduce the
list of possible p-type dopants for LCP significantly. Previously, different kinds of
liquid boron sources were evaluated i.e. Rodofili et al. [71] showed already that boric
acid does not provide a sufficient boron doping in the case of LCP. Therefore, other
liquid boron sources were evaluated by fabricating laser doped lines or laser doped
line fields on n-type silicon wafers in order to measure the doping of the fabricated
LCP p-type doped structures by four point probe sheet resistance measurements and
transmission line measurements.

One of the most promising boron sources was an aqueous solution of NaBH, due to the
fact that it is transparent for wavelengths around 532 nm as shown in Fig. 28 and it is
commercially available in large amounts. However, the solubility of NaBH, in water
limits at some point the maximum boron concentration in the solution. The addition of
sodium hydroxide can increase the maximum solubility of NaBH, in the solution.
Therefore, a commercially available 4.4 M NaBH, aqueous solution in 14 M NaOH
was chosen for the experiments in this chapter.

> The recombination rate decreases exponentially with the difference of the impurity energy level and the middle
of the band gap energy.
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Fig. 29
Processed doping profile for different laser pulse energies measured by secondary ion mass
spectroscopy (SIMS). The drawn lines are guides to the eye (graph from [132]).

In order to evaluate the suitability of this solution as p-type doping source in silicon,
LCP doped line structures were processed on a silicon wafer using different laser pulse
energies Epys at a spatial laser pulse distance of 4, = 1.4 pm on the sample. The used
laser for the experiments in this chapter was a frequency doubled 532 nm Nd:YAG
laser with a laser pulse duration of about 10 ns. Fig. 29 shows the measured doping
profiles of the processed test structures. The shown data are the mean doping
concentrations in a circular SIMS measurement area with the diameter of about 10 um
in the center of a LCP line with a width of about 50 um. All structures show surface
doping concentrations of about 6 - 101° — 1 - 102° cm™ and doping depths between
0.7-1.6 um. The calculated sheet resistances and the simulated saturation current
densities of the profiles in Fig. 29 are shown in Table VI. The saturation current
density Jo; was simulated using the freely available software EDNA [133]. The
simulations assumed a physical surface recombination velocity of a metalized surface
So=10" cm/s, Fermi-Dirac statistics and no additional Shockley-Read-Hall
recombination within the doped area. The sheet resistance and the doping depth show
a strong correlation to the applied pulse energy.
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Table VI: Calculated sheet resistance and simulated saturation current density using EDNA
[133] of the boron doping profiles shown in Fig. 29.

Pulse Pulse Peak doping  Doping depth: Calc. sheet Simulated® Jo,
energy distance concentration N =10®cm resistance

(1J) (1m) (cm™) (Hm) Q) (fA/cm?)

17 1.4 6 x 10" 0.7 122 1297

23 1.4 1 x 10%° 1.6 36 436

29 1.4 7 x 10" 1.3 59 660

Fell [134] showed that the melting depth correlates with the applied pulse energy. The
maximum doping depth can be achieved with optimum pulse energy. This limitation is
caused by decrease of the melting depth for too low pulse energies and increasing
evaporation for increasing pulse energies.Therefore, it is assumed that the slightly
decrease of the melting depth and the sheet resistance for the highest pulse energy is
caused by increasing evaporation.

All LCP boron doping profiles shown in Fig. 29 are suitable for the application as
LBSF in high efficiency silicon solar cells. The high surface doping concentration
should provide a good contact resistance and the low Jo; level should provide high
open circuit voltages and low recombination at the rear side contacts of the solar cell.
The simulated Jo; are a lower limit of the processed laser doped structure, though.
Laser damage, doping inhomogeneities or lower doping densities at the edges of the
laser structured area could result in an increase of Jg;.

3.3 Proof of concept: LCP boron local back surface fields for Si solar
cells
Solar cells with a PERL [126] design were fabricated using the developed p-type LCP

boron doping process, where the rear side passivation layer is locally opened and
LBSF doping is applied simultaneously. Fig. 30 shows a schematic of the fabricated
LCP-PERL solar cells. The substrates were 0.5 Qcm p-type FZ-Si wafers with a
thickness of 250 um. Each wafer featured 7 cells with cell sizes of 2x2 cm?. The front
side was textured with an inverted pyramid structure and has a 120 Q/sq. deep diffused
phosphorus diffusion as emitter’. The front and the rear side is passivated with 105 nm
thermal SiO,-layers, which act as passivation layer and antireflection coating for the
front side. The front side metal contacts were processed with photolithography in
combination with an evaporated stack of Ti-Pd-Ag that was thickened with Ag-plating.
The photolithographic defined front side contact opening had an opening width of
5 um and a front side finger pitch of 800 pum.

6 - 7
So=10" cm/s
" Please note, that there is no additional selective emitter diffusion on the front side.
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Fig. 30
Schematic of the processed LCP-PERL solar cells with line contact design on the rear side. The LCP-
PERC cells have the same structure only the dopings underneath the rear side contacts are missing.

On the rear side the passivation layer was locally opened with LCP, which at the same
time creates local boron doping in the opened area (see step 1 in Fig. 31). The LCP
boron doped openings act as LBSF in this structure and were metalized with an
evaporated aluminum layer of 2 um thickness (see step 2 in Fig. 31). The applied
contact design on the rear side was a line structure with a varying pitch in the range of
1000 — 2500 um, a line length of 2 cm (equals cell length) and a line width of about
50 um. The boron source for the LCP process was 4.4 M NaBH, aqueous solution in
14 M NaOH.

Fig. 31
Processing scheme of the LBSF formation by LCP
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The line doping were processed with an overlap of single LCP laser pulses with a
spatial laser pulse distance of 1.4 um on the sample, a wavelength of 532 nm, a pulse
energy (before the liquid jet) of 20 puJ and a laser pulse duration of about 10 ns.

In order to evaluate the quality of the LCP boron doping as LBSF, reference cells with
no LCP boron doping on the rear side were processed. The solar cell design of the
reference cells is the same as for the LCP-PERL solar cells, except that in the
reference case, the rear side openings were processed with DI-water as LCP medium.
This results in non-doped rear side openings, which means that the reference cells have
a PERC solar cell design [8] without an LBSF doping on the rear side. This reference
design was chosen because it assures the same rear side geometry for the processed
PERL and PERC solar cells. This makes it easier to compare the processed cells and
avoids any geometry-related influences on the cell parameters.

Table | shows the cell efficiency 7, the fill factor FF, the short circuit current density
Jse, the open circuit voltage V., the pseudo fill factor PFF (measured by SunsVoc
[11]) and the measured series resistance Rs (measured by comparison of light I-V-
curve with SunsVoc measurements [12]) of the best LCP-PERL and LCP-PERC solar
cells. The best LCP-PERL solar cell shows a maximum cell efficiency of 7 =20.9%.
This cell shows a cell efficiency benefit of An = 0.4%abs. to the reference cell with the
same pitch and A7 = 0.3%abs. to the best reference solar cell with a smaller rear side
pitch of 1000 pm.

The solar cells results in Table VII show a proof of concept of the developed LCP
boron doping process as local back surface field for p-type PERL silicon solar cell
designs.

Table VII: Cell results of the best LCP-PERL and LCP-PERC solar cells for line contact LBSF
design and a base resistivity of 0.5 Qcm (p-type).

LCP-PERL LCP-PERC ! LCP-PERC LCP-PERL
(best cell) (same pitch) ! (best cell) (same pitch)
n [%] 20.9 20.5 ! 20.6 20.4
Jsc [MA/cm2] 38.7 38.7 | 38.7 38.0
Voe [MV] 675 670 ! 666 665
FF [%] 80.0 79.0 ! 79.9 80.8
PFF [%] 82.9 83.0 ! 82.7 82.8
Rs [Qcm?] 0.49 0.63 | 0.50 0.33
Pitch [um] 2500 2500 ! 1000 1000
LCP- liquid 4.4 M NaBHjy in H,0 H,0 4.4 M NaBH;, in

14 M NaOH i 14 M NaOH
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3.4 Impact of base resistivity on the quality of LCP boron local back
surface fields
The two main functions of the LBSF doping are the lowering of the contact resistance

and the screening of the minority charge carriers from the highly recombinative metal
contacts. Both effects are strongly affected by the wafer substrate doping level. As
shown by Glunz et al. [135] the impact on the cell performance of the existence or not
of an LBSF doping and its quality increases significantly with increasing base
resistivity. Therefore, the realization of the boron LCP LBSF process on varying base
resistivities allows a deeper understanding of the limiting factors of the process, which
directs to further optimization routes. There are several physical reasons, which cause
this strong dependency on the base resistivity, which will be discussed in this section.

3.4.1 LCP boron local back surface fields for base resistivities of 0.5-9 Qcm
The impact of the base resistivity on the LBSF quality of the processed LCP boron

doping was analyzed by fabricating p-type PERL solar cells similar to the description
in section 3.3 and shown in Fig. 30. However, the cells discussed in this section have
one major change on the front side compared to the cells in Fig. 30. The front side
contact opening was in this case 30 um due to the fact that the front side metal
contacts were fully evaporated Ti(50 nm)-Pd(50 nm)-Ag(2000 nm) without any
plating step afterwards. This avoids any influence on the series resistance of the cells
due to different plating results of cells with different cell efficiency potential. This was
done due to a strong dependence of the plating results on the open circuit voltage of
the solar cell. However, this led to a six times higher contact opening area fraction,
which causes overall a lower open circuit voltage level due to an increased impact of
the metalized emitter saturation current density Jo; cont @nd lower short circuit current
densities due to more contact finger shading. Therefore, the cell efficiency level in this
section is in general lower than in section 3.3 and the open circuit voltage is about
20 mV lower for the cells with the same cell design as in section 3.3.

In order to evaluate the quality of the LCP boron doped LBSF in the LCP-PERL solar
cell design two different reference groups were fabricated in parallel. The solar cells in
the first reference group are LCP-PERC solar cells, which have rear side openings
without additional doping processed by LCP using H,O as liquid jet. The solar cells in
the second reference group have aluminum doped local back surface fields fabricated
by an established laser fired contact (LFC) process [52] in the Fraunhofer ISE PV-
TEC. All groups were processed on FZ p-type wafers with four different base
resistivities of pgase = 0.5, 1, 4 and 9 Qcm. Table VIII shows the rear side designs of
the three different solar cell groups. In the LCP-PERC and PERL case the rear side
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contact openings are line shaped and for the LFC case single points. The difference in
the contact geometry has technological reasons. The LCP process has a moving linear
stage were the sample moves. This setup causes a significantly reduced process time if
using line geometries. Furthermore, the small opening width of less than 50 pum
reduces the overall rear side contact fraction. The LFC process on the other hand uses
a galvanometer scanner system, which allows a very fast movement of the laser spot
over the sample. The fast processing time and the quite large opening diameter of
100 um leads to a favoritism of a single point geometry. Furthermore, the LFC process
at this time was fully optimized for point geometries [60].

Fig. 32 shows the measured light IV curve parameters of the processed LCP-PERL,
LCP-PERC and LFC solar cells. The LCP cells in Fig. 32 all have rear side line
contact pitch of 2000 um. In the LFC case the rear side point contact pitch varies for
the different base resistivities as shown in Table VIII. All three cell designs are
differently influenced by increasing base resistivities of the Si wafer. The LCP-PERC
solar cells (red boxplots in Fig. 32/Fig. 33) show a large decrease in all IV parameters
for increasing base resistivity. This behavior is already known for this cell design [32,
135] and is mostly caused by the formation of a Schottky contact on the rear side
contacts for high base resistivities. This effect will be further discussed in the next
section. The LFC solar cells (blue boxplots in Fig. 32/Fig. 33) on the other hand
perform almost stable for all base resistivities, which is mainly caused by the
formation of a local Al back surface field and an optimized pitch for each base
resistivity. The optimized LFC process allows in this experiment a high quality
reference mainly limited by the front side recombination properties.

Table VIII: Rear side design of the three different solar cell groups fabricated on p-type FZ
wafers with four different base resistivities of pgase = 0.5, 1, 4 and 9 Qcm.

LCP-PERL LCP-PERC LFC
LBSF doping type local LCP boron no doping local laser  fired
doping aluminum doping
Doping medium 44 M NaBH; in H,O evaporated Al
14 M NaOH
LBSF geometry lines lines single points

Contact opening width line width =50 pm line width =50 pym  diameter = 100 pm
(um)

Rear contact pitch (um) 500 500 depending on pgase:
1000 1000 0.5 Qcm: 900
2000 2000 1 Qcm: 700
4000 4000 4 Qcm: 435

9 Qcm: 343
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The IV parameters of the LCP-PERL solar cells (green boxplots in Fig. 32/Fig. 33)
With pgase < 1 Qcm are similar to the ones of the LFC solar cells. However, going to

larger pgase @ significant FF and V. decrease becomes obvious. The FF decrease can
mainly explained by increasing lateral series resistance losses in the base for
increasing base resistivity. This explanation is supported by a comparison of the series
resistance free pseudo-FF (pFF) and the calculation of the total series resistance Ry of
the cells. Both parameters are shown in Fig. 33. The series resistance was determined
by a comparison of the pseudo-IV curve measured by SunsV,. [12] and the light 1V
curve. This series resistance determination method [136] showed a good
reproducibility and is comparable to other determination methods [137]. The series
resistance induced loss in the FF can be decreased by an optimized line pitch.
However, a smaller pitch will further increase the V.. losses of the LCP-PERL solar
cells. Therefore, the most important question for further process optimizations of the
LCP local boron doping process is the reason of the significant V,. decrease for
increasing base resistivity.

The next section will examine the limiting loss mechanisms in the fabricated solar cell
designs in order to determine the process related limiting factors and enable
alternatives for further process optimization.
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Fig. 32

Measured light IV-parameters of the LCP-PERC, LCP-PERL and LFC solar cells as function of the Si
wafer base resistivity. The shown LCP PERC/PERC results are for a constant rear side line pitch of
2000 pm and the LFC results for a varying rear side point pitch shown in Table VIII. Please note the
discrete x-scale.
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Comparison of the FF, pFF, Rs and V. of the cells shown in Fig. 32. Please note the discrete x-scale.

3.5 Loss analysis of LCP local back surface field solar cells
Compared to the LFC reference, the LCP-PERC and LCP-PERL solar cells show

significant lower FF and V. levels for higher values of base resistivity. In the
following, the reasons for this base resistivity related degradation of the LCP-PERL
and —PERC cells will be analyzed.

3.5.1 Contact geometry related losses
A direct comparison of the LCP-PERL and LFC cells in section 3.4 is difficult due to

the fact that the rear contact geometry is different for each cell design. This section
will discuss the intrinsic differences of the impact of the contact geometry for different
base resistivities.

Fig. 34 shows the two types of rear contact designs of the LCP-PERL and LFC solar
cells with line and point contacts, respectively. The influence of each geometry on the
series resistance losses and the recombination losses has to be analyzed. The total
series resistance of the solar cell R a1 IS @ Superposition of different series resistance
contributions.

Rs,total = Rs,Emi + Rs,cont,Emi + Rs,metal + Rs,spread + Rs,cont,base ( 27 )
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Fig. 34
Comparison of a LCP boron doped line contact (left image) and a LFC point contact (right image) both
after metallization.

Eq. ( 27 ) shows the contributions to the total series resistance of a solar cell. The total
series resistance is the sum of the emitter resistance Rsgmi, the front side contact
resistance Rgontemi, the series resistance of the front and rear side metallization Rg metar,
the contact resistance of the rear side metal contact Rscontpase @nd the spreading
resistance within the base Rsgyreas. The spreading resistance in the base is strongly
influenced by the base resistivity and depends on the rear side geometry. Under the
assumption of low contact resistivities at the doped LCP and LFC contacts, Rsspread
becomes the limiting series resistance contribution for large base resistivities. In order
to determine if the line contact design induces intrinsic disadvantages in the fabricated
solar cells the spreading resistance was simulated for each case using a generalized
model by Karmalkar et al. [138] shown in Eq. ( 28 ) in the generalized form suggested
by Saint-Cast et al.[139].

fcont X

B
w ase Acon —x\1-v
Rs,spread = Pe <(1 -v) (1 + ;) + V> ( 28 )

The spreading resistance in in Eq. ( 28 ) is in Qcm? and is calculated using the wafer
thickness W, the contact area fraction f.,, the half contact pitch A and the half line
width or point radius x. The parameters y and (3 are listed in Table IXX for the according
geometry.

Table IX: Parameters for the spreading resistance model shown in Eq. ( 28 ).
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Line contact Point contact
(circular contact in a concentric circle)
B=-1 B=-2
_ X 1 ( +Wtana'> y = 31
V= W tan a X 1+ tan a

57° 50°

X | 4 035% X | 4 031x
w w

Eqg. ( 28 ) was used in order to calculate the spreading resistance for the LCP-PERL
(line contact with line width 2x =50 pum) and the LFC (point contact with diameter
2x =100 pm). Fig. 35 shows the measured total series resistance Rgoq Of the LCP-
PERL and LFC solar cells and the calculated spreading resistance part for a varying
contact fraction and the four different base resistivities. It can be seen that the
spreading resistance becomes dominating for the line contact design for small contact
fractions (large pitch) and large base resistivities. For a base resistivity of 4 Qcm the
two smallest contact fractions (2.5% and 1.25% relating to a pitch of 2000 and
4000 um, respectively) are dominated by the spreading resistance contribution. The
spreading resistance part for 5% contact fraction (1000 pm) is still about 60% of the
total resistance (R spread,line = 0.42 QCmM?, Ry ot = 0.72 Qcm?). However, the total series
resistance of these cells is on a similar level compared to the point contact LFC design
with an optimized pitch and the LCP-PERL cells with the largest contact fractions
(10%, pitch of 500 um). This indicates that even for the second largest contact fraction
the total series resistance is already dominated by other contributions (see Eq. ( 27)).

The line contact design did not show any intrinsic disadvantage in terms of series
resistance if the line pitch is reduced to reasonable values for large base resistivities.
Although, the calculated spreading resistance of LCP-PERL solar cells shows for the
given geometries an intrinsic disadvantage of about a factor of two (comparing the
blue lines to the orange lines in Fig. 35), the contribution of it to the total series
resistance is only limiting for large pitch (small contact fraction).

The fill factor characteristics in Fig. 36 show the inverse contact fraction dependence
as the total series resistance in Fig. 35. Therefore, the contact geometry is again only
limiting the fill factor of the fabricated LCP-PERL solar cells for large base
resistivities and large pitch.



3 LCP local boron doping process 59

pBase: 9 Qcm 3 3 pBase

=
o
T

Resistance (Qcm2)
(I

0.1
al " sl " e Ll " sl " "
° Rs,lotal (LCP-PERL) —— Simulated Rsmea dine (2x =50 pm)
LT ReaFD) T SIMUROd Ry (2% 100 i)
< 10[ Pgase— 1 ©2CM Paase— 0-202CM |
IS : E E
o C 1 i b
1t 4 L 4
@ E 3 E ° E
2 E ] ] e g 8 8 3
IS 10 °® o © ]
D
200 \
& Lol [i1 SN PR

1 0 . 00 1 0 . 100
Contact %’ractlon (%5L Contact f%achon (%)
Fig. 35
Measured total resistance and calculated spreading resistance of the LCP-PERL and LFC solar cells.

The pFF of the LCP-PERL cells (blue open symbols in Fig. 36) decreases for large
contact fractions. This is assumed to be a consequence of recombination related loss of
the pFF due to increased recombination at the LCP LBSF structures. The pitch related
decrease in the pFF is more pronounced for high base resistivities and is almost
negligible for pgase <1 Qcm. The increased recombination activity for the LCP LBSF
structures for high base resistivities will be discussed in more detail in the next
sections.
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Fig. 36
Measured fill factor (FF) and pseudo-fill factor (pFF) of the LCP-PERL and LFC solar cells.
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Fig. 37
SunsV,. measurement under high illumination intensities of LCP-PERC (left plot), LCP-PERL (center
plot) and LFC (right plot) solar cells with varying base resistivity.

3.5.2 Local Schottky contact induced losses
As discussed in chapter 2.2 Schottky contacts in solar cells can induce a reverse diode

to the pn-junction diode, which can decrease the open circuit voltage and the fill factor
due to a reverse voltage and an increased contact resistance, respectively. Past
publications [32, 136, 140] already showed that SunsV,. measurements can reveal if a
Schottky diode limits the open circuit voltage of a solar cell. The reverse Schottky
diode induces a reduced open circuit voltage for high illumination intensities and alters
the slope of the measured illumination intensity — open circuit voltage curve to
negative values.

Fig. 37 shows SunsV,. measurements for LCP-PERC, LCP-PERL and LFC solar cells
with varying base resistivities without distinguishing the data for different rear side
pitch. As expected, the LCP-PERC cells (left plot) show a V. limitation due to the
missing doping at the contact and the resulting rear side Schottky diode. The Schottky
diode induces a negative slope of the illumination intensity — voltage curve, which
reduces the open circuit voltage of the cells. The limitation of the V. for 1 sun already
appears for base resistivities pgae =1 Qcm. For 4 and 9 Qcm base resistivity the
negative Schottky diode slope even dominates the measurement for low illumination
intensities. This means that the significant V. decrease of the LCP-PERC cells with
high base resistivities shown in Fig. 32 is mostly caused by a rear side Schottky
contact. The appearance of the Schottky contact also explains the FF drop shown in
Fig. 32 due to an increased contact resistance, which is mostly limited by a thermionic
current transport over the Schottky barrier.
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Measured dark-IV curve of LCP-PERC (left plot), LCP-PERL (center plot) and LFC (right plot) solar
cells with varying base resistivity (pgase = 0.5 Qcm (blue data) or 9 Qcm (green data). The LCP-PERC
and PERL cells have a constant line pitch of 1000 um and the LFC solar cells have an optimized pitch
of 343 um and 900 pm for pgase = 0.5 Qcm and 9 Qcm, respectively.

The Schottky contact limitation of the LCP-PERC solar cells only becomes obvious in
the illuminated state, such as for SunsV,. measurements or in the light IV curve. The
dark-1V curve the LCP-PERC cells (left plot in Fig. 38) do not show any characteristic
features compared to the LCP-PERL (center plot in Fig. 38) or LFC (right plot in Fig.
38) solar cells, which would give a hint to their significantly lower V. level. The only
apparent feature of the LCP-PERC cells (9 Qcm base resistivity) is the smaller slope
of the current density curve in the high voltage regime (V > 600 mV). As discussed in
section 2.3.2 the inflection of the SunsV, curve and the decreased slope in the high
voltage region of the dark IV curve of the LCP-PERC solar cells are characteristic
measurement features for rear side Schottky contacts.

The LFC solar cells show no significant Schottky diode behavior in the right graph in
Fig. 37 for the measured illumination range. This shows that the performed LFC
process formed a sufficient local Al back surface field doping, which enabled an
ohmic contact at the rear side.

The LCP-PERL solar cells show an unexpected behavior in the center graph in Fig. 37.
If the formation of the local boron back surface field was successful the SunsV.
measurements of the cells in Fig. 37 should look similar to the LFC case. However, the
curves of the LCP-PERL solar cells in Fig. 37 show a slight bending at high
illumination intensities for 0.5 and 1 Qcm base resistivity. This indicates that there
might be a detrimental impact of a Schottky contact diode. Though, this alleged
Schottky diode behavior of an inflection in the SunsV,. curve is not more pronounced
for 4 and 9 Qcm base resistivity, as in the case of the LCP-PERC solar cells. For these
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high base resistivities the illumination intensity — voltage curve seems to be shifted to
a lower voltage regime and shows no inflection even for high illumination intensities®.
This effect cannot be explained assuming a complete Schottky diode behavior along
the whole LCP-PERL rear side openings. Furthermore, the low or similar series
resistance level of the LCP-PERL solar cells compared to the LFC solar cells shown in
Fig. 33 and Fig. 35 indicates that there is no Schottky contact limitation but that the
dominant current path on the rear side is an ohmic contact.

Dopant contrast imaging measurements at cross sections of boron LCP LBSF
structures were performed. An example of a representative area is shown in Fig. 39.
The dopant contrast of the samples observable as gray contrast was quite low.
However, the inhomogeneous appearance of the light grey contrast between the white
Al-layer and the dark Si bulk in Fig. 39 indicates that the created boron doping in this
area could result in a non-homogenously doped contact opening. This could lead to the
formation of local Schottky contacts within an otherwise ohmic rear side opening.
Furthermore, locally defected structures become obvious as void structures in the SEM
image of the LBSF cross sections of the LCP-PERL solar cells.

The previous section showed that the pFF of the LCP-PERL solar cells was reduced
for high base resistivities and high LBSF contact fractions, which is a hint for
increased recombination in the LBSF regions due to a reduced lifetime in this area.
However, the separation of local Schottky contact induced losses and the impact of a
lifetime reduced regions around the LCP rear side opening is experimentally hard to
distinguish.

Fig. 39
SEM image of a cross section of a boron LCP LBSF contact after the Al metallization.

8 The inflection points of the four LCP-PERL solar cells with a base resistivity of Prase = 4 Qcm in Fig. 37 are
assumed to be caused by LCP processing errors leading to no sufficient openings of the passivation layer.
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Therefore, simulations of the fabricated solar cells were performed. In order to take 2-
d effects of the inhomogeneous doping quality into account, the following simulation
results are based on 2-d simulations with the simulation software Sentaurus TCAD
[141] and were performed by Heiko Steinkemper. The simulation setup was based on
the solar cell design shown in Fig. 30 and Table VIII. In the simulations the
illumination intensity was varied in the range of the measured SunsV. results and the
according open-circuit voltage was determined. This allows a modeling of the
measured SunsV,. curves shown in Fig. 37. Furthermore, dark-1VV curves of the
different simulation scenarios were simulated.

The simulation analyzes three different scenarios. The first one is an incomplete
doping along the contact. The rear side contact is in this case divided into two contact
fractions. The first one is an ohmic contact assuming an Al metal contact on top of the
23 WJ boron doped LBSF shown in Fig. 29. The second part of the contact is a
Schottky contact assuming the Al metallization directly on the p-type base. The
simulations were performed for two different base resistivities (0.5 and 9 Qcm) and
different contact fractions. All simulations assume a rear side pitch of 1000 pum and a
rear side contact width of 50 um. Fig. 40 shows the simulated SunsV,. measurements
in comparison to the experimental curve of a LCP-PERL cell with the same cell
design.Fig. 40 shows that the simulated SunsV,. curves matches with the measured
curves of the LCP-PERL solar cells for a Schottky fraction below 80% and 96% for
Prase = 0.5 and 9 Qcm, respectively. This indicates that the boron LCP rear side
openings show no large amount of local Schottky contact areas but seem to be
dominated by ohmic LBSF doped areas.

Comparing both resistivities, the simulation shows that possible Schottky dominated
areas - if existing - are limited to very low fractions within the local rear side contacts.
In a next step the simulations took into account a laser damaged area by setting the
lifetime to 10 ns in the complete region within a radius of 5 um around the contact.
Fig. 41 illustrates the simulation results of combinations of local Schottky contact
ratios and a laser damaged zone LDZ). The simulated SunsV,. measurements with a
LDZ in Fig. 41 show a similar behavior as the simulation results without LDZ in Fig.
40 b). In the case of a LDZ the simulation of a solar cell without any Schottky fraction
matches the best with the measurement. Furthermore, by a comparison of the
simulated SunsV curves of Fig. 41 and Fig. 40 b) it is visible that the implementation
of a LDZ leads to a shift of the simulated SunsVoc curve to lower voltages.
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Fig. 40

Comparison of simulated and experimental SunsV,. curves of LCP-PERL solar cells (rear side pitch:
1 mm) with line shaped rear side openings of partial Schottky and LBSF character, assuming different
Schottky-LBSF contact ratios and two different base resistivities.

The same trend is visible for the LCP-PERL solar cells with increasing pgas in the
measured SunsV,. of Fig. 37. This indicates that the shift to lower Voc values of the
LCP-PERL solar cells might be a result of locally laser induced damage around the
LCP LBSF structures. This assumption will be further discussed in the next section.

3.5.3 Local lifetime reduced regions
Internal quantum efficiency (IQE) measurements confirm that the local rear side

contacts are regions of high recombination. Fig. 42 shows the measured IQE of a LFC
solar cell (green filled squares) with a base resistivity of 9 Qcm. The IQE curve of the
LFC solar cell illustrates a current collection near unity for generation wavelengths up
to almost 1000 nm.

In contrast to that the LCP-PERL solar cells (blue filled circles) show an earlier
breakdown of the IQE curve at about 900 nm. The increasing absorption length in
silicon for increasing wavelength in this regime allows depth dependent information of
the local current collection. The wavelengths below 900 nm are mostly absorbed on
the front side or the bulk of the solar cell, which leads to a correlation of front side or
bulk recombination effects and the IQE in this regime. Larger wavelengths also reach
the rear side of the solar cell and lead to a higher sensitivity of the IQE on rear side
recombination effects in this regime.

Therefore, the decrease in the IQE for wavelengths larger than 900 nm of the LCP-
PERL cells correlates with increased recombination on the rear side. Furthermore, the
IQE decrease correlates with increasing rear side contact fraction when comparing the
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blue filled circles (LCP-PERL solar cell, low contact fraction) to the orange filled
triangle (LCP-PERL solar cell, large contact fraction). This correlation leads to the
conclusion that local lifetime reduced areas are present around the LCP-LBSF regions.
These lifetime reduced areas are the origin of increased recombination losses and
therefore, the origin of the reduced open circuit-voltage compared to the LFC
reference solar cells. The local lifetime reduced areas are most likely a consequence of
laser induced damage, which is visible in Fig. 39 as local hole shaped defect structures
within the laser processed area.

The comparison of the blue filled circles (LCP-PERL, large f.) and the magenta filled
stars (LCP-PERC, large f;) in Fig. 42 shows the same level in the long wavelength
IQE. The same IQE level for the LCP-PERL solar cells processed with a sodium
containing liquid jet doping source and the H,O liquid jet processed LCP-PERC solar
cells leads to the conclusion that the increased rear side recombination is not a
consequence of sodium induced recombination centers. However, despite laser
induced damage structures, the introduction of additional impurities such as oxygen®
during the laser doping process could also enhance the local recombination in these
areas.
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Fig. 41

Comparison of simulated and experimental SunsV,, curves of LCP-PERL solar cells (rear side pitch: 1
mm) with line shaped rear side openings of partial Schottky and LBSF character, assuming different
Schottky-LBSF contact ratios and a laser damaged zone with a reduced lifetime of 10 ns within a
radius of 5 um around the contact.

® SIMS measurements show a similar Oxygen concentration compared to the boron
concentration using 4.4 M NaBH4 in 14 M NaOH as LCP doping source. Furthermore, the
application of a H20 liquid jet for the LCP-PERC solar cell rear side contact openings leads
also to an introduction of a similar non-electrically active oxygen profile in the processed
area.
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Fig. 42

Measured IQE and reflection spectra of two LCP-PERL solar cells with small (blue data) and large (orange data)
rear side contact area fraction f., a LCP-PERC solar cell (magenta data) with large contact fraction and the
according LFC reference (green data) with the same base resistivity.

3.6 Summary and further optimization routes
Chapter 3 summarizes the developments of a LCP based boron laser doping process in

order to create local back surface fields for p-type PERL solar cells. After a screening
of potential boron doping sources for LCP, the most promising candidate was an
aqueous solution of 4.4 M NaBH; in 14 M NaOH. SIMS measurements validated a
high amount of B with a surface doping concentration of up to 10%° cm™.

The first implementation of the boron LCP laser doping process as LBSF in p-type
PERL solar cells showed a successful proof-of-concept and allowed the fabrication of
solar cells with a maximum cell efficiency of 20.9%. The cells were fabricated on FZ-
Si wafers with a base resistivity of 0.5 Qcm.

After the successful proof-of-concept the boron LCP process was further evaluated by
the application as LBSF for PERL solar cells with varying base resistivities and
compared to a LCP process for PERC solar cells and an established LFC solar cell
process. The increase of the base resistivity reveals doping or recombination related
process problems, which have a stronger impact on high base resistivity material. On
the one hand the appearance of Schottky contacts due to non- or low LBSF doping
could be analyzed and on the other hand the influence of laser induced damage on the
cell performance for LCP-PERL solar cells was shown. The p-type solar cells were
fabricated on FZ-Si wafers with a base resistivity of 0.5, 1, 4 and 9 Qcm and featured
either non-additionally doped LCP line rear contact openings (LCP-PERC), LCP
boron doped LBSF line structures (LCP-PERL) or point-shaped LFC LBSF structures
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(LFC) on the rear side. The IV results of the different solar cell designs revealed a
stable performance of the LFC reference cells, a significant decrease of the cell
performance of the LCP-PERL solar cells with increasing base resistivity and a
massive breakdown of the cell performance of the LCP-PERC solar cells for base
resistivities larger than 1 Qcm.

A loss analysis of the processed solar cells with varying base resistivity revealed a
slight disadvantage of the line contact design of the LCP-PERL solar cells compared
to the point contact design of the LFC reference solar cells, especially for high base
resistivities, related to an increased spreading resistance of the line contact design for
same contact fractions compared to the point contact design. However, the series
resistance analysis showed that the LCP-PERL solar cells are not limited by an
increased contact resistance as in the case of the LCP-PERC solar cells. The low series
resistances of the LCP-PERL solar cells proofed that the formation of an ohmic rear
side contact by the LCP boron doping was successful. In contrast to that the LCP-
PERC solar cells showed a limitation due to the formation of a rear side Schottky
contact. However, despite the good contacting behavior, the LCP-PERL solar cells
showed a cell performance limitation due to a decrease in the open circuit voltage for
increasing base resistivities. A combination of simulation results and measurement
results could show that the V. limitation is not a consequence of local Schottky
contacts due to non-homogenously doped contact openings but a result of local
lifetime reduced areas around the LCP processed LBSF structures. The local lifetime
reduction is most likely a consequence of laser induced damage during the laser
doping process due to non-optimized processing parameters.

The performed experiments in this work showed that the application of the developed
boron LCP laser doping process was mostly limited by the discussed laser damage
related cell performance limitation for high base resistivities but also demonstrated
several technological hurdles such as nozzle or pipe plugging of small precipitates of
the liquid boron source during processing and handling challenges due to high etch
rates of silicon caused by the NaOH containing boron source. These findings
demonstrate that beside an optimization of the laser processing parameters also further
evaluations of liquid boron doping sources (non-etching, high boron concentration,
low chemical reactivity with water, low concentration of recombination active
elements) would lead to significant technological improvements.

Further optimization routes for the LCP boron laser doping process should address a
reduction of the introduced laser damage and possible alternative boron doping
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sources with lower pH values. The impact of laser damage depends on the applied
laser process, the passivation layer properties and the possibility of annealing steps
after laser processing. The successfully optimized LFC process by Nekarda [60] and
his co-workers shows that an enhanced laser parameter study with different laser pulse
durations and/or wavelengths could significantly decrease the appearance of laser
induced damage zones.
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4 Theoretical considerations on selective emitter solar cells

The following chapter aims to analyze the different impacts of selective emitter
designs on the electrical performance of silicon salar cells by calculating and
simulating the benefits of a highly doped region underneath the metal contacts
on the contact resistance and contact recombination losses. Both loss
mechanisms are discussed from a general point of view in section 4.1 and 4.2.
The impact of both loss mechanisms on the electrical performance in different
solar cell designs (Al-BSF, PERC, PERL) is subsequently discussed in section
4.3. Furthermore, section 4.3 and 4.4 discuss the correlation of different solar
cell design features (selective emitter process — metallization scheme -
homogenous emitter design) and how their interaction defines the possible
benefit of a selective emitter design.

There are several experimental [46] (see [39] for a review) or simulation [142] (see
[143] for a review) based publications, discussing the impact of selective emitter
designs on the cell performance of silicon solar cells. However, most of the works are
either focusing on lab-type solar cell designs or industrially feasible solar cell designs
with screen printed front side contacts. This work expands the discussion by including
also plated contacts, which are a promising alternative for industrially feasible high
efficiency silicon solar cell designs.

Fig. 43

Exemplary scheme of an AI-BSF solar cell design with a selective emitter (SE) on the front side. The
selective emitter features differently doped emitter areas (red colored area) underneath the metal
contacts and in the passivated region in between the contacted area. In consistency with the schemes
of Al-BSF solar cells with SE in the following chapters, the shown solar cell features a 2-layer metal
contact on the front side exemplary for Ni-Cu or Ni-Ag plated contacts.
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The term “selective emitter” is used for a locally optimized emitter design with
different emitter doping profiles underneath the metal contacts and in the passivated
regions between the metal contacts. Fig. 43 shows an example for a selective emitter
design of an Al-BSF solar cell. An emitter with the same doping profile underneath the
metal contacts and in the passivated regions will be called in this work “homogenous
emitter”. The beneficial impact of the selective emitter can be separated into two parts.
On the one hand the passivated emitter region can be optimized in terms of low
saturation current density and high quantum efficiency in order to reduce
recombination related V,. and Js losses, respectively. On the other hand the emitter
region underneath the metal contacts can be optimized in terms of low saturation
current density, low contact resistivity and high prevention against metallization
induced shunts or spikes. The following sections will discuss the impact of state-of-
the-art selective emitter designs in terms of optimizing the series resistance and
recombination losses in the solar cell.

4.1 Emitter contact resistance losses
The emitter doping profile underneath the metal contacts and in the passivated regions

has a strong impact on different series resistance components in the solar cells. An
increased peak surface doping density underneath the metal contacts reduces the
contact resistance due to the transition from thermionic or thermionic field emission
current transport to a tunneling dominated current transport into the metal contact by
field emission (see Fig. 8 in section 2.3.1). The tunneling dominated current transport
comes along with low contact resistivities.

There are different techniques to form the emitter metal contacts for solar cells.
Photolithography in combination with an evaporated or sputtered metal layer is the
most common technique for high efficiency lab type solar cells. The application of Ti
or Al layers allows good contact resistivities due to a low work function mismatch on
n- and p-type Si, respectively. However, this technique includes high processing time
and processing costs. Therefore, industrial solar cells mostly feature Ag screen printed
contacts on the front side. Screen printing of metal pastes allows low processing time
and processing costs. Depending on the application, Ag or Al pastes are used in order
to contact n-type or p-type doped surfaces, respectively. The Ag-paste contains Ag
crystallites, glass frit and organic solvents and is printed onto the emitter passivation
layer (PECVD-SiN,). During a subsequent firing process the organic solvents are
burned and the silver/glass finger fires through the SiN, and the contact is formed by
local silver crystallites at the emitter surface. An industrially feasible alternative to Ag
screen printing is Ni/Cu/Ag plating [50, 78, 144-146]. This technique forms a plated



4 Theoretical considerations on selective emitter solar cells 71

Ni contact at the emitter surface, which is subsequently annealed at 250-450°C
forming a Ni-silicide phase at the metal-silicon interface. The Ni and the Ni silicide
layer provide low contact resistivities for n-type doped silicon surfaces and act as
diffusion barrier against the subsequently plated Cu layer.

Fig. 44 shows a comparison of measured and modeled contact resistivities for screen
printed Ag and plated Ni contacts. The experimental values of the plated contacts
(blue, green and orange data) show that the application of Ni based contacts allows
low contact resistivities even on low emitter surface doping densities. The
experimental values of the Ag screen printed fingers (magenta data) show a large
difference to the modeled values along the whole doping density range and for all
barrier heights. This difference is caused by the fact that the contact formation for
printed contacts is much more complex than for plating or evaporation, which causes a
much smaller actual contact area in comparison to the printed area. There are different
theories about the contact formation [147-149], which show that the current transport
at the silicon-metal interface is dominated by silver crystallites at the interface.
Therefore, the printed area, which is assumed for the calculation of the experimental
contact resistivities, is larger than the contact area, which leads to larger experimental
values compared to the theory.
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Fig. 44

Measured and modeled contact resistivities of plated Ni and screen printed Ag contacts on n-type
doped surfaces with varying surface doping densities. The presented data are measurements of p, of
Ni, different Ni silicide phases and screen printed Ag contacts from Stavitski [150], Braun [151], Tous
[152], Schubert [148], Horteis [147] and Cooper [153]. The calculated contact resistivities are based on
the model of Yu [27], which is further described in section 2.3.1.



72 4 Theoretical considerations on selective emitter solar cells

The simulations (shown as black lines in Fig. 44 for different barrier heights) indicates
that high emitter doping densities at the silicon metal interface lead to reduced contact
resistances in the solar cell. However, not only the interface properties influence the
contact resistance losses but also the current density flowing through the contact. Thus,
the contact design also influences the contact resistance. The contact resistance Rgn
(in Qcm?) of the solar cell is linear in the contact resistivity, which is weighted by the
ratio of the active cell area of the unit cell Ay, and the contact area Acon. ASSuming
line shaped contacts the area ratio can be replaced by the ratio of the finger pitch Xpicn
and the contact width w, as shown in Eq. ( 29).

Xpitch ( 29

Reonte = Pc
cont )

Eqg. ( 29 ) can be used to evaluate if the contact resistance will be a limiting series
resistance contribution in a solar cell design. The total series resistance Rs of state-of-
the-art non-concentrating silicon solar cells is usually in the range of 0.2-2 Qcm2,
Assuming that the contact resistance contribution should not be larger than
0.05 Qcm?, which would be 25% for Rs=0.2 or 2.5% for R; =2 Qcm?, Eq. ( 29 )
defines a maximum contact resistivity o max- Fig. 45 shows the influence of the contact
design on the maximum contact resistivity o max-

The combination of Fig. 44 and Fig. 45 shows that for screen printed contacts the
contact resistance becomes a limiting loss in the solar cell easily because p; is larger
than p.max fOr emitter doping densities below 10%° cm™. However, in the case of plated
Ni contacts p; is below p.max for emitter doping densities down to 10" cm?. This
shows that for screen printed metallization schemes on lowly doped emitters the
implementation of a selective emitter design becomes more beneficial due to a higher
sensitivity of the contact resistance on the surface doping concentration. On the other
hand the contact resistance of plated Ni contacts is for surface doping densities above
10" cm™ mostly limited by the contact geometry, which reduces the impact of an
additional highly doped area underneath the metal contacts.
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Maximum contact resistivity10 for a contact resistance Rgont < 0.05 Qcm2.

In conclusion the impact of a selective emitter only becomes significant for the series
resistance losses of a solar cell if the surface doping density of the homogenous emitter
IS not sufficient to ensure p, < ¢ max-

4.2 Emitter recombination losses
The impact of the emitter recombination losses on the solar cell efficiency is mostly

caused by a reduction of the open circuit voltage and the short circuit current density.
The most relevant parameter describing the open circuit voltage loss is the saturation
current density Jo; of the two diode equivalent circuit of the solar cell. The open circuit
voltage shows a great sensitivity on this parameter, which describes Auger and
Shockley-Read-Hall (SRH) related recombination currents in the solar cell. If the cell
Is not limited by series resistance effects, in low level injection conditions and if the
photo-generation within the space charge region is negligible small [3, 4, 116] the
differential equations describing the operation of the cell satisfy the principle of
superposition. This allows the definition of the light J-V curve as a shifted dark J-V
curve by the short circuit current density Js.. Furthermore, the saturation current
density Jo; can be written in first approximation as area weighted sum of the
recombination paths in each cell region as shown in Eqg. ( 30 ) and ( 31).

Jo1 = ]Ol,E +]01,base +]01,rear (3(:))

1 31

]Ol,E = Al ((Acell - Acont)]ol,pas + Acont]Ol,cont) ( )
ce

19 For a comparison of Fig. 44 and Fig. 45 the contact width equals for screen printed contacts the printed width.
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The saturation current densities of the passivated emitter region Jo; a5, Of the metalized
emitter region Jog cont, OF the bulk Jo; pase @nd rear side Joy rear are weighted with their
according area fractions. The metalized area A is for state-of-the-art industrial solar
cells in the range of 5-10% of the cell area Ag,.

EDNA [133] simulations were performed in order to estimate the impact of the emitter
doping profile and possible improvements due to a selective emitter doping on the
saturation current densities. The assumptions were a metalized surface’ with
So.cont = 10" cm/s [154, 155] for the contacted emitter regions and a passivated textured
surface with a surface recombination velocity S s for the passivated emitter regions.
Sopas Was calculated using the parameterization of the data of Glunz et al. [156] by
Altermatt et al. [157] shown in Eq. ( 32 ). This parameterization describes the surface
recombination velocity at the interface of a textured surface passivated with a thermal
silicon oxide as a function of the phosphorus surface doping density Ng peax.

In contrast to state-of-the-art industrial silicon solar cells this parameterization
assumes a thermal oxide instead of a PECVD SiN, passivated textured surface.
Although, there is a parameterization for PECVD SiN, passivations [157] on planar
surfaces the model in Eq. ( 32 ) was chosen due to the fact that Sy, is much more
influenced by a texture than by the difference of the passivation systems and there is
no model available yet, which describes a PECVD SiN, passivated textured surface.
Therefore, the simulated results can also be used in order to show the dominant trends
for SiN, passivated emitters on textured surfaces.

0.3 2.2
ND,peak ND,peak ( 32

Sopas(Nppear) = 1500 (—1 055 Cm_3) cm/s + 2000 ( ot cm_g) cm/s )

The EDNA simulations assumed Fermi-Dirac statistics and n-type Gaussian doping
profiles with depths of 0.2-1.5 um, peak doping densities Np ,eq, Of 5-10'% —3-
102° cm™ and a base doping density of 10 cm™, which equals for p-type Si a base
resistivity of about 1.5 Qcm. This broad range of doping profile parameters can be
used to estimate all kind of furnace diffused POCI; emitter doping, such as deep lab
type emitter profiles as well as state-of-the-art industrially feasible shallow diffusion
profiles. High efficiency solar cell designs usually feature lightly doped emitters with

! The surface recombination velocity is in the maximum limited by the thermal velocity of electrons or holes in
silicon, which are depending on the temperature and the applied electric field in the regime of 107 cm/s.
Therefore, metalized surface is defined as worst case assuming the maximum surface recombination velocity of
10" cm/s.
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higher sheet resistances of 100-200 Q/sqg. in order to decrease the saturation current
density Joipas Within the passivated emitter regions and recombination related Jg
losses. This can bring benefits in terms of open circuit voltage but also comes along
with an increase of the saturation current density Joicont IN the metalized contact
regions.

Fig. 46 shows the sheet resistances of the Gaussian diffusion profiles (lower left) and
the according simulated saturation current densities for the passivated Jo;pas (Upper
left) and metalized case Joicont (Upper right) and the ratio of both (lower right).
Assuming a typical sheet resistance of thermally diffused emitters for lab type and
industrial high efficiency solar cells of Ry, > 100-200 Q/sq. the according Jos cont IS 1N
the region of 500-1000 fA/cmz2. Going to a selective emitter with a highly doped area
beneath the contact, Jo; cont Can be reduced to a range of 100-500 fA/cm?2.

The results show the antilogy of the optimum doping profile aiming for low saturation
current densities for the case of passivated and metalized surfaces. For the metalized
case the doping profile acts as shielding, repelling the minority carriers from the high
recombinative surface, which is more effective with higher surface doping
concentrations and deeper doping depths. On the other hand the saturation current
density decreases in the case of passivated surfaces with decreasing surface doping
concentrations due to reduced Auger recombination and an improvement of the
surface recombination velocity at the interface Sg pas.

However, looking at the ratio of Jo; pas and Jo1 cone i the lower right plot of Fig. 46 it
becomes obvious that the introduction of a selective emitter becomes more and more
important for low peak doping concentrations. Furthermore, Jo; cont has to be weighted
by the area fraction of the metalized emitter regions (~5-10%). The impact of a
selective emitter can be described by replacing Joicont in Eq. ( 31 ) as multiple of

]Ol,pas by a = ]01,pas/]01,cont '

ACOnt
Jorg = Joipas |1+ A (¢ —-1) (33)

cell

The ratio a can be reduced by the implementation of a selective emitter. However, Eq.
( 33 ) and the plot of a in the lower right plot in Fig. 46 show that the impact of the
metalized contact region on Jo; g is below 10% for small area fractions of 5-10% and
small values of o < 3 as in the case for high peak doping densities.
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Fig. 46

Calculated sheet resistances (lower left) of the simulated doping profiles, a comparison of the
saturation current densities assuming a metalized (upper right) and passivated surface (upper left)
using EDNA [133] and the according ratio of Jo cont/Jo1 pas(lOWer right).

Therefore, the effect on the open circuit voltage of an additional highly doped area
underneath the metal contacts in combination with rather high doping levels in the
passivated region will be very small. The following simulations will show in which
cell design the implementation of a selective emitter becomes beneficial and in which
cell designs the cell performance is not limited by a homogenous emitter design.

4.3 Simulation of solar cells with and without selective emitter designs
The following simulations will demonstrate how different aspects of the solar cell

design influence the solar cell performance. There is a discussion how the application
of homogenous emitter and metallization schemes with a high sensitivity of the contact
resistivity on the surface doping concentration will lead to resistance related
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limitations of the cell performance for lowly doped emitter profiles. Additionally, the
simulations will estimate the impact of reduced recombination effects due to highly
doped regions underneath the emitter metal contacts. In the end the simulations will
estimate possible benefits of the transformation of a homogenous emitter to a selective
emitter design. In this context the correlation between the applied metallization
scheme and the possibly resulting benefit of a selective emitter design will be
discussed.

4.3.1 Simulation setup
The Quokka simulator [158] was used to perform 2d simulations of different solar cell

designs in order to see the impact of improved front side contact saturation current
densities Jo1 cont @nd contact resistivities p.one due to a selective emitter doping or/and
advanced metallization schemes such as Ni-Cu plating. This simulation tool features
conductive boundary approximations at the interfaces using saturation current
densities or surface recombination velocities for the description of local structures
such as diffusions, passivated surfaces and contact openings. The Quokka simulator
allows a fast simulation of the IV-curve parameters of a defined solar cell design,
assuming a variety of cell design parameter sets. Table X and Table XI summarize the
simulation parameters of the following Quokka simulations. Four different cell designs
are analyzed. The AI-BSF design describes state-of-the-art industrial solar cells with
screen printed Al contacts on the rear leading to a full area Al back surface field. The
best solar cells with a similar design achieved maximum cell efficiencies of up to
19.9% [7]. The front side features a rather lowly doped emitter with a Gaussian profile
with a peak doping density of 10?° cm™ and a pn-junction depth of about 0.2 pm.

Table X: Quokka 2d simulation material parameters

Simulation parameters

Geometrical dimensions 2d
Mobility model Klaassen [159]
Temperature T 300 K
Bulk lifetime 1z 500 ps
Cell thickness W 190 pm
Half front side pitch x 0.65 mm

Si material p-type Si, 1.5 Qcm
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Table XI: Quokka 2d simulation cell design parameters

Simulation parameters

Front side contact opening
width: 2wse

Front side metal contact width:
2W,

External series resistance in
metallization Rg

External shunt resistance R,

Cell design

HE surface doping density
Metallurgical pn-junctiondepth

HE sheet resistance Rsp ne

Passivated saturation current
density Joi,pas

Passivated saturation current
density Joz,pas

Metalized saturation current
density Joi cont

Metalized saturation current
density Joz,cont

Front side contact resistance
Pe

BSF geometry
LBSF width W\ BsF

Rear side pitch 2x;

(L)BSF sheet resistance
Rsh,BSF

Rear side contact resistance
feB

(L)BSF saturation current
density Joi sk

Al-BSF

10%*° cm’®
0.2 um
130 Q/sq.
355 fA/cm?

10 nA/cm?2
1006 fA/cm

2

30 nA/cm?
1 mQcm?2

full area

20 Q/sq.
1 mQcm?2

250 fA/cm?

20 pum

2w, = 2wgg + 20 um

0.16 Qcm?
100 kQcm?
PERC PERC
(opt. emitter)
10%*° cm’® 10" cm’®
0.2 um 1um
130 Q/sq. 129 Q/sq.
355 fA/cm? 51 fA/lcm?
10 nA/cm 5 nA/cm
1006 fA/cm? 1045 fA/cm?
30 nA/cm? 20 nA/lcm?
1 mQcm? 1 mQcm?
lines lines
50 um 50 um
1.3 mm 1.3 mm
20 Q/sq. 20 Q/sq.
1 mQcm? 1 mQcm?2
250 fA/lcm? 250 fA/lcm?

PERL
(opt. emitter)

10" cm’®
1pum
129 Q/sq.
51 fA/lcm?
5 nA/cm
1045 fAlcm?
20 nA/lcm?
1 mQcm?
lines
50 um
1.3 mm
20 Q/sq.
1 mQcm?2

50 fA/cm?

The second design is a PERC solar cell with the same front side as the AI-BSF design
but with a passivated rear side with line contacts. The line contact geometry is mostly
attributed to the 2-d simulation geometry, which only describes 2-d symmetrical unit
cells as in the case of lines. The line contacts have in the metalized regions the same
Jorrear @S the AI-BSF. The next design PERC (opt. emitter) is based on the PERC
design but with a driven-in emitter on the front side with a peak doping density of
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10" cm™ and a pn-junction depth of about 1 um. The sheet resistance of both emitter
profiles is about 130 Q/sq.. Finally, the last design features not only the driven-in
emitter on the front side but also a reduced Jo; resr OF the local metal contacted areas, as
in the case of a diffused boron doped local back surface field. The values for Jos cont
and Jo1 pas are calculated for the two different doping profiles using the EDNA [133].
The value of Jgp pas @and Joz cont are an educated guess based on the measured Jo, totar OF
solar cells from performed experiments such as the one shown in chapter 5.

4.3.2 Contact resistance limitations for homogenous emitter designs
The application of lowly doped emitter profiles is for Ag-screen printed front side

contacts limited due to a high sensitivity of this metallization scheme on the surface
doping concentration. As discussed in in section 4.1 and Fig. 44 the contact resistivity
will dominate the series resistance losses of the solar cell and limit the overall solar
cell efficiency.

Fig. 47 shows the simulated dependency of the solar cells fill factor on the front side
contact width and front side contact resistivity for all cell designs. The simulation
results show that high contact resistivities lead to a significant decrease of the FF. The
FF decrease can be partially compensated by larger contact widths; however, the
increased shading in turn decreases the solar cell efficiency. Fig. 48 illustrates the solar
cell efficiency as a function of the front side contact width and front side contact
resistivity for all cell designs. A typical solar cell would have a specific contact
resistivity below 10 or 10 Qcm? for plated Ni or screen printed Ag contacts at
surface doping concentrations above 10° cm™ (see Fig. 44). However, the simulated
and experimental contact resistivity range for screen printed and plated front side
contacts in Fig. 44 shows that especially for the driven-in emitter the contact resistivity
would become the limiting factor in the solar cell.

The experimental data of p,n for Ag-screen printing on surface doping densities
smaller than 10%° cm™ are larger than 1 Qcm?, which is far outside the plotting range in
Fig. 47 and would lead to very low fill factors and cell efficiencies. In the case of
plated Ni contacts the silicide phase at the interface becomes relevant. Depending if it
is Ni, NiSi or NiSi, peont Can be above 107 Qcm2 for elemental Ni or below 10 Qcm?
for Ni silicide phases. This shows that the emitter design of homogenous emitter solar
cells is at some point limited by the contact resistivity of the applied metallization
scheme. The application of a selective emitter with a highly doped region underneath
the metal contacts can decouple the contact resistance limitation and the emitter profile
optimization in the passivated regions.
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Fig. 47
Simulated fill factor FF of the four solar cell designs described in Table X and Table XI as a function of
the front side contact width and the front side contact resistivity.

The simulations in this section show that the benefits of a selective emitter design in
comparison to a homogenous emitter design in terms of contact resistance strongly
depends on the interaction between the surface doping concentration of the
homogenous emitter, the applied metallization scheme and the applied metal contact
width. The selective emitter becomes more and more beneficial for lowly doped
homogenous emitter profiles, metallization schemes with a high sensitivity on the
doping concentration and small contact widths. However, the impact of the additional
highly doped region of the selective emitter becomes almost negligible for high
surface doping concentrations, metallization schemes with contact resistivities below
10" Qcm? and large contact widths.
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Simulated solar cell efficiency 7 of the four solar cell designs described in Table X and Table XI as a
function of the front side contact width and the front side contact resistivity.

10" 10° 10% 10™ 10°® 10% 10* 10° )
p_(Qcm?) Pon (2CM?2) p_ (Qcm?)

cont Poont (Qcmz) cont cont



4 Theoretical considerations on selective emitter solar cells 81

4.3.3 Recombination benefits of highly doped contacts
The simulations of the saturation current densities in Fig. 46 shows that for lowly

doped homogenous emitter profiles the saturation current density of the metalized
areas Joicont Decomes large and eventually lead to a limitation of the open circuit
voltage. Historically [8], the decoupling of the optimization of the saturation current
densities in the passivated Jo; pas and contacted areas Joi cont Was one of the intentions
for the selective emitter design.

Fig. 49 shows the simulated dependency of the solar cells open circuit voltage on the
front side contact width and front side saturation current density in the contacted
region. A decrease in both parameters leads to an increase in V,.. The impact of both
parameters correlates, which leads to a small impact of wsg on V. for low Jo; cone and a
large impact of wsg on V. for large Joi cont. The simulated Jo; cont OF the homogenous
emitter profiles in Table X is about 1000 fA/cm2. The introduction of a selective
emitter design with a highly doped area underneath the metal contacts could further
reduce Joy cont DElOW this value. However, depending on the contact width the reduction
of Joz cont t0 values below 1000 fA/cm? leads in most cases only to a small increase in
V.. The same trends are also visible in the solar cell efficiency in Fig. 50. This shows
that the implementation of a selective emitter design is not necessarily significant for
the open circuit voltage, especially, for small contact widths and Jo; ¢ont In the range of
1000 fA/cm? or less.
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Fig. 49

Simulated solar cell open circuit voltage V,. of the four solar cell designs described inTable X and
Table Xl as a function of the front side contact width and the saturation current density in the front side
contact region.
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Fig. 50
Simulated solar cell efficiency 7 of the four solar cell designs described in Table X and Table XI as a
function of the front side contact width and the saturation current density in the front side contact
region.

In some cases Jorcont Can become much larger either due to a “dead layer” of
electrically inactive phosphorus precipitates in highly doped emitter profiles [160] or
very lowly doped emitter profiles with peak doping densities below 10%° cm™.
Nevertheless, both of these cases do not apply for the simulated driven-in emitter with
a Gaussian profile and a surface doping density between 10%°-10% cm™.The
comparison of the simulated cell efficiencies of the different cell designs in Fig. 50
illustrates that the introduction of a selective emitter becomes more and more
beneficial for high efficiency solar cell designs. Assuming a contact width of
2Wse = 25 um, the introduction of a selective emitter is for the AI-BSF solar cell
design not significant. In fact, even an increase of Jo; cont UP tO 10* fA/cm? would not
significantly decrease the cell efficiency. For increased contact width the impact of
Jo1.cont DECOMeES more relevant, however, the Al-BSF solar cell efficiency is much more
sensitive on the contact width than on the recombination properties of the contacted
region. The PERC and PERL designs show similar trends and also a rather low
sensitivity on Jo; cont IMprovements below 1000 fA/cm?2.

4.3.4 Selective emitter vs. homogenous emitter design
In the previous two sections the contact resistance and contact recombination

properties were analyzed separately. However, in actual solar cells both properties are
correlated and depend on the diffusion profile, the contact opening process and the
metallization scheme. Fig. 51 summarizes the simulated cell efficiency (subfigure a) ),
open circuit voltage (subfigure b) ) and fill factor (subfigure ¢) ) as a function of the
front side contact resistivity and the front side contact saturation current density for all
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cell designs. The simulations in Fig. 51 assume a contact opening width of 20 pm,
which is typical for laser openings.
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Fig. 51

Simulated a) solar cell efficiency 7, b) open circuit voltage V.. and c) fill factor FF of the four solar cell
designs described in Table X and Table Xl as a function of the front side contact resistivity and the
saturation current density in the front side contact region.
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The simulation results in Fig. 51 show similar trends as in the previous simulations.
One new finding is the local maximum of the FF for saturation current densities
around 10* fA/cm2. The local maximum is a consequence of the fact that in this Jo1cont
regime the V. is already decreased but the increased contact recombination is under
maximum power point (MPP) conditions not the limiting recombination path.
Therefore, the reduction of the V,. and the stability of the MPP lead to an increased
FF. However, the cell efficiency is not significantly affected by this trend.

The comparison of the cell efficiency results in Fig. 51 a) gives important information
about the relevant cell design improvements for industrially feasible high efficiency
silicon solar cells. The simulations show that the introduction of a selective emitter for
small contact openings only becomes beneficial if the contact resistivity is a limiting
factor of the solar cell. If that is not the case the almost negligible contact
recombination improvements does not necessarily justify the increased processing
effort and processing cost of a selective emitter. However, the simulation results in
Fig. 51 a) demonstrate that the reduction of the contact resistivity due to an additional
highly doped contact region in combination with small contact openings can improve
the cell efficiency even if the local doping would be connected to an increase of Joy cont.
This scenario is possible for laser induced damage due to the application of high laser
pulse energies during the contact opening formation.

The comparison of the different cell designs shows that for the case of a metallization
scheme with low contact resistivities even for small contact widths —as in the case of
plated Ni-Cu or Ni-Ag contacts- the improvement of the emitter doping in the
passivated regions and the introduction of a passivated rear side are much more
beneficial than the introduction of a selective emitter doping. In fact the simulation
predicts that the selective emitter becomes for this metallization scheme not relevant in
terms of maximum cell efficiency for all cell designs. However, chapter 6 will discuss
why the introduction of a selective emitter is still beneficial for this metallization
scheme in terms of shunting prevention.

4.4 Conclusion
The performed calculations and simulations in this chapter aimed to analyze the two

main aspects of the selective emitter doping: the influence of the doping concentration
on the contact resistivity and the reduction of the saturation current density of highly
doped regions. Furthermore, 2d simulations of four different solar cell designs
revealed the impact of the front contact properties on the solar cell performance.
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The experimental data from the literature and the calculated dependence of the contact
resistivity and the surface doping concentration in Fig. 44 showed that beside the
theoretical improvement of o, for high doping concentrations the metallization
scheme itself strongly influences the contact resistance in the actual solar cell. Screen
printed Ag contacts show in this context a significantly higher sensitivity on the
doping concentration than plated Ni contacts. The solar cell simulations in Fig. 48
revealed that for peont > 10 Qcm? the cell efficiency decreases due to fill factor
limitations of the contact resistance. The o related fill factor losses can be reduced
by larger contact widths; however, the simulations in Fig. 49 and Fig. 50 show that this
leads to a cell efficiency limitation due to a decrease in the V. and J; due to increased
contact recombination and shading, respectively. Furthermore, the results of Fig. 49
and Fig. 50 indicate that a decrease of Jo; cont ONly becomes relevant in the presence of
large contact widths or for cell designs aiming for cell efficiencies 7> 21%.
Especially, the simulations of the Al-BSF cell design demonstrate that a decrease or
increase of Jocont TOr values below 10* fA/lcm? has no significant impact on the
resulting cell efficiency.

The discussed findings in this chapter can help in the process design for industrially
feasible high efficiency silicon solar cells. They show that for technology related
limitations such as the avoidance of non-mass production compatible processes the
interaction between the cell design, the metallization scheme, the thermally diffused
homogenous emitter and the applied selective emitter process decides whether or not
the introduction of a selective emitter is beneficial in terms of maximum cell
efficiency. Regarding state-of-the-art processing technologies, it is in most cases more
beneficial to reduce the contact width and improve the homogenous emitter diffusion
than introducing a selective emitter by highly doped regions underneath the contacts.
The introduction of a selective emitter design is in industrially feasible cell designs
mostly beneficial at the point when the applied metallization scheme limits the cell
efficiency due to large oot OF if the highly doped region prevents shunting related cell
efficiency limitations. The latter will be discussed in the following two chapters.
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5 LCP selective emitter doping for plated Si solar cells

The following chapter analyzes the benefits of different cell design
improvements on the electrical performance of AI-BSF solar cells. The
fabricated solar cells described in section 5.1 feature a lightly doped thermally
diffused emitter, plated Ni-Ag or Ni-Cu-Ag front side contacts and partly a
selective emitter design by additional highly doped front side contact openings
by LCP-SE. The presented solar cell results of section 0 are analyzed in more
detail in a loss analysis in section 5.3. The main findings of this loss analysis
are summarized in the conclusion of section 5.4.

The results of the presented experiments in this chapter led to following
publication [73].

The application of local phosphorus doping by LCP gives the opportunity of
industrially feasible selective emitters (LCP SE) or local back surface fields in silicon
solar cell designs. The two key aspects of this process within solar cell fabrication
schemes are the local structuring of passivation layers or silicon and the creation of
locally highly doped regions. Within this work the process development of the n-type
LCP process focusses on the application of forming a highly doped contact opening
for a selective emitter design (LCP SE) for p-type solar cells. The historical idea of
selective emitter structures and local back surface fields is the reduction of local
recombination and series resistance losses at the metal contacts [8]. However, the
industrial approach of high efficiency solar cell designs [50] usually differs from the
historical lab type approach [8, 9]. This is caused by process related design limitations
for the emitter diffusions, the applied passivation layers and the metallization
structures. Depending on the applied emitter and especially the metallization scheme
the influence of the additional highly doped LCP SE structure underneath the metal
contacts on the contact resistance and the total recombination losses can be highly
significant or almost negligible (see chapter 4).
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5.1 Solar cell fabrication
One evolutionary approach towards an industrially feasible high efficiency solar cell

concept is the implementation of a selective emitter and plated Ni-Ag or Ni-Cu front
side contacts in the conventional Al back surface field (Al-BSF) solar cell design. In
comparison to solar cells with screen printed Ag front side contacts, the plated Al-BSF
solar cells can bring cell efficiency benefits due to reduced shading of the narrow
plated metal fingers, decreased recombination losses due to an optimized emitter
profile in the passivated regions and good contact resistances of the Ni seed layer (see
Fig. 44). The good contact resistivity of Ni even on lowly doped surfaces enables also
the introduction of lightly doped emitters. One advantage to screen printed selective
emitter solar cells is also the possibility of very narrow finger width in the range of 20-
50 pum, which allows a small finger pitch on lightly doped emitters for an optimized
trade-off between series resistance, recombination and optical losses.

The presented experiment in this section will evaluate the benefit of a lightly doped
emitter and plated front side contacts for an Al-BSF solar cell design (see Fig. 52)
compared to conventional fully screen printed solar cells. Furthermore, the influence
of a selective emitter doping and the impact of different plating schemes will be
discussed. Large area (156x156 mm?2) AI-BSF silicon solar cells were fabricated in the
High Eta lab and the PV technology evaluation center (PV-TEC) at Fraunhofer ISE
using commercial grade 1-3 Qcm p-type Cz-Si. The processing scheme is shown in
Fig. 53.

Fig. 52

Photography and schematic of the fabricated Al-BSF solar cells (156x156 mm?) with plated Ni-Ag front
side contacts and LCP selective emitter doped openings of the SiN, antireflection coating (AR-SiN,).
The UV laser ablated solar cells have the same design but without a selective emitter design with
highly doped front side contact openings.
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The textured Cz Si wafers were provided by SolarWorld Innovations GmbH. The
thermal POCI; diffusion process was performed at Fraunhofer ISE. The applied
diffusion process creates a homogenous emitter on the front side with a sheet
resistance of about 150 Q/sq. and an estimated pn-junction depth of 200-350 nm. The
rear side was protected during the diffusion process with a 300 nm PECVD SiOy
diffusion barrier resulting in a single side pn junction formation. The diffusion barrier
and the PSG layer of the diffusion process were removed afterwards in a PSG etch
back process with extended etching time. The subsequent PECVD SiN, passivation
coating of the front side was performed at SolarWorld Innovations GmbH, which
showed in pretests low pin hole densities in order to minimize parasitic plating. On the
rear side of the cells a full area Al-screen printing process was performed with a
subsequent fast firing process in a conveyor belt furnace (FFO) for the formation of
the AI-BSF. Fig. 52 shows a schematic of the processed solar cells.

Fig. 53

Processing scheme of the fabricated Al-BSF solar with and without selective emitter and with plated
front side contacts.

*The LCP process for the cells in group A/B was either performed before or after firing (FFO) in order
to evaluate a possible laser damage annealing during the firing step.
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Within this experiment the benefit of a selective emitter and plated front side contacts
was evaluated. Therefore, two different laser structuring techniques were used in order
to create a laser opening of the front side passivation layer for the following plating
process. The contact opening formation of the front side SiN, anti reflection coating
was either performed by pulsed nanosecond (20 ns) UV laser ablation at the company
Rena GmbH or a locally opening and doping process by laser chemical processing
(LCP) [66] at Fraunhofer ISE. The UV laser ablation results in homogenous emitter
solar cells and the LCP opening process creates a selective emitter solar cell with a
lowly doped emitter in the passivated regions and a high laser doped region
underneath the front side metal contacts. LCP enables a simultaneously SiN, ablation
and locally phosphorus doping of the silicon underneath. The LCP system focusses a
pulsed laser spot (532 nm, 70 ns laser pulse duration) into a liquid jet of 85% H3PO,
by using a nozzle with a diameter of 50 um. The n-type LCP process used in this work
was performed on a system without any optical fibers in between the laser and the
liquid jet. This setup showed in previous experiments the best homogeneity and
enables a very well-focused laser spot with a spot size of about 5 um at the nozzle
entrance. Furthermore, high laser pulse repetition rates of 200 kHz were chosen
allowing a spatial pulse distance of 0.5 um on the sample. The LCP-SE SiN, openings
showed a mean line width of 20 + 5 um. However, due to non-optimal coupling of the
laser spot into the liquid jet in some cases the SiN, ablation was quite inhomogeneous
and resulted in a large line width but a small opening fraction (see left microscope
image in Fig. 54). This can lead to misinterpretation in the later loss analysis for area
sensitive measurement results. Therefore, the effective line width W jine IS introduced
in Eqg. ( 34 ); calculated by reducing the opened area Ao Of the laser structured line
with the width*? wji,e and the length I,;,e to @ homogenously opened line with the same
opening area and a resulting effective line width Weg jine.

Acont

Werrline = (34)

lline

In Fig. 54 the dependency between the line width and the effective line width is
displayed. It can be seen that for homogenously opened lines (left and middle
microscope image in Fig. 54) there is a linear dependency between the two line
parameters. All line width parameters are a result of process variations during the LCP
processing and have been used for the subsequent plating. The few deviations from the

'2 The opening area and the line width is determined by a self-written image analyzing script, which determines
the opened area by color information analyzing and the line width as maximum edge of the opened area.
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linear dependency correlate with non-homogenously opened laser openings (right
microscope image in Fig. 54) due to non-optimal processing settings.

The front side metallization processing was divided into three processing schemes.
The reference group (group E) was not laser structured at all and the front side was
metalized by fired Ag-screen printed contacts (3 busbar design, 100 um finger width,
2.3 mm pitch). All other groups featured plated front side metal contacts by either Ni-
Ag or a two-step Ni-Cu-Ag light induced plating process (LIP) also with a 3 busbar
design with 97 fingers with 1.6 mm pitch. The laser structuring was either performed
at Rena GmbH for undoped UV laser ablated contact openings or at Fraunhofer ISE
for highly doped LCP-SE contact openings. The Ni-Ag plated solar cells (group A &
C) were plated after the laser structuring by subsequent inline Ni and inline Ag LIP
processes. After the plating™® the cells were annealed in an inline furnace for 10 min. at
350°C in an N, atmosphere in order to form a Ni-silicide at the silicon metal interface
for better adhesion and low contact resistivity. Fig. 55 shows the two different types of
laser structured front sides before and after Ni-Ag plating. After the laser processing
the opening width is about 20-30 um for both laser processes, which results in
approximately 40-60 pm metal fingers after Ni-Ag or Ni-Cu-Ag plating.
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Fig. 54

Dependency between the line width and the effective line width introduced in Eq. ( 34 ). The inset
images are microscope images of different doped LCP-SE laser openings (gray area) of fabricated
solar cells with random pyramid texture and SiN, passivation (blue area).

3 The delay between plating and annealing was 2 days due to logistic reasons.
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Fig. 55
Top view confocal microscope images before and after Ni-Ag plating of the LCP selective emitter laser
opening process (left) and the nanosecond (ns) UV laser ablation (right) of the front side SiN,

The Ni-Cu-Ag plated solar cells of group B & D were fabricated using a two-step
plating process after the laser structuring, which achieved good adhesive contacts in
recent experiments by Mondon et al. [100]. The laser structured wafers were inline Ni
plated in an LIP process at Fraunhofer ISE with an applied bias voltage and
subsequently** annealed for 2 min. at 275°C or 450°C in a forming gas atmosphere in
order to form a Ni silicide layer. After the anneal the remaining Ni residues were
etched back in a Hy,0,:H,SO4:H,0 (1:1:4) solution and the front metal grid was
processed in subsequent inline Ni and Cu LIP processes under applied bias voltage and
bias current, respectively. At the end the Ni-Cu metal grid was capped by a short inline
Ag LIP layer in order to provide a good solderabilty and prevent the oxidation of the
Cu layer. Fig. 56 shows the contact formation of the Ni-Cu-Ag metallization after
different processing steps.

Fig. 56
Top view confocal microscope images before and after the initial Ni plating and after the Ni etching for
the LCP selective emitter laser opening process and the ns UV ablation of the front side SiN,

% The maximum delay between plating and annealing was about 10 min.
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5.2 Solar cell results

In Table XII the cell results of the best solar cells of each processing group are
summarized. The best solar cell of the fully screen printed reference group E reached a
maximum cell efficiency of 18.2%.

Table XllI: IV parameter results of the fabricated large area (156x156 mm?) Al-BSF solar cells
with maximum cell efficiency of each group. The cells are measured under standard testing
conditions (25°C, 1000 W/cmz?, AM1.5G) with a Xenon flasher class AAA (measurement time
25 ms).

Group Emitter  Metallization n(%) FF (%) pFF (%) Jsic (MA/cm?) Vi (MV)

A 1503('25/8(1. Ni-Ag 190 785 830 37.9 637
B 1505(58(1. Ni-Cu-Ag 185 774 815 37.4 639
C 150HQE/Sq' Ni-Ag 189 779 83.2 38.0 639
D 150HQE/Sq' Ni-Cu-Ag 187 784 820 37.4 636
E 75'5'/Esq_ SP 182 787 828 36.7 631

The best solar cells of group A-D with lightly doped emitters and plated front side
contacts showed maximum cell efficiencies of 18.5-19.0%. The champion cell of this
experiment was in group A with a LCP selective emitter and Ni-Ag plated front side
contacts and showed a maximum cell efficiency of 19.0%. The main benefits of the
cells in group A-D compared to the fully screen printed reference solar cells in group
E are higher short circuit current densities and higher open circuit voltages. However,
comparing the selective (group A and B) and homogenous emitter solar cells (group C
and D) for each plating scheme it becomes obvious that the selective emitter does not
show any benefit in terms of maximum cell efficiency in this experiment. This finding
Is in agreement with the simulation results discussed in chapter 4.In Fig. 57 the IV
parameter results for the best processing scheme of each processing group are plotted.
Group A and C show the highest efficiency level of all processing groups. The
processing groups B and D demonstrate a lower efficiency level than the groups A and
C but still show higher maximum cell efficiencies than the reference group E. All laser
processed and plated groups A-D display a larger spreading of the data than the
reference group E. The following sections will discuss the influence of the lightly
doped emitter, the plated front side contacts and the selective emitter on the cell
efficiency benefit compared to the reference solar cells. Furthermore, the differences
in the cell results between the processing groups will be discussed in a detailed loss
analysis.
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Fig. 57
IV parameter results of the best processing scheme™ of each processing group.

5.3 Loss analysis

5.3.1 Short circuit current density analysis
Fig. 57 illustrates the higher Jg level of about 38 mA/cm?2of the plated solar cells with

lightly doped emitter of group A-D compared to 37 mA/cm? of the to the screen
printed reference cells with a more heavily doped emitter of group E. The reasons for
the short circuit current density benefit of group A-D are lower recombination losses
and less shading effects. Lower recombination losses can be achieved in group A-D by
an improvement of the emitter diffusion profile. The lightly doped emitter has an
overall lower doping density concentration compared to the more heavily doped
emitter in group E. Thus, the Auger recombination current losses in the emitter region
are lower. Furthermore, the lightly doped emitter shows a lower surface doping
concentration of about 2 - 102° cm™, which reduces recombination losses due to dead
layer effects of electrically inactive phosphorus precipitates in the surface region

[160].

> Group A is limited to the solar cells with LCP after the FFO firing process and group B & D to the solar cells
annealed at 275°C (2 min., FGA)
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Fig. 58

Measured internal (closed symbols) and external (open symbols) quantum efficiency of solar cells with
the homogenous 75 and 150 Q/sq. emitter and a solar cell with a selective emitter (150 Q/sq. + LCP-
SE). The measurement spot size is about 20 mm? in a contact finger region and under a bias
illumination of 0.3 suns.

The lower recombination losses of the lightly doped emitter can be seen in higher
internal (IQE) and external quantum efficiencies (EQE) in the lower wavelength
region in Fig. 58. Group A and C give an IQE value between 0.8-1.0 in the wavelength
regime of 300-500 nm, while group E results in an 1QE range of 0.7-0.95 in the same
wavelength regime. The EQE gives the ratio of the measured short circuit current
density and the incoming photon flux as a function of the wavelength A. The IQE is
similar to the EQE but only accounts for photons entering the solar cell. The short
absorption length of silicon in the lower wavelength region leads to a high sensitivity
of the IQE to front side recombination effects. The IQE analysis allows a direct
comparison of the recombination losses in the lightly doped emitter of group A-D and
the more heavily doped emitter in group E disregarding the different shading fractions
of the plated and screen printed front side contacts. The theoretical short circuit current
density benefit of the higher IQE can be calculated using Eq. ( 35).

q

]sc,IQE = Ef A-1QEA) * lym1.56(A) dA (35)

In Eq. ( 35) h is the Planck constant, ¢ is the speed of light and Iam1s4 is the solar
spectral irradiance AM1.5G in Wm™?nm™. In Table XIII the IQE and EQE spectra of
Fig. 58 are converted into the theoretical short circuit current density. The comparison
of Jsc,iqe Of the lightly doped emitter and the more heavily doped emitter shows that
the reduced recombination losses lead to a short circuit current density benefit of about
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1 mA/cmz2. Furthermore, the impact of the selective emitter on the IQE is almost
negligible. For the measured solar cells the maximum Jsc e benefit for the selective
emitter is 0.1 mA/cm? compared to the lightly doped homogenous emitter. This
indicates that the additional highly doped region under the plated contacts does not
significantly change the recombination losses in the short circuit current density.
Reasons for the small impact might be the high surface doping concentration of the
homogenous emitter even without additional laser doping and the fact that the
generation rate in the laser doped region is almost zero due to shading.

The cells with a lightly doped emitter with and without a selective emitter in Table
X1 show a similar Js e level. However, the measured Ji. and Jseoe Show a
significant benefit of the cells with LCP doped contact openings. This Ji. improvement
can be correlated to solar cells with smaller contact opening widths and therefore,
more narrow plated finger widths shown in Fig. 59. The results in Fig. 59 illustrate that
for the applied solar cell design and the applied thermally diffused emitter profile the
impact of the contact opening width and the metallization width is much more
important for the maximum short circuit current density than the impact of a selective
emitter. The low amount of data in Fig. 59 does not allow a substantiated prediction of
the functional dependency between the two measurement values but in first
approximation the measured short circuit current density decreases linear with an
increase of the shaded area due to the metal grid [161].

Table XIII: Comparison of the measured Js. and the calculated Jsc oeeqe from the measured

quantum efficiencies using Eqg. ( 35 ).Within group A the cells marked with * are LCP
processed before FFO (A*) and the others are LCP processed after FFO (A).

H H : Jsc,IQE \]sc,EQE Jsc,meas
Emitter Metallization Group Cell (MA/cm?)  (mAJcm?) (MA/cm?)
A 180 41.2 39.1 38.2+1.1
150Q/sq. Ni-A 044 41.1 38.5 37.6 £ 1.1
+ LCP-SE 9 A* 170* 41.2 39.0 379+ 1.1
191* 41.2 39.1 38.1+1.1
. 196 41.1 38.6 37.7+ 1.1
150Q/sq. NI-Ag c 168  41.1 38.8 37.8+1.1
75Q1sq. Ag screen E 018 40.0 37.9 36.7+1.0

printing 007 40.0 37.9 36.8+1.0
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Fig. 59

Measured short circuit current density as function of the Ni-Ag plated finger width for exemplary cells
of group A/A* and C with and without selective emitter, respectively. The data can be linearly fitted
with the function: Jsc(Wpiat) = ((39.7£0.2) — (0.036+0.004) Wpja) MA/CmM?2,

The linear fit in Fig. 59 disregards Jg. limitations due to series resistance effects for
low finger widths. However, the intercept should give the maximum Js. without
shading, which equals the definition of Js; oe. The predicted maximum Js max = (39.7 £
0.2) mA/cm? from the linear fit and the measured Jgioe = 41 mA/cm? differ about
1 mA/cmz2, which is the same difference between the measured Jg. of the solar cells and
the measured Jgoe in Table XIII. The difference is assumed to be caused by spectral
mismatch and measurement errors between the QE-measurement setup and the 1V
tester.

The solar cells with high Js. of group A and C did not show significantly higher series
resistances. This shows that a shorter plating step, which results in lower plated finger
widths, would be beneficial for the fabricated solar cell design; until the plated finger
width starts to significantly limit the cell efficiency due to increased grid and contact
resistances.

5.3.2 Open circuit voltage and pseudo fill factor analysis
The V. results in Fig. 57 demonstrate a higher open circuit voltage level for the groups

A-D with the lightly doped emitter and plated contacts compared to the reference
group E with the more heavily doped emitter and screen printed contacts. The V.
benefit of group A-D can be explained by a better saturation current density of the
lightly doped emitter in the passivated regions and a smaller contact area fraction of
the plated contacts compared to the screen printed contacts. In Fig. 60 the impact of
the sheet resistance on the V. results is illustrated. The aimed sheet resistances of the
applied thermal diffusion recipes were 120 Q/sq. and 75 Q/sq. for the groups A-D and
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group E, respectively. The screen printed solar cells of group E (purple stars in Fig.
60) with a higher doped emitter show a V,. of about 628-633 mV by maintaining a
sheet resistance of about 65-75 Q/sq.. The solar cells with a lower doped emitter show
a V. range of about 635-642 mV for sheet resistances between 80-130 Q/sq..

The applied diffusion recipe for the lowly doped emitter of group A-D showed in
pretests of Ulrich Jager very low saturation current densities. However, in the
presented experiment this recipe lead to low sheet resistances in the end zones of the
diffusion boat, which explains the partly low values. The weak dependency of the
measured V,. on the measured sheet resistance shows that the saturation current
density in the passivated regions Joipas 1S not the dominant parameter for the Vo
spreading within group A/A* and C. The following discussion will be focused on
group A and C in order to evaluate the influence of the presence of a selective emitter,
the influence of the contact geometry and the V,. development along the processing
chain. The found results can also be applied to the processing groups B and D, though.

In Fig. 61 the open circuit voltages of the finished solar cells are plotted as a function
of the laser structuring process. In this graph group A is divided into two parts. The
first part (LCP before FFO) includes only cells where the LCP process was performed
before rear side screen printing and fast firing (FFO) of the AI-BSF and the second
part (LCP after FFO) includes the cells where LCP-SE was performed after the Al-
BSF firing as shown in Fig. 53.
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Fig. 60

Measured V. of the finished solar cells as a function of the sheet resistance Rgpemi Of the thermally
diffused emitter for the different processing groups. Please note that the shown Rg, emi Was measured
before PSG etch, which induces an offset to lower values compared to Rqhemi in the finished solar
cells.
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V. and pFF distribution of the different laser processing groups.

The variation in the LCP process implementation was performed due to a recent work
of Kyeong et al. [49], who published a positive annealing aspect of the firing process
for LCP processed solar cells, which led to increased open circuit voltages.

On the first sight the maximum or mean V,. and pFF results in Fig. 61 seem not to
correlate with the process implementation of the LCP-SE process. However, both
parameters are strongly influenced by the non-passivated area fraction of the SiNy
opening. Therefore, the data has to be first correlated to the effective opening width in
order to distinguish between area related and process related influences on V.. and
pFF.

The results in Fig. 62 show the detrimental influence of increasing contact opening
fractions on V,. and pFF. The processing route in this experiment allowed only for the
LCP processed solar cells optical characterization of the laser structured openings
before plating. Therefore, the effective opening width of the UV results is the mean
value measured for a control group with the same group size on the same material and
is plotted against the mean cell results of the finished UV ablated solar cells. The Vg
results in Fig. 62 indicate that the implementation of the LCP process before FFO (A*)
can bring a slightly V,. benefit of 2-3 mV for larger effective opening widths in the
range of 15-20 um. However, this effect is not obvious in the pFF results.
Furthermore, the presence of a selective emitter doping shows only small effects on
the V. and pFF results. Comparing the V.. of LCP before FFO (A*) and the mean UV
results (C), there might be a slightly benefit of again 2-3 mV but this could also gain
from a possible annealing effect of the FFO and not due to the selective emitter
doping. This assumption is supported by the comparison of the V. results of the LCP
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Fig. 62

Vo and pFF of the finished solar cells as function of the effective opening width introduced in
Eq. (34). The data labels represent Rq e before PSG etch and the lines in the V. plot are guides to
the eye using Eq. ( 31 ) for the calculation® of Jore and the one diode model for the calculation of the
resulting V..

after FFO (A) group and the UV ablated group (C), which show a similar V. level
assuming a linear dependency on the effective opening width. The low impact of the
selective emitter doping on the maximum open circuit voltage level is a consequence
of the already highly doped homogenous emitter profile of the industrially like shallow
emitter with rather high surface concentration. These results support the findings of
chapter 4, which showed that the impact of a selective emitter only becomes
significant for either larger contact opening fractions or significant lower and/or
deeper thermally diffused emitter profiles.

5.3.3 Fill factor analysis
The previous section already showed that the fabricated solar cells demonstrate a high

pseudo fill factor level at about 83%. The difference of the fill factor and the pseudo
fill factor correlates with series resistance losses in the solar cell. Therefore, the fill
factor is very sensitive to series resistance related parameters, such as the front side

16 Jovrear @Nd Jo1pas Were estimated to contribute in total 535 fA/cm? to achieve the maximum V. of about
642 mV
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Fig. 63
Fill factor distribution of the finished solar cells of the different processing groups. As reference the
median values of the pFF are shown as dashed lines for each group.

contact geometry. The following discussion will be reduced to group A/A* and C in
order to evaluate the influence of the presence of a selective emitter, the influence of
the contact geometry and the determination of the limiting series resistance
contributions. The discussed findings are also representative for the groups B and C,
though.

In Fig. 63 the fill factors of the different processing groups are compared. The LCP
selective emitter group A* with the LCP process before Al-BSF firing (FFO) shows a
reduced median FF compared to the other groups. The same pFF level of the
processing groups in Fig. 61 in contrast to the FF variations in Fig. 63 indicate that the
broader fill factor distribution of the fabricated solar cells is a consequence of a
broader series resistance distribution. As discussed in section 3.5.1 different features in
the solar cell contribute to the total series resistance loss. Some of these parts can be
easily measured in the finished solar cells, such as the series resistance in the front and
rear side metal contacts. Other ones like the contact resistance need special
measurement structure designs but can be estimated for the fabricated solar cells by
analytical models. The measured series resistance contribution of the front side metal
grid is in the range of 0.1-0.3 QQcm? and is not the limiting contribution for solar cells
with low fill factors. In Fig. 64 the FF is plotted as function of the measured series
resistance without the contribution of the front side metal grid. In this graph it
becomes obvious that the low FF results of some solar cells are a consequence of
semiconductor or contact resistance losses in the device. The full area BSF contact on
the rear side leads to extremely low contributions of the rear side contact resistance,
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the vertical base resistance and the series resistance within the Al metal rear side®’.
Therefore, the most relevant series resistance contributions are either the series
resistance losses within the emitter or the contact resistance of the front side contact.
In Fig. 64 the data points are labeled with the measured emitter sheet resistance right
after diffusion Rgp emi- The wafers of group A-D were randomly split in two batches for
the diffusion process. Each diffusion process was performed with about 100 wafers
leading to a mean Rgnemi Of about 120 Q/sq. after the diffusion. Ry, emi IS inductively
measured for all wafers at 72 positions showing a good homogeneity for each wafer
with standard deviations of about 5%. However, the standard deviation of Rgp ¢mi Within
one diffusion batch was about 6% leading to minimum values of about 80 Q/sg. for
one wafer and maximum values of about 140 Q/sq. for another wafer. The subsequent
PSG etching process removes some nanometers of the diffused emitter doping, which
results in a higher sheet resistance after PSG etch with a mean value of about
150 Q/sq. Due to lack of data for the sheet resistance after PSG etch the shown Rgp emi
data equal the measurements right after diffusion, which however, monotonically
correlate with Ry emi OF the finished solar cell.

The data in Fig. 64 show that the occurrence of high series resistances Rs- Rs,front
grid does not correlate with high emitter sheet resistances. Therefore, the most likely
explanation is a high front side contact resistance for solar cells with low fill factors.
As shown in section 4.1 the contact resistance is a function of the contact resistivity
and the contact area.
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Fig. 64
Measured FF of the finished solar cells as function of measured series resistance R (without the
influence of the front side metal grid Rsont gria)- The data labels represent Rgp emi before PSG etch.

7 Measurements show a contribution of the rear side metal contact (without contact resistance) of about 0.02-
0.03 Qcmz2 for all solar cells.
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Fig. 65

Measured series resistance R (without the influence of the front side metal grid Rs front gria) &S function

of the effective opening width introduced in Eq. ( 34 ). The data labels represent R, emi before PSG
etch.

For plated contacts the contact area equals the effective opened area of the laser
structured SiN, layer (represented in this work by the effective opening width
introduced in Eq. ( 34 )). The contact resistivity depends on the exact metal-
semiconductor interface conditions, such as surface doping concentration, possible Ni-
silicide phases due to annealing steps or possible oxide layers between Ni and Si.
However, knowing that the surface doping density is Ngpeax > 10°° cm™ for the applied
diffusion recipe and has been shown in the same range for the LCP-SE doping, the
results of Fig. 44 in section 4.1 indicate that the contact resistivity should be below 10°
3 Qcm? independently of the barrier height for the according Ni or Ni silicide phase.
Therefore, the high contact resistances could either be a consequence of small front

side contact area fractions or current transport limiting barriers such as interface
oxides.

In Fig. 65 the measured Rs- Rs ront grig 1S Shown as a function of the measured effective
opening width. As guide to the eye the theoretical geometrical dependence for a
contact resistance limited solar cell are shown in the same plot. The theoretical series
resistance lines in Fig. 65 are calculated by a sum of Eq. ( 36 ) and an offset resistance
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of 0.6 Qcm? referring to the contact resistance contribution and the other series
resistance contributions, respectively.

w
Pe coth< f)AuC

R = —
s,cont 1 ZLT
lf + 2 (AFinger - Wf) Ly

(36)

The derivation of the contact resistance Rscont (in 2cm?) of a unit cell described in Eqg.
( 36 ) can be found in the work of Mette [89]. Rscont 1S @ function of the contact
resistivity p, the finger length I;, the finger pitch Agj,ger, the finger width wy, the

Pc

sh,emi

transfer length L, = and the unit cell area A,..

The opening width dependence of the “LCP after FFO* data (group A) in Fig. 65
shows a good agreement with the theoretical behavior of contact resistance dominated
solar cells. The inference of the exact contact resistivity p. is not possible from the
data in Fig. 65 due to large errors resulting from the impact of the Rs st aSSUMption
and the simplification of the geometry dependence by the introduction of the effective
opening width. However, the similar data range and geometry dependence of the “LCP
after FFO* (group A) and the “UV ablation” (group C) data in contrast to the “LCP
before FFO” (group A*) data shows that group A and C are not limited by high contact
resistivities but in some cases only by the contact geometry. On the other hand the
significant difference in the data of group A* indicates either large contact resistivities
or the inequality of the optical contact geometry and the electrical contact geometry.
Both effects could be explained by the presence of interface oxides for this processing
group. These thin insulating layers could be created during the FFO firing step,
resulting in thicker oxide layers, as in the case of group A and C, where only thin
native oxide layers are expected. Therefore, the oxide removing pretreatment before
the Ni plating process could be sufficient for group A and C but too weak for the
complete removal of the insulating layers of group A* build in the high temperature
FFO firing step with a set-peak temperature of 900°C and a total processing time of
about 1 min. under ambient air. The reduced contact area due to insulating interface
layers of group A* could also be an explanation for the higher V.. and pFF level,
while accounting for the geometry dependence shown in Fig. 62. In this case the
insulating layer would reduce or in the best case passivate some of the electrically
active contact area and lead to a reduced contact recombination and, therefore, higher
Voc.
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5.3.4 Impact of the metallization scheme
In the previous sections the discussion was limited to the groups A and C with plated

Ni-Ag front side contacts. This section compares the impact of different plating
processes and processing schemes on the solar cell performance. As discussed in
section 5.1 group B and D were fabricated using a multiple step plating process:
pretreat — Ni LIP — annealing — Ni etch back — pretreat — Ni LIP — Cu LIP — Ag LIP.
The groups B/D were divided for the annealing process in two sub-groups, each seeing
either 275°C (B/D) for 10 min. or 450°C (B’/D’) for 10 min. under forming gas
atmosphere. In order to ensure a complete removal of insulating oxide layers within
the laser structured openings, group B/D had a pretreat of 60s in 1% HF solution
before the first Ni plating step and a pretreat of about 5 s in 1% HF solution before the
second Ni plating step. The multiple pretreats lead to enhanced parasitic plating (ghost
plating) for the groups B/D.

Fig. 66 shows the V., Js, pPFF and FF results as function of the plated front side
metallization scheme. In this graph the data is not distinguished in the different laser
structuring processes. It becomes obvious that the annealing process at 450°C (B’/D’)
results in a massive drop in the V,. and pFF compared to the other groups. This
annealing induced shunting will be discussed in more detail in the next section.
Comparing the general performance of the different data distributions the main
differences are a lower V., Jsc and pFF distribution for the Ni-Cu groups (B/B’/D/D).
Furthermore, the distribution width of the V.. and pFF results is larger for these
groups.

The lower J performance of the groups B/B’/D/D’ (orange and green boxplots in Fig.
66) can be explained by a significant amount of parasitic plating outside the laser
structured area for the Ni-Cu plated solar cells. The parasitic plated regions cause more
shaded area and therefore, lower Ji. values. The increase in parasitic plating is a
consequence of the multiple and enhanced pretreats, which also affect the unstructured
areas of the SiN, passivation layer and lead to parasitic plating in the etched SiN, pin-
holes.
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Fig. 66
Measured IV-parameters of the finished solar cells from group A-D.

Two different effects have to be separated in the analysis of the V,. and pFF behavior.
On the one hand the massive decrease of the high temperature Ni-Cu groups (B’/D’,
green boxplots in Fig. 66). This annealing induced shunting will be discussed in the
next chapter. On the other hand the V,. and pFF level is slightly lower for the low
temperature Ni-Cu groups (B/D, orange boxplots in Fig. 66) compared to the Ni-Ag
groups (A/C, blue boxplots in Fig. 66). The following discussion will be focused on
the latter one.

In Fig. 67 the V. and pFF results of the Ni-Ag (A*-blue filled circles / A — orange
filled triangles / C — green filled diamonds) and the low temperature Ni-Cu (B* - blue
hollow circles / B — orange hollow triangles / D — green hollow diamonds) groups are
presented as a function of the effective opening width. Both performance parameters
show an offset to lower values for the Ni-Cu groups (hollow symbols). Furthermore,
for the Ni-Cu groups the correlation of both parameters to the effective opening width
is not clear due to a smaller amount of data. However, also in this case the lowest V.
and pFF results correlate with the largest effective opening widths.
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Fig. 67
Measured pFF and Voc of the finished solar cells of group A-D as a function of the effective opening
width introduced in Eq. ( 34).

Reasons for the negative offset of the Ni-Cu groups could be the successful formation
of a Ni silicide interface layer during annealing, which increases Jo; cont fOr increasing
silicidation depth. Fig. 68 shows an estimation of the influence of the silicidation depth
on Joy cont for different exemplarily diffusion profiles. Joi cont IN Fig. 68 was calculated
using the simulation software EDNA [133] and successively cutting of the doping
profile from the top in 50 nm steps. The simulations show that even silicidation depths
far below the distance xscr of the space charge region (SCR) edge to the surface can
lead to an open circuit voltage loss. Additionally, the Ni-Cu cells were annealed right
after the plating process with a delay below 5 min. In contrast to that the Ni-Ag groups
had a delay of 2 days in between the plating process and the annealing process, which
may prevent a successful silicidation due to the creation of a native oxide layer at the
Ni-Si interface. A variation in the silicidation depth due to inhomogeneous silicide
growth as investigated by Rauer et al. [162] could also explain the broader distribution
for the Ni-Cu groups in Fig. 67.



5 LCP selective emitter doping for plated Si solar cells 107

N
[y

=Y
o

Xum) - xo (Um) Ry (Q/sq)
0.3 0.2 142
045 <035 73
0.95 ~0.85 19

N
o

(=
o

'—\ '—\
o o
= =
© ©

Doping concentration (cm’)

[

o
=
3

[&2]
T

01,cont g\Alcmz)
om

N
T

J
H
o

(N

(=Y
o

00 02 04 06 08 10
Depth (um)

Fig. 68
Simulated influence of the silicidation depth on the saturation current density at the contact Jg; cont fOr 3
exemplary diffusion profiles.

As presented in Fig. 44 Ni silicides show low contact resistivities on silicon. The
contact resistance is investigated to corroborate the hypothesis that the lower V,, and
pFF level is a consequence of successful silicide formation in the Ni-Cu process
groups and that the prevented silicide formation due to interface oxides is the reason
for the better performance of the Ni-Ag process groups. The Ni-Cu groups should
show lower contact resistances and the pFF decrease should correlate with lower
contact resistances.

The used 1V measurement cell tester allows a parallel measurement of the solar cells
light and dark IV characteristic, SunsV,. curve and the determination of different
series resistance components. There are different methods to determine the total series
resistance R; of solar cells (see [137] for a review). In the following™ R; is determined
by a comparison of the light IV curve and the series resistance free SunsV,. curve
suggested by Wolf and Rauschenbach [136] and evaluated by Pysch et al. [137] as
robust method. In order to analyze differences in the contact resistance of the different

18 Besides the light IV-SunsV,, method the total R, was additionally calculated by a comparison of light and dark
IV curve. Both methods showed the same trends of the following discussion and only slightly differed by about
5-10%.
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processing groups and to avoid any influence of metal grid inhomogeneities such as
different plating geometries or metal finger interruptions, the total Ry was corrected
with the measured metal grid resistance Rsfon. Therefore, the series resistance
difference Rs-Rssront I the following graphs only correlate to series resistances in the
silicon and contact resistances. The difference Re-Rsont Will be called internal series
resistance in the following discussion.

Fig. 69 presents the total series resistance Rs and the front side metal grid resistance
Rs.ront OF the different processing groups. In this case the data is only distinguished by
the different plating and annealing processes. The Ni-Ag solar cells show much higher
internal series resistances Rs-Rsfront @S the Ni-Cu groups. Furthermore, the high
temperature Ni-Cu group (B*’/ B’/ D’) demonstrates a lower internal series resistance
distribution than the low temperature Ni-Cu group (B*/ B/ D). As discussed in
previous sections the main contribution of the internal series resistance is th front side
contact ressitance. This finding supports the assumption that interface oxide layers
may prevent the formation of Ni silicides, which lead on the one hand to higher V,.and
pFF levels but also to higher contact resistances for the Ni-Ag process group.
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. Ni (275°C, 10 min.) - Cu-Ag
o5l R Ni (450°C, 10 min.) - Cu-Ag
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Fig. 69

Total series resistance Rs and the front side metal grid resistance Rsgont Of the different processing
groups.
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Correlation of the internal series resistance Rs-Rs ot @nd the pFF and Vo, from SunsV,..

Furthermore, Fig. 70 shows that there is a correlation between the pFF and the internal
series resistance Rs-Rsgront (left plot in Fig. 70), as well as the V. and Rs-Rs sront (right
plot in Fig. 70). Normally, a pFF correlation with the series resistance is not present
due to the fact that the pFF results from voltage measurements under variable
illumination intensity in V,. conditions. Therefore, there is no current flowing in or out
of the cell during the whole measurement, which makes it insensitive to contact
resistance influences. As discussed in section 5.3.2 Schottky contacts or large sheet
resistances can influence the SunsV,. measurement. Both effects are not present in this
processing stage. The correlation in this case demonstrates that the origin of the pFF
decrease also affects the internal series resistance of the solar cell. The hypothesis of a
pFF decrease due to the formation of Ni silicides agrees with this finding due to the
reduced contact resistivity of Ni silicide layers at the Ni-NiSiy-Si interface in
comparison to the Ni-Si interface. An increased recombination rate at the local
silicides also explains a reduction in the V. with increasing fractions of silicided areas,
which results in the reduction of the internal resistance, too. The discussions in the
following chapter will examine why the pFF is much more sensitive on this effect than
the V.

5.4 Conclusion
The experiment described in this chapter aimed to develop an evolutionary

improvement of the AI-BSF solar cell design. In this context three cell design
Improvements were analyzed: the introduction of a lowly doped thermally diffused
emitter doping, narrow Ni-Ag or Ni-Cu-Ag plated front side contacts and the



110 5 LCP selective emitter doping for plated Si solar cells

introduction of a selective emitter design by an additional highly doped contact
opening by LCP-SE. The solar cells were fabricated from commercial 156x156 mm?
Cz-Si wafers, featured a three busbar design on the front side and a full area Al-BSF
on the rear side. The reference solar cells were conventional fully screen printed (fired
Ag front side contacts) Al-BSF solar cells with a 75 Q/sqg. emitter on the front. The
other process groups featured a thermally diffused 150 Q/sq. emitter with a pn-
junction depth of about 200-300 nm and plated Ni-Ag or Ni-Cu-Ag front side contacts.
The contact openings were either performed by a UV-laser ablation process or by a
LCP-SE laser doping process, which introduces an additional highly doped area
underneath the opening structure. The different contact opening techniques resulted
either in a homogenous emitter design (HE) for the UV laser ablation or in a selective
emitter design (SE) for the LCP-SE processed solar cells. The fabricated solar cells
showed a significant cell efficiency benefit compared to the fully screen printed
reference solar cells and reached maximum cell efficiencies of up to 19%.

The introduction of the lightly doped emitter proved to be beneficial in terms of the
short circuit current density Js. and the open circuit voltage V.. The Ji. improvement is
caused by better quantum efficiencies in the lower wavelength regime due to
decreased Auger recombination. Furthermore, the better recombination properties of
the lightly doped emitter lead to a lower saturation current density in the passivated
regions Jos pas, resulting in a higher V.

The introduction of Ni plated front side contacts allowed the introduction of the lightly
doped emitter in the first place due to a low contact resistivity even for reduced surface
doping densities. The FF analysis indicated that cells with low FF were mostly limited
by contact resistance losses due to small contact opening widths or in the case of LCP-
SE processed before the FFO firing process by interface insulating layers. The series
resistance analysis also indicates that the contact resistance becomes very low in the
case of successful silicidation of the Ni-Si interface during an annealing step.
Furthermore, the narrow finger widths of the plated contacts result in an increased Jq.
due to lower front side contact shading compared to the fabricated screen printed Ag
contacts.

The introduction of the selective emitter did not show any significant improvement in
terms of maximum cell efficiency. This finding is in agreement with the simulation
results of the Al-BSF solar cell design with and without selective emitter discussed in
chapter 4. The only significant improvements in V. or Rs of the LCP-SE solar cells
could be explained by mostly geometry related effects. One main reason in this context
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is on the one hand the low sensitivity of the AI-BSF design on contact recombination
improvements and on the other hand that the applied thermally diffused emitter
already had a rather high surface doping concentration of about 2-10%° cm™. In
contrast to screen printed contacts, which react very sensitive on surface doping
reductions, plated Ni contacts are not limited by high contact resistivities in this
regime. The contact resistivity becomes even less problematic after the silicidation of
the Ni-Si interface.

The fabricated solar cells with plated Ni-Ag or Ni-Cu-Ag front side contacts showed a
correlation between the measured pseudo fill factor pFF and the internal series
resistance Rs-Rsont- This finding supported the hypothesis that the contact interface
features for some cells still insulating layers, which improves the V,. and the pFF of
the solar cell but also increases the contact resistance. However, the pFF improvement
Is in this context an indication that the silicidation of the Ni-Si interface was in this
case not successful. The solar cells in this experiment faced the problem that the
improvement of the contact resistance visible in the reduced internal series resistance
came along with a reduced pFF most likely caused by silicidation induced shunting in
the space charge region.

The origin of the pFF reduction especially for high annealing processes will be
addressed in the next chapter.
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6 Annealing induced non-linear shunting of Ni plated solar cells

The fabricated solar cells of the last chapter were further analyzed in this
chapter in terms of annealing induced shunting effects. The analysis of the
change in the global electrical characteristic due to the contact annealing
discussed in section 6.1 led to the formulation of a hypothesis about the
physical origin of the annealing induced shunting effect in section 6.2. The
stated hypothesis is experimentally investigated on the macro scale by local
imaging characterization in section 6.3 and in the following section 6.4 by -
imaging methods and electron imaging methods on the micro scale.
Furthermore, the main design parameters of the highly doped contact openings
in order to prevent annealing induced shunting are discussed in section 6.5,
which allows further optimization routes for future process developments.
Section 6.6 summarizes the characterization results of this chapter and
evaluates the stated hypothesis.

The experimentally results presented in section 6.1-6.3 and section 6.5 were
generated in collaboration with a supervised diploma [97] and master thesis
[96], respectively. Furthermore, the publication [73] of the author is partly
based on the findings of this chapter.

The previous section discussed the strong correlation of the solar cell performance of
plated solar cells and the applied metallization scheme. Especially, the Ni plating-
annealing process sequence proves to be crucial for the solar cell performance. The
annealing process is crucial for the formation of Ni silicide layers at the interface,
which improve the contact resistivity but also are crucial for a good contact adhesion.
Fig. 71 illustrates the peel force results of plated Ni-C front side contacts without
annealing (blue line) resulting in insufficient adhesion. In contrast, the plated Ni-Cu
contacts with an annealing induced silicidation (orange line) demonstrates a sufficient
adhesion after soldering comparable to the reference Ag screen printed contact (green
line). This section will show in which way the electrical performance of the solar cell
is changed, where the origins of this shunt-like behavior are located and discuss the
agreement of the hypothesis of Ni silicide induced shunting with the findings of the
measurements.
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Fig. 71
Comparison of peel force tests of plated busbars with and without annealing and a screen printed
reference. The shown plot is taken from [73], which is based on the data of Mondon et al. [163].

6.1 Global electrical shunting characteristic
In order to understand the dynamic of the annealing induced pFF breakdown, the Ni-

Ag process groups of section 5.1 were consecutively annealed at different
temperatures and characterized after each annealing step. Fig. 72 shows the measured
pFF and SunsV,, after different annealing steps for 2 min. in N, atmosphere.

The Ni-Ag plated solar cells show decreased pFF and V. for increasing temperatures.
However, the design of this experiment does not allow any conclusion about the
different influences of the total annealing time and the peak temperature. Nevertheless,
the data show that the decrease in pFF and V,. is a dynamic process, which
continuously decreases the cell performance with each heat treatment. The
performance distribution of the selective emitter solar cells seems to be slightly more
robust against the heat treatment in comparison to the UV laser ablated solar cells. The
comparison of cell tester measurements before and after the annealing row confirms
also for the Ni-Ag plated solar cells the correlation of pFF reduction and internal
series resistance improvement. Fig. 73 (right plot) demonstrates this finding for three
exemplary Ni-Ag plated solar cell of the processing groups A* (blue circles), A
(orange triangles) and C (green squares) from section 5.1 before (solid symbols) and
after (open symbols) the consecutive annealing row. The series resistance plot in Fig.
73 (left plot) demonstrates that the series resistance improvement, which correlates
with decreasing pFF values, is a result of decreasing internal series resistance and
therefore, the contact resistance of the solar cell. A sufficiently deep doping
underneath the plated contacts should avoid this correlation due to a movement of the
space charge region away from the highly recombinative silicide layer. The similar
trend in the pFF-internal resistance correlation for both laser opening schemes raises
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the question where the reason of the performance breakdown is located and why the
selective emitter doping cannot prevent it.

In order to choose suitable characterization methods the physics of the performance
breakdown has to be analyzed. Fig. 74 shows four different 1V characteristics of an
exemplary Ni-Ag plated solar cell of the processing groups A* after the first annealing
step (blue circles) at 350°C for 2 min and after the last annealing step (orange
triangles) at 425°C for 2 min of the consecutive annealing row. After the first heat
treatments of 350°C, the cell*® shows high pFF and V. values of 83.6% and 637 mV,
respectively. Furthermore, the dark 1V curve in subplot b) in Fig. 74 shows a typical 2-
diode like behavior (blue circles).
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Fig. 72

Measured pseudo fill factor (pFF) and open circuit voltage (Vo) measured by SunsV,. of LCP SE and
UV laser ablated solar cells with Ni-Ag plated front side contacts after a consecutive row of annealing
steps for 2 min. in N, atmosphere [73].

9 Cell: 221_MDN_LCP182
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After the consecutive annealing the solar cell shows a reduced pFF and V. values of
about 58.3% and 612 mV, respectively. Additionally, the dark 1V curve in subplot b)
in Fig. 74shows a hump feature in the mid voltage regime of 200-400 mV, which
makes it impossible to fit a conventional 2-diode model curve to the data (orange
triangles). This hump is also visible in the SunsV, curve in in subplot d) in Fig. 74,
which causes a reduction of the maximum power point (MPP) and, therefore, a parallel
decrease of the pFF and FF. The FF breakdown is visible in the flattened light 1V
curve in subplot a) in Fig. 74 for the measurement after annealing (orange
triangles). Typically, pFF breakdowns correlate with shunting effects. However, ohmic
shunts are included in the 2-diode model and would show a stronger impact even in
lower voltage regimes. Furthermore, the non-linearity in the dark IV characteristic in
forward and reverse direction after annealing in subplot c) in Fig. 74shows that the
increased current results not from an ohmic shunt.

The dark IV curve in subplot c) in Fig. 74 reveals a hump feature in the mid-voltage
region after the consecutive annealing row. This hump feature in the mid-voltage
region is the reason why the pFF is much more sensitive on annealing induced non-
linear shunting effects than the V... In comparison the relative difference in the dark
JV curve before and after the annealing row is in the higher voltage region around V.
rather small compared to the mid-voltage region around the maximum power point,
which determines the pFF. Therefore, the effects such as the shown correlation
between the internal series resistance and the pFF and V, in Fig. 70 in section 5.3.4
are much more pronounced in the pFF.
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Fig. 73

Measured internal series resistance Rs-Rsqont and pseudo fill factor pFF before and after the
consecutive annealing row.
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Measured electrical characteristics of a LCP-SE solar cell of group A* (cell: 182) before and after the
consecutive row of annealing steps (see Fig. 72); a) Light IV characteristic, b) Dark IV characteristic ,
c¢) Dark IV characteristic in reverse and forward direction in linear scale d) SunsV,. characteristic.

Despite the increased recombination current in forward direction, the solar cells show
after the consecutive annealing row an increased breakdown current in reverse
direction. However, the reverse current is only increased for high reverse voltages. In
Fig. 75 the measured reverse current density J., at -1V and -12V (left plot) is
compared before (solid symbols) and after (open symbols) the consecutive temper
row. For small reverse voltages at -1 V (circles) the breakdown current density Jye,
stays the same and only for high reverse voltages at -12 V (triangles) the breakdown
current density J,e, increases significantly. Furthermore, the increase in the breakdown
current also correlates with the decrease in the pFF (right plot in Fig. 75).
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Measured reverse current density J, at different reverse voltage (-1V / -12 V) before and after the
consecutive annealing row (left plot) and the correlation of the reverse breakdown current density Jye.(-
12 V) and the pFF for three different solar cells of process group A*(182), A (161) and C (187).

6.2 Hypotheses
The previous section discussed the global electrical characteristics of annealing

induced non-linear shunting of Ni plated solar cells with a previous SiNy structuring
process. The main electrical features of the annealed solar cells were:

a. Non-ohmic shunting characteristic
b. “Hump” feature in the dark IV curve in the voltage range 200-500 mV and no conventional 2-
diode model characteristic
c. Decreased pFF, Vi and Jg
d. Annealing induced pFF breakdown shows correlation to:
1. Internal series resistance Rs-Rs front
2. Reverse breakdown current at high reverse voltages Jye(-12 V)

There are different phenomena causing a) non-ohmic shunting characteristics and b)
hump features in the dark IV characteristic. One example is the formation of local
Schottky contacts or locally increased space charge recombination [5], which show a
diode like behavior causing non-ohmic characteristics [164]. Furthermore, the
influence of the series resistance on balancing currents compensating the increased
recombination at the local features can leads to a hump in the dark IV. The locally
increased recombination causing the hump feature in the dark IV also explains c) the
reduced pFF, V. and Js.. The correlation d) of the annealing induced pFF breakdown
and the internal series resistance indicates a connection between the silicidation
induced lowering of the contact resistance and the increased recombination. The
lowered reverse breakdown current is a result of local modifications of the pn-junction
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diode. Low reverse breakdown currents are extensively analyzed for multi crystalline
silicon solar cells, where they are caused by local defect rich structures such as metal
precipitates [114] or crystal defects [165].

Comparing the global characteristics of the annealing induced non-linear shunting to
similar effects in in the literature, the following hypotheses of the physical origin of
the annealing induced pFF breakdown are stated:

I.  The pFF breakdown is a consequence of locally deep Ni silicide formation, which penetrates
into the space charge region or even contacts the p-type base (Schottky shunting).
Il.  The annealing induced non-linear shunting can be prevented by emitter doping depths at the
contact openings (i.e. selective emitter) larger than the maximum silicidation depths
I1l.  Large pFF variations after annealing between similar processed solar cells result from
inhomogeneous silicide growth due to a strong influence of interface oxides or crystal defects
on the silicide formation.

The following sections will focus on the evaluation of local characterization methods

and micro structure analysis in order to proof the hypothesis of local Ni silicidation
induced shunting.

6.3 Local shunting characteristic
The global electrical characteristic of solar cells with annealing induced non-ohmic

shunting effects showed that the behavior of the solar cells is affected in forward and
reverse direction. Therefore, local characterization techniques in both voltage
directions have to be investigated. Within this work various measurement techniques
were evaluated: Dark Lock-In Thermography (DLIT) in forward/reverse direction,
[lluminated Lock-In  Thermography (ILIT) in forward/reverse direction,
forward/reverse biased Electroluminescence (EL / ReB-EL), Photoluminescence (PL)
and local beam induced current (LBIC). The DLIT, ILIT and EL/ReB-EL
measurement setups contact the solar cells via contact bars at the busbar positions.
Therefore, the emission from or the illumination of the busbar regions of the solar cell
is partially shaded by the contacting bars. This effect has to be taken into account for
the interpretation of these measurements shown in this section. In order to avoid
misinterpretations due to the contact bar shading, only emission phenomena in the
regions between the busbars are discussed in this section.

Fig. 76 shows DLIT measurements under -12 V reverse voltage for two exemplary Ni-
Ag plated solar cells with and without selective emitter (group A/C from section 5.1)
after each step of the consecutive annealing row. The reverse DLIT measurements
demonstrate a correlation of the pFF decrease and an increase of local heat signals
after each annealing step.
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Fig. 76

Photography of the measured solar cell (first column) and DLIT measurements of two exemplary cells
with plated Ni-Ag contacts. The front side features either a selective emitter by LCP-SE of group A*
(cell: 198) or a UV laser ablated contact openings on a homogenous emitter of group C (cell: 022)
under -12V reverse voltage after consecutive annealing steps. The image sequences have the same
intensity scale.

The local heat signal is induced by series resistance related heat losses of local current
flows. In reverse direction the local current flow equals local breakdown spots of the
pn-junction. This measurement confirms the correlation of the pFF breakdown and the
increase of the reverse breakdown current J,., and illustrates that the breakdown occurs
not homogenously over the cell and not at the wafer edges but within the active cell
area. However, the low resolution of the DLIT measurements in Fig. 76 does not allow
an exact localization of the local breakdown spots. Especially, the differentiation if the
spots are located within in the laser structured area or not is not possible.

The LCP-SE solar cell (cell: 198) from Fig. 76 was characterized using DLIT, ILIT,
LBIC, EL and PL at different bias voltages. All measurements are summarized in Fig.
77. It becomes obvious that the local features of the reverse voltage DLIT images
correlate with local features in other imaging techniques. In the most measurements of
Fig. 77 a “J” shaped structure is visible. By comparing the characteristics of this
structure in each measurement, different physical attributes of this feature can be
determined.

The “J” feature is located between two busbars and is not visible in the optical
appearance of the solar cell or correlates with characteristic features in optical
microscope measurements. This feature only becomes visible with electrical imaging
techniques. Furthermore, the shape of this feature is not similar for all cells. Most cells
showed cloud shaped features between the busbars such as the UV ablated cell in Fig.
76 or the cloud shaped structure on the right side of the “J” in the DLIT images in Fig.
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77. Although, the shape of the structures varied from cell to cell, the imaging
characteristics stayed the same as shown in Fig. 77.

In V. conditions the “J” appears as region with low signal count rate in PL images.
The low PL signal intensity correlates with a low fraction of radiative recombination
due to a low minority carrier concentration in these regions. The decreased minority
carrier density is a consequence of increased non-radiative recombination channels,
such as increased SRH recombination. This shows that under V.. conditions the
annealing induced features are areas with increased recombination rates.

In forward bias at +0.5 V the “J” appears as region of high signal intensity in the DLIT
and ILIT image and low signal intensity in the EL image. In the DLIT image the cell is
not illuminated and the current induced heat signal is a consequence of extracted
thermally generated currents, which equal recombination currents. Thus, areas of high
DLIT signal can be related to either regions of high recombination currents, regions of
high series resistances or ohmic shunted regions. The ILIT measurements image the
same features as in DLIT, but operate under real working conditions with 1 sun
illumination of the solar cell.

In Js. conditions (0 V) the LBIC measurement was performed at various wavelengths,
which mostly did not show the characteristic “J” feature. This is in agreement with the
fact the Js. of the solar cell does not significantly change before and after annealing.
However, the shown LBIC measurement at 405 nm, which is mostly sensitive to
recombination effects on the front side, shows a slightly decrease of the spectral
response signal in the “J” region, which is in agreement with the reduced PL signal
due to increased recombination rates in this region.

For low reverse bias at -0.5 V the DLIT image is dominated by noise effects and does
not show the characteristic “J” feature. This confirms the finding from the global
characteristics that the appearing shunts are not ohmic ones, which would lead to the
same DLIT result as for +0.5 V. Furthermore, the results of Fig. 75 showed that the
reverse current at low reverse voltages is not significantly increased due to the
annealing.
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Summary of different imaging characterization techniques applied on a LCP-SE solar cell (198) with
Ni-Ag front side contacts after the consecutive annealing row shown in Fig. 76. The SunsV
characterization of this solar cell after the consecutive annealing row resulted in pFF =72% and
Vo = 625 mV. The scale of each image is in arbitrary units with values corresponding to high signal
intensity or count rates in each measurement.
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High reverse voltages lead to high signal intensities of the “J” feature in the DLIT and
ReB-EL image. The DLIT signal is a consequence of local breakdown currents at the
pn-junction. The appearance of the “J” feature in the ReB-EL image is not trivial. The
signal is at -3 V not visible and starts to appear at higher reverse voltages. On the one
hand the ReB-EL dynamic confirms that the features are not correlated to ohmic
shunted regions, which would not be visible in this image. On the other hand the used
camera and filter combination show that these features emit under high reverse
voltages photons with energies larger than the band gap energy. However, the used
setup allows no further spectral information of these features.

The comparison of the different measurement techniques in Fig. 77 demonstrates that
the appearance of the pFF breakdown correlated features is present under different
voltage conditions and in almost all imaging techniques. Especially, the similarities of
the DLIT measurements and the ReB-EL images at high reverse voltages shows that
these methods are equally suited to locate the pFF breakdown correlated features. The
ReB-EL method has in this context some advantages due to higher spatial resolution
and lower measuring times. Therefore, in the following section it will be used to track
down the exact locations of the pFF breakdown correlated features.

DLIT and ReB-EL imaging allow a more detailed look on the emission characteristic
of the analyzed feature. Previous publications [109, 114] demonstrated that the
emission intensity-bias voltage dependency shows different characteristics for
different physical origins. This analysis is mostly used in order to characterize
different breakdown spots in multi crystalline silicon (mc-Si) solar cells. The emission
intensity-bias voltage dependency of the different breakdown types is shown in Fig. 25
in the “Fundamentals” chapter 2. In Fig. 78 the emission intensity-bias voltage
dependency of the pFF breakdown related features is presented. The intensity-voltage
characteristic is similar to the one of type Il breakdowns after Kwapil [114]. This
breakdown type is caused by metal precipitates in mc-Si solar cells. For low reverse
voltages the emission intensity is almost negligible and after a threshold voltage
between -(4-10) V the intensity increases linear with the reverse voltage square. The
linear-quadratic dependency can be found in both measurements DLIT and ReB-EL.
This behavior is consistent with the fact that the reverse breakdown current (as shown
in Fig. 75) is not increased for low reverse voltages but only in the higher voltage
regime. Furthermore, the ReB-EL measurements allowed a more precise localization
of the pFF breakdown correlated features near the laser structured areas. These
features showed a spatial correlation to the grid structure of the laser openings.
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Fig. 78

a) Emissivity corrected [109] DLIT image, c) DLIT intensity-voltage characteristic, b) ReB-EL image
and d) ReB-EL intensity-voltage characteristic of the pFF breakdown correlated features. The dark
stripes in the EL image equal the positions of the front side contact fingers. Both intensity-voltage
characteristics are normalized to the value of maximum intensity.

The combination of SunsV,. measurements and ReB-EL measurements at higher
reverse voltages makes it possible to distinguish between the impacts of the different
fabrication processes on the solar cell performance. Fig. 79 shows the comparison of
four exemplary solar cells with either an annealing step directly after the laser
structuring without plated metal on the front side (first row in Fig. 79) or laser
structured solar cells with plated front side contacts, which are annealed after the
plating (second row in Fig. 79). All solar cells show a small number of local spots of
high intensity, which do not show any correlation to low pFF values and which will be
discussed in the next section. Furthermore, two different anneal temperatures were
used in order to analyze the influence of different temperature regimes. The solar cells
annealed at 275°C for 10 min. do not show any influence on the pFF independently of
the presence of plated Ni. However, the solar cells annealed at 450°C for 10 min. show
a massive pFF decrease in the presence of plated Ni front side contacts but only a
slightly decrease after annealing without plated Ni on the front side.
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Fig. 79

Suns V.. and ReB-EL (-12V) measurements of laser structured solar cells with and without Ni plated
front side contacts characterized after either an annealing process at 275° or 450°C for 10 min. under
forming gas atmosphere (FGA). The Ni layer of the plated solar cells was etched back after the
annealing process in order to avoid shading of the EL emission due to the metal layer. All
measurements feature the same intensity scale.

Furthermore, the results in Fig. 79 show again a correlation between high pFF
breakdowns and local ReB-EL features. The ReB-EL features of the plated solar cell
annealed at 450°C (right bottom image in Fig. 79) are mostly located around the
busbar and not in between the busbars as in Fig. 76. This is a result of the local
contacting with contact rails along the busbars and the missing front side metal fingers,
which leads to an emitter sheet resistance induced voltage difference between the
applied voltage and the local voltage for regions far away of the contact rails.
Therefore, only regions around the busbar are biased at -12 VV and with increasing
distance to the contacting rails the local bias of the solar cell decreases, which leads to
significantly lower EL emission between the busbars.
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The correlation of the annealing induced pFF breakdown and the presence of plated Ni
on the front side supports the hypothesis of Ni silicide induced shunting. However, the
slightly pFF decrease after annealing at 450°C without Ni plated contacts shows that
also the annealing at higher temperatures itself has a detrimental impact on the solar
cell performance in this experiment.

6.4 Microscopic shunting characteristic

6.4.1 Local micro structures
The previous section showed that ReB-EL measurements can be used to roughly locate

pFF breakdown correlated features on the solar cell. However, the conventional EL
Imaging system makes it difficult to locate these features on a um or nm-scale in order
to perform further microscopic or element specific characterization techniques such as
SEM, TEM or EDX. Therefore, a confocal EL setup was used in order to perform p-
ReB-EL measurements with a much higher resolution compared to the conventional
imaging system. The used system was set up by Paul Gundel [94] and Friedemann
Heinz and the measurements were performed by Matthias Breitwieser.

Non-pFF correlated features

The ReB-EL measurements at high reverse voltages (-12V) always showed a small
amount of local spots with high emission intensity, without any correlation to the pFF
level (bright spots in Fig. 79 a-c). The application of p-ReB-EL and p-PL
measurements allowed a localization of these spots on the nm-scale. The p-ReB-EL
images were used as guide for SEM measurements in order to find these spots and
perform SEM measurements of the local cross section after milling with a focused ion
beam (FIB). The imaging results are presented in Fig. 80. The spot located with p-
ReB-EL shows a particle at the emission location in the SEM measurement. EDX
analysis showed that this particle contains large amounts of aluminum. Local alloying
of Al and silicon could create an overcompensation of the n-type emitter and create a
locally highly doped p-type area around the particle. This Al alloying creates a pn-
junction between two highly doped n- and p-type areas, which shows an early
breakdown characteristic. The correlation of local Al contaminations with high
intensity ReB-EL emission was previously published by Lausch et al. [117], who also
showed that the appearance of these pre-breakdown spots show no correlation to
decreased pFF values of Al-BSF solar cells.
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Fig. 80

Micro characterization of non-pFF correlated features due to Al particle contamination with high ReB-
EL emission intensity by optical imaging (top left), ReB-EL (top center), u-ReB-EL (top right), top view
SEM (bottom right) and side view SEM (bottom left) under an angle of approximately 45° to the wafer
surface of the same location after local cross section preparation by FIB of a LCP laser structured and
Ni-Ag plated solar cell®® of process group A (see Fig. 53).

Furthermore, the work of Lausch et al. showed that the in his investigation the Al
particle contamination was present before SiN, coating and rear side Al-screen
printing. This shows that the contamination is not necessarily a result of the rear side
Al-screen printing process but can also be induced by surface contaminations before
the SiN, passivation. The prepared local cross section by FIB also verifies that the Al
Is a contamination on the front side and is not coming from the rear side via micro
cracks due to the screen printed Al paste.

pFF breakdown correlated features
In contrast to the Al particle realated ReB-EL features, the pFF breakdown related
ReB-EL features such as the “J” feature in Fig. 80 only occurred in the presence of Ni
and high annealing conditions. The ReB-EL measurements of Fig. 78 in the previous
section already showed a spatial correlation to the laser opening structure. However,
the limited resolution allowed no information if these features are located at the edge

% The solar cell features a crack in the downright corner visible in the optical image due to handling before
characterization. The crack was not present during fabrication and is not process induced.



6 Annealing induced non-linear shunting of Ni plated solar cells 127

of the opening, within the opening or if these features correlate with the position of
characteristic surface morphologies. pu-ReB-EL measurements were performed in
order to analyze the exact location of the pFF breakdown related ReB-EL features in
comparison to the laser structured areas. To avoid any shading effects during the p-
ReB-EL measurement the front side metal fingers were locally etched back in Piranha
etch (H,SO, : H,0O, : H,O =1:1:4). The Piranha etch showed in previous experiments
by Andrew Mondon a selective etch effect on the plated Ni-Ag finger. The Piranha
etch demonstrated for etching times of about 10 min no significant etching of the Ni
silicide. The partly etched solar cell was then characterized by spatially corresponding
optical microscope, p-PL and p-ReB-EL measurements. Fig. 81 illustrates the p-
localization procedure of the pFF breakdown correlated features. The lifetime related
image of the p-PL measurement can be used to locate the front side laser openings and
relate the p-ReB-EL signals to specific locations within the laser structured areas.
Furthermore, the combination of these two measurements can be used as guide for the
location of the pFF breakdown correlated features in the SEM measurements. The
SEM allows a high resolution image of these areas and by focused ion beam
preparation it is possible to analyze local cross sections of these areas. The spatial
correspondence between the optical and electro-optical measurements could be
ensured by relative coordinates of the structure of interest to characteristic shading
structures visible in p-PL (spatially correspondent to pu-ReB-EL) and electron beam
induced current (EBIC) measurements (spatially correspondent to SEM). The shading
structures were local particle contaminations of the sample, which appear as shaded
structures in p-PL and EBIC measurements. The detection method is described in
more detail in [166].

Fig. 81
p-localization procedure of pFF breakdown correlated features on samples with partially etched back
front side contacts.
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Fig. 82

SEM images at a cross section of a region with high ReB-EL intensities. The four images were taken
at the same position after consecutive FIB cross section removals with a total removal depth of about
100 nm.

The top view SEM images at regions of high ReB-EL intensity revealed no
characteristic structure, topography or contrast feature. Therefore, local cross sections
were prepared by focused ion beam (FIB) in order to perform advanced SEM and
transmission electron microscopy (TEM) measurements in this region. One FIB cross
section of a region with high ReB-EL intensity was prepared by Horst Blumtritt and
later on analyzed by TEM and STEM by Angelika Hahnel at the Max Planck Institute
of Microstructure Physics Halle using a LCP-SE sample of group A (see Fig. 53) after
the consecutive annealing row (see Fig. 72). The FIB preparation revealed in the
region of interest two characteristic structures. The first structure was a locally deep
Ni-silicide, which is shown in Fig. 82. The consecutive FIB removal revealed that the
silicide structure shows a parallel growth to the surface with a dimension of about
100 nm along the cross section direction. It is most likely that the LCP-SE laser
process created a cavity in this region, which was filled with Ni during the plating
process and silicided during the annealing steps. The cavity starts in the left image of
Fig. 82 where the SiNx layer is locally ablated and the Ni silicide is in contact with the
local SiNx opening. The second structure was a micro crack, which was found nearby.
The prepared cross section lamella with the micro crack is shown in Fig. 83. Nano-
EDX measurements revealed that the crack was at some point filled with Ni, which is
most likely also locally silicided during the annealing process.

Different publications [113-115] showed that defect rich structures in mc-Si such as
metal precipitates can cause a similar DLIT and ReB-EL emission characteristic (type
I1) as shown in Fig. 78 in the previous section. The type Il breakdown emission is a
result of interband [167] or intraband [116] emission after a Zener tunneling or
thermionic emission at a Schottky contact in reverse bias [168]. Therefore, the found
defect structures (deep metal precipitate, micro crack) are assumed to be the origin of
the pFF breakdown correlated features.
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Fig. 83
Cross section lamella prepared by FIB, showing a micro crack at a locally LCP-SE processed area
with high ReB-EL intensity.

6.4.2 Local pn-junction characteristic
The previous section showed that local defect structures such as deep Ni silicides or

silicided micro cracks are the most likely origin of the pFF breakdown correlated
features in the ReB-EL measurements. The impact of these structures becomes
relevant if they reach the space charge region of the pn-junction and where they create
local breakdown spots, which lead to the electrical degradation of the solar cell.
However, the silicide induced non-linear shunting should be preventable by a large
distance of the space charge region to the metalized surface due to a deep local
diffusion underneath the front side contacts as in the case of a selective emitter design.
Hence, the question arises why the LCP-SE solar cells in Fig. 72 do not show a
significant better performance stability against annealing induced shunting in
comparison to the homogenous emitter solar cells with UV ablated local contact
openings. Therefore, the characterization of the local pn-junction of both cell designs
becomes relevant in order to point out the weak spot of the fabricated selective emitter
design.

There are only a few methods to characterize the local doping profile on a sub-pm
level both in depth and lateral homogeneity. Two suitable methods for this problem are
electron beam induced current (EBIC) [169, 170] and secondary electron dopant
contrast imaging (SEMDCI) [171-173]. Both characterization techniques can be
performed at cross sections or in top view with samples in a scanning electron
microscope (SEM).
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Superposition of EBIC & SEM cross section measurements within a) LCP-SE and b) UV ablated front
side openings on the processed solar cells. For better illustration the EBIC signal and the surface edge
of the cross section are colorized red and yellow (solid line), respectively. The graphs show line scans
on the marked positions (dashed lines) for the c) LCP SE and d) UV ablated solar cell. All data marked
with * are corrected with a correction factor cos(54.75°) due to the angle of the cross section to the
pyramid surface normal. [73]

EBIC is widely used in the field of semiconductors to analyze pn-junction profiles,
local recombination parameters and charge collection probabilities (see [170] for a
review of all applications).In this work EBIC is used to analyze local pn-junction
inhomogeneities within the laser opened areas. EBIC was preferred to SEMDCI due to
a better signal to noise ratio and lower requirements on the sample preparation for the
fabricated n-type laser doped samples.

EBIC is based on the local current generation by the SEM electron beam and the
imaging of the measured current response of the solar cell. Therefore, the EBIC image
depends on local recombination parameters as well as local generation parameters. The
measurable local EBIC signal I(x) is in general given by a product of the locally
generated current lgeq(x) and the carrier collection probability ¢(x) of the minority
carriers [174] within the local excitation volume V(x) at the electron beam position x
shown in Eq. (37).
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The EBIC signal shows a maximum at the points of the highest carrier collection
probability. Assuming a homogenous generation and a small excitation volume, the
maximum is located at the pn-junction. However, there are different effects which
move the EBIC signal away from the pn-junction location [175].

EBIC is mostly performed on planar samples due to the fact that the locally measured
current is not only a function of the local collection probability but also of the local
generation. Therefore, the EBIC image can be influenced by topographical features as
well. This effect is discussed in the appendix. Furthermore, the signal can be
influenced by local recombination inhomogeneities, SEM parameters and the sample
preparation itself. Most of these effects such as enhanced recombination within the
laser affected zone would move the EBIC maximum away from the metallurgical pn-
junction into the high lifetime base region.

The discussed sample and measurement related influence factors make the quantitative
interpretation of the measurement results more difficult for the characterized laser
openings, which have a random melting topography. Therefore, the EBIC maximum
depth within molten regions will only be interpreted as upper limit of the pn-junction
depth. Fig. 84 shows EBIC measurements of cleaved cross sections of the laser
openings from LCP SE and UV laser ablated solar cells. The data at pyramid
topographies in Fig. 84 are corrected with a factor cos(54.75°). This correction is
caused by the fact that the measured depth at the cross section shows the doping depth
under an angle of 54.75° to the normal of the pyramid surface. Therefore, the
measured junction depth has to be corrected for the case of a pyramid texture by the
known opening angle of the alkaline etched pyramids. All corrected data is marked in
the figures.

The UV laser ablated solar cells show a corrected depth of the EBIC maximum in line
scan 2 in Fig. 84 d) at around 200-350 nm, which is in the range of the applied thermal
emitter diffusion recipe. Therefore, the EBIC maximum can be interpreted in this case
as pn-junction location. The EBIC maximum in line scan 1 in Fig. 84 d) is located at a
much deeper position at about 600 nm. The interpretation of this deeper location is not
trivial and could be caused either by a drive-in of the emitter doping during the
pyramid melting or as discussed above by uncertainties of the method itself. It has to
be noted that the apparent shallow region right beside line scan 2 in Fig. 84 b) is most
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likely caused by a surface change due to or after the cleavage of the sample. The SEM
image in this region is hard to interpret but it looks like the measurement in this area is
disturbed by a dust particle, a remaining SiN, particle or a silicon breakout in this
region. Therefore, this region was not taken into account in this study.

In the case of the LCP SE openings the interpretation of the EBIC data is much more
difficult due to the melting induced change in topography. Assuming that most of the
generation and recombination related effects on the EBIC signal cause a drift of the
signal maximum into the substrate, the interpretation can only be limited on the
estimation of an upper limit of the pn-junction depth. Therefore, the deeper EBIC
maximum in line scan 1 (LCP-SE) in Fig. 84 correlates most likely to a deeper pn-
junction due to the local laser doping but cannot be distinguished from other effects. In
contrast to this deep EBIC maximum, line scan 2 (LCP-SE) shows a shallow EBIC
maximum in the range of 400 nm, which is only slightly deeper than the depth
measured for line scan 3 (LCP-SE) at a non-laser doped position, where the
homogenous thermally diffused emitter is the only doping. Therefore, line scan 2
(LCP-SE) in Fig. 84 c) shows that there are shallow doped regions within the laser
doped opening. These shallow regions could be the reason why even solar cells with
selective emitter doping show annealing induced non-linear shunting effects for higher
annealing temperatures.

In order to further analyze the doping inhomogeneities of the LCP SE process, EBIC
test structures on planar samples were fabricated. The planar samples allow
distinguishing between intrinsic doping inhomogeneities of the LCP process itself and
inhomogeneities caused by the topography of the random pyramid texture. Fig. 85
shows EBIC measurements of LCP SE n-type laser doping on a planar p-type Si wafer
with PECVD SiN, passivation (without an additional thermally diffused emitter). In
this case the doping profiles within the cross sections in Fig. 85 perpendicular b) and
along a) the LCP doped line show homogenous depths of the EBIC maxima. In first
approximation the EBIC maximum correlates for these samples with the location of
the metallurgical pn-junction. Therefore, the measurements in Fig. 85 show that even a
local laser intensity distribution due to multimode waveguide properties of the liquid
jet does not necessarily cause an intrinsic doping depth inhomogeneity within the
locally melted region. Furthermore, the analysis of a variety of samples with n-type
LCP doping showed that for the relevant process parameter range in laser pulse
energy, and spatial laser pulse distance the EBIC profile was in every case
homogenous within the opening on planar samples.
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Confocal microscope image and SEM+EBIC measurements at a cross section along and
perpendicular to a LCP SE doped planar sample. For better illustration the EBIC signal and the
surface edge of the cross section are colorized red and yellow (solid line), respectively. The graphs a)

and b) show EBIC line scans on the marked positions.

Hence, the inhomogeneous doping profile in Fig. 84 seems to be a consequence of a
detrimental impact of the pyramid textured topography on the laser process
homogeneity. One possible explanation could be interference effects at the pyramid
texture, which are already known for the case of UV laser ablation of passivation

layers [176].
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The microscopic characterization of the non-linear shunted solar cells showed that the
annealing induced pFF breakdown comes along with the growth of local deep Ni
silicides with a broad depth distribution. Furthermore, the local pn-junction profiling
showed that the performed local phosphorus doping process by LCP showed an
inhomogeneous depth distribution with local shallowly doped regions on a textured
surface. These shallow regions could be one reason why the performed LCP-SE
process could not prevent the annealing induced shunting. The next section will
analyze the relevant process characteristics of local laser doped selective emitter
regions in order to prevent annealing induced degradation of Ni plated solar cells.

6.5 Influence of doping and structuring process
The previous section showed that an insufficiently deep selective emitter doping

process underneath the local contact openings lead to the same silicide induced
shunting problematic as for the case of undoped UV laser ablated contact openings.
There are different possible breakdown spots of the LCP locally doped contact
openings, which are illustrated in Fig. 86. One possibility is an overall insufficient
doping depth (see left schematic in Fig. 86). Alternative possibilities are the problem
of shallowly doped regions at the edge of the opening (see center schematic in Fig. 86)
or local shallowly doped regions caused by an inhomogeneous doping depth (see right
schematic in Fig. 86).

The presented experiment in Fig. 87 aims to distinguish between the possible
breakdown locations and find the dominant processing parameters of the local doping
process in order to avoid any annealing induced performance limitations. The findings
from this experiment should provide the key requirements of a suitable selective
emitter doping process, which sets no limitations on the following plating and
annealing processes, especially on the used temperature profiles. The presented results
are a limited selection of a more detailed experiment performed in collaboration with a
supervised master thesis of Wilhelm Hordt [96].

Fig. 86
Possible breakdown spots of locally doped LCP openings. Please note that for illustration reasons the
texture was not included in the schematic.
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Fig. 87
Processing scheme of fabricated AlI-BSF solar cells with 2-step and 1-step laser doped selective
emitter processes and plated Ni front side contacts.

The experiment is split up in six different processing groups. All groups result in four
5x5cm2 AI-BSF solar cells with Ni plated front side contacts on a large 156x156 mm?2
(pseudo square) p-type Cz-Si wafer. The wafer is textured with alkaline etched random
pyramid structures. After the texturing the rear side is protected by a 300 nm PECVD
SiOy diffusion barrier in order to perform a one-side POCI; diffusion process aiming a
120 Q/sq. homogenous emitter with a depth of about 0.3 um or 1.5 um for groups 1-4
and 5 & 6, respectively. At this point the wafer groups either get a 2 step selective
emitter process (group 1 & 2) by LCP-SE or Wet Film Laser Doping (WFLD) or a 1-
step selective emitter later on (group 3-6). The laser processes are described in more
detail in the following paragraph. After the thermal diffusion -with or without a
subsequent laser doping- the front side phosphorus silicate glass (PSG) and the rear
side diffusion barrier are etched back and the front side is passivated with a PECVD
SiN, antireflection coating. The rear side is fully Al-screen printed with a subsequent
FFO firing process. The front side contact openings are either performed by an
undoped SiN, laser ablation process (group 1& 2: 1 =532nm, 40 ns laser pulse length)
or the open & dope LCP-SE or WFLD process.
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Group 1 Group 2 Group 3 Group 4

(2-step SE, WFLD) (2-step SE, LCP) (WFLD, cw) (LCP, ns)

Finger Finger Finger-BB intersection Finger-BB intersection
Fig. 88

Microscope images of the 2- and 1-step laser processed front side contact structures before Ni-plating

After the laser structuring the front side Ni contacts were plated in a light induced
plating step (LIP) and annealed at 450°C for 10 min. in a forming gas atmosphere
(FGA) with a delay between plating and annealing of maximum 10 min. The choice of
the annealing conditions is a consequence of earlier experiments which showed on the
one hand good adhesion of the plated and annealed contacts (Mondon et al. [100]) and
on the other hand the solar cells annealed at this conditions showed a significant
decrease in the pFF. Therefore, the high peak temperature sets the highest requirement
on the local doping underneath the plated Ni contacts. Furthermore, these high
annealing processes could be interesting for next generation cell designs such as PERC
or PERL solar cells featuring laser structured rear side contacts such as laser fired
contacts (LFC), which can be improved by a subsequent annealing process in this
higher temperature regime. Therefore, these higher temperature profiles could also be
interesting for Co-annealing of the front and rear side contacts for PERC/PERL solar
cells with plated front side contacts.

Fig. 88 shows the comparison of the 1-step and 2-step selective emitter (SE) processed
structures. The 2-step SE features a 140 um wide doped finger structure, with locally
contact opening of the SiN, passivation performed by an undoped laser ablation
process with an opening width of about 10 um. The first local doping process in group
1 is a WFLD process developed by Christian Geisler using a spin-on film of 42.5%
HsPO, on the wafer and a subsequent laser doping by a galvanometric mirror scanner
system, which guides a green (532 nm) continuous wave (cw) laser spot with a laser
power of 15 W with a velocity of 5 m/s over the sample. The cw-WFLD process leads
to a complete planarization of the doped area and deep pn-junction depths of about
4 um as shown in Fig. 89. The LCP laser doping process for the 2-step SE used a 85%
HsPO, liquid jet, a stainless steel nozzle with 50 um diameter and a green (532 nm)
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pulsed (40 ns) laser system with a pulse energy of 40 pJ (before the optical head) and a
spatial laser pulse distance of 1 um, resulting in a shallow groove topography with a
doping depth of about 1 um. The solar cells of group 2 showed a significant amount of
parasitic Ni-plating within the laser doped but not laser opened areas due to an
increased pin hole density of the PECVD SiNy in these areas. The 1-step selective
emitter open and dope process by LCP (group 4 & 6) and WFLD (group 3 & 5)
featured an opening width of 10-20 um. The busbar (BB) structure was processed for
the 1-step SE as non-overlapping line structure with a line distance of 40 um and for
the 2-step SE as overlapping lines for the doping process and non-overlapping lines
with a line distance of 40 um for the opening process.

Summarizing the features of the processing groups in order to allow the determination
of the dominant breakdown location of the three possibilities shown in Fig. 86:

a. Laser doping depth: 1 um (pulsed laser: LCP) vs. 4 um (cw-laser: WFLD)
b. Decoupling of the local doping and opening process: 1-step SE vs. 2-step SE
c. Different thermally diffused emitter depths: 0.3 um vs. 1.5 pm

The three processing schemes allow the analysis of the impact of different design
parameters of the local laser doping on the annealing induced shunting risk. The two
laser doping depths allow an analysis of the influence of the doping depth. The
decoupling of the local doping and the local opening process allows the determination
of possibly shallow doped regions in the edge area of the 1-step SE process. Finally,
the application of two different thermally diffused emitter depths for the 1-step SE
process should reveal if possible inhomogeneities of the local laser doping process can
be compensated by a sufficiently deep thermally diffused emitter before the local laser
doping.

The measured pFF by SunsV, of the fabricated solar cells of group 1-6 was after Ni
plating (without annealing) in the range of 82-85% independently of the processing
group. Fig. 90 presents the measured pFF after plating and annealing of the fabricated
solar cells. It can be seen that the most dominant process parameter for the pFF
stability is the used laser doping process. All groups featuring a deep local WFLD
doping show a good pFF level of about 80% after the annealing. The LCP processed
groups 2, 3 and 4 on the other hand, show a significant pFF decrease down to 40-55%
after annealing.
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Fig. 89
Measured phosphorus concentration profile of a laser doped box of overlapping lines (same line
distance as for the BB of the fabricated solar cells) by electrochemical capacitance voltage technique
(ECV).

The previous sections showed that the pFF breakdown is most likely a consequence of
Ni silicide growth into the space charge region. Therefore, it has to be analyzed if the
pFF-stability of the WFLD processing groups is a consequence of a sufficiently deep
laser doping or the absence of grown Ni silicides. In order to characterize the silicide
growth within the laser opened areas, ion polished cross sections were prepared and
analyzed by SEM measurements. Fig. 91 shows exemplary SEM measurements of
silicide areas along the ion polished cross sections. The cross section analysis revealed
different characteristics of the silicidation characteristic on the laser processed solar
cells. The different contrast ratios within the silicide areas in Fig. 91 a) demonstrate
that for the applied processing conditions the formation of different Ni-silicide phases
takes place. Especially, for the applied annealing conditions of 450°C for 10 min. it is
known from the literature [101, 103] that the formation of Ni,Si and NiSi are the most
likely silicide phases. The plated Ni layer on top of the laser structured regions acts as
Ni source for the initial Ni,Si formation, which leads later on to the transition to a
silicon rich NiSi silicide. The NiSi formation starts at the silicide-silicon interface
[103] and shows a reaction limited growth rate in contrast to a specimen diffusion
limited growth rate of the Ni,Si phase [101]. The lighter areas within the silicide
region in Fig. 91 a) is assumed to be the Ni-rich Ni,Si phase and the darker shaded
area the Si-rich NiSi phase.
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Fig. 90
Measured pFF after annealing for each processing group.

The cross section b) in Fig. 91 reveals that for thick Ni layers -as in the case for
plating- the formation of the silicide can lead to a gap between the Ni-silicide and the
remaining Ni layer. The formation of voids at the interface was already shown by
Mondon et al. [100], who showed that the void formation can be detrimental for the
adhesion of plated metal contacts. The void formation could be avoided either by a full
consumption of the Ni layer during silicidation or an etch back of the remaining Ni
after silicidation in combination with subsequent Ni/Cu/Ag plating steps after the etch
back.

The applied LCP process for the initial laser doping of the 2-step SE of group 2
featured rather high laser pulse energies. Therefore, the cross sections in Fig. 91 c¢) and
d) revealed some cavity or micro crack structures either due to Si melt flow during the
process or micro crack formation during the cool down. Especially, the cross section in
c) shows a deep cavity structure with an almost homogenous silicide growth along the
edge. This enhanced silicide growth at defect rich silicon interfaces is already known
in the literature [177-179] and leads to unintentionally local deep Ni-silicide
penetration in MOS devices. These silicide induced breakdowns are called Ni
encroachment effects and could be correlated to the growth of deep NiSi spikes
especially at defect rich interfaces [177]. However, in the case of d) it is at this stage
not evident if the high crack density in the silicide area was present before silicidation
or if it is a consequence of crack formation due to different heat expansion coefficients
of Si and Ni-silicide during the cool down after annealing.
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a) Different silicide phases
Group 1: 2-step SE, WFLD (cw)

¢) Enhanced silicidation along micro cracks
Group 2: 2-step SE, LCP (ns)

e) Low silicide growth for 1-step WFLD SE

ISE 5.0kV 3.2mm x10.0k SE(M)

Fig. 91

b) Gap between silicide areas and remaining Ni
metal
Group 2: 2-step SE, LCP (ns)

d) Micro cracks in silicide region
Group 2: 2-step SE, LCP (ns)

ISE 5.0kV 3.3mm x30.0k SE(U) 1.00um

f) Shallow silicidation for 1-step WFLD SE
Group 3: 1-step SE, WFLD (cw)

Exemplary SEM measurements of ion polished cross sections within the laser opened front side
contact structures of the different processing groups. For better illustration the silicide areas in a), b),
d) and e) have yellow contour lines. Please note the different image scales.

In contrast to the other groups the 1-step SE group with the cw-WLFD process showed
a significantly reduced amount of Ni silicide regions (Fig. 91 e)). Furthermore, the
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silicide depths appeared to be much shallower as shown in Fig. 91 f). The shallower
silicide depths must not be necessarily a problem in terms of adhesion but this finding
shows that may be interface oxide layers prevent or reduce the Ni silicide growth for
the applied laser— pretreatment — plating — annealing process sequence.

In summary the analyzed samples of group 1, 2, 4 and 6 showed a large amount of Ni
silicide regions within the laser opened areas. Independently of the laser doping
process all 2-step SE samples showed different silicide phases with a broad depth
distribution. Local silicide depths of up to 1 um could be observed. The presence of
Ni-silicide for the pFF stable group 1 and the pFF instable group 6 shows that a pn-
junction depth of more than 1.5 um and not more than 4 um is sufficient to provide a
pFF performance stability even for high annealing processes. In this context, the
combination of the 1 um LCP doping depth with the 1.5 um thermally diffused emitter
in group 6 shows that 1.5 um doping depth is not sufficient to provide pFF stability if
a high annealing process is implemented in the processing chain.

Within group 1 there are some cells, which showed a decrease in the pFF even with a
deep 2-step SE by WFLD (cw). However, the combination of confocal microscope and
ReB-EL measurements revealed that the laser doped areas and the SiN, opening by
pulsed laser ablation showed a bad alignment for these cells (see Fig. 92). This lead to
a high amount of finger structures where the laser openings are located besides the
laser doped areas on the shallow thermally diffused emitter. These fingers are visible
as bright structure in the ReB-EL image in Fig. 92. The laser structured areas also
appear as breakdown spots in the ReB-EL measurements of the LCP laser doped solar
cells of group 2 (2-step SE) and 4&6 (1-step SE).

H-ReB-EL measurements shown in Fig. 93 confirmed that the laser structured areas
are the origins of the ReB-EL luminescence. Beside the local breakdown spots along
the laser opened line, there are also local breakdown spots outside of the laser opening
but within the laser doped area. This can be explained by significant parasitic plating
in the laser doped areas for all LCP doped samples. The strong topography after the
applied LCP process leads to high pin hole densities of the PECVD SiN, layer in these
areas.
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Fig. 92

Optical and ReB-EL image of a wafer with four 5x5 cm? solar cells from group 1 processed with a 2-
step SE by WFLD (cw) after Ni plating and annealing. The orange box in the right image marks the
solar cell edges, the number in the box gives the according measured pFF and the image on the side
is a corresponding microscope image of an exemplary WFLD laser doped and ns-pulse laser opened
finger structure.

One additional aspect of the ReB-EL emission at parasitic plated regions is the fact
that regions outside of the laser doped areas with large amounts of parasitic plating do
not show significant ReB-EL emission in this experiment. One example is the
horizontal structure in form of a dashed line below the lower two cells in the optical
Image of Fig. 92. Handling induced SiN, damages/openings induces a large amount of
parasitic plating in these areas. However, the ReB-EL image does not show any
significant emission in this region. The experience from different experiments shows
that parasitic plating does not necessarily lead to annealing induced shunting in these
regions but indeed some parasitic plated regions do show silicide structures. An
exemplary parasitic plating induced silicide structure is shown in the SEM cross
section analysis of Fig. 94. One possible explanation for the sensitivity of annealing
induced shunting in parasitic plated areas might be that on the one hand the opening
geometry of the SiN, in these regions. Small pin hole shaped SiN, openings could lead
to low amounts of Ni at the interface and only shallow silicidation. On the other hand
large SiN, damaging such as scratches could not only lead to a large SiNy opening in
this region but also to damaged peaks at the pyramid textures and thus, to open pn
junctions at the damaged surfaces.
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Fig. 93

Spatially corresponding optical (laser reflection) and p-ReB-EL image of wafer 4001 of group 2 with a
2-step SE by LCP laser doping and an exemplary microscope image at another position. The
breakdown spots of the p-ReB-EL measurement are marked in the reflection image as grey circles.

In conclusion the results of the experiment shown in Fig. 87 led to three findings in the
analysis of annealing induced non-linear shunting of Ni plated solar cells. First of all
the most dominant cell design parameter on the pFF performance stability, especially
for high annealing processes, is the pn-junction depth at the contact opening. The
applied annealing process of 450°C for 10 min. in FGA induced even on solar cells
with a thermally diffused emitter depth of 1.5 um a significant pFF performance
breakdown. The required pn-junction depth to assure a performance stability for the
applied annealing process is somewhere in between 1.5 and 4 um. The WFLD laser
doped solar cells with a pn-junction depth of 4 um were the only solar cells, which
showed significant pFF stability independent of the thermally diffused pn-junction
depth. In this context especially the 2-step WFLD SE proved to assure pFF stability in
combination with a large amount of Ni silicide structures. The second finding of this
experiment was the correlation of silicide growth and local defect structures in silicon,
such as micro cracks. The laser processed regions with Ni silicide showed partially
micro cracks, which either enhanced the silicide growth due to Ni encroachment or are
generated during the cool down due to thermally expansion induced stress in the Ni —
Ni silicide — silicon system. The last finding results under the assumption that ReB-EL
emission reflects the origins of pFF breakdown regions; the ReB-EL measurements of
the fabricated solar cells with large amounts of parasitic plating revealed that parasitic
plated structures can be regions of local breakdowns but not necessarily.



144 6 Annealing induced non-linear shunting of Ni plated solar cells

Fig. 94
lon polished cross section at a parasitic plated area after annealing at 450°C for 10 min. in a forming
gas atmosphere. For better illustration the silicide area has a yellow contour line.

6.6 Conclusion
The experiments in chapter 6 focused on the analysis of annealing induced non-linear

shunting of Ni plated silicon solar cells. In this context three different aspects were
analyzed: the change of the global electrical characteristics of the solar cells before
and after annealing, the local characteristics in different imaging characterization
techniques and the micro-structure of the localized breakdown spots.

The performed experiment showed that the combination of Ni plated front side
contacts and a subsequent annealing process in the range of 300-450°C in forming gas
or N, atmospheres leads to a degradation of the electrical performance of the solar
cells. The contact annealing of the solar cells resulted in a deviation of the current-
voltage characteristic from the conventional two diode model. The annealed solar cells
showed a “hump” feature in the mid-voltage regime of 200-400 mV, which was visible
as increased recombination current in the dark 1V curve and the pseudo dark IV curve
measured by SunsV,. This effect decreased the pseudo fill factor pFF and in
consequence the solar cell efficiency, too. The electrical characteristic of this
annealing induced degradation showed some similarities to a shunt phenomenon.
However, the shunt revealed in this case a non-linear or non-ohmic electrical
characteristic. The appearance of the annealing induced pFF breakdowns due to non-
linear shunting correlated with a decrease of the internal series resistance Rg-Rs front and
a decrease of the reverse breakdown voltage.

The application of different imaging characterization techniques in order to
characterize the non-linear shunting effect reveals the appearance of characteristic
local features correlating with annealing induced pFF breakdowns. The main finding
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of the local imaging characterization was the correlation of recombination active
structures in DLIT measurements under forward bias and the appearance of the same
local features in reverse biased DLIT as well as reverse biased electroluminescence
(ReB-EL). The application of ReB-EL under reverse voltages in the range of -6 to -
15V proved to be the most suitable characterization technique in terms of sensitivity
of annealing induced local breakdown spots and spatial resolution. The high spatial
resolution compared to DLIT allowed a localization of the annealing induced pFF
breakdown features along the laser structured front side contact openings. The ReB-EL
(as well as the DLIT) signal intensity-voltage characteristic shows many similarities to
type-11 breakdowns known from the characterization of multi crystalline silicon solar
cells in the literature. Kwapil [114], Kasemann [109] and Bothe et al. [115] showed
that the physical origin of type-l11 ReB-EL emission is due to internal field emission
with trap-assisted tunneling or trap-assisted avalanche breakdowns, which show a
strong correlation with defect rich areas with high recombination activity, such as
metal precipitates.

The application of a sequence of ReB-EL, pu-ReB-EL, p-Pl, SEM, FIB and TEM
characterizations allowed a localization and characterization of the annealing induced
pFF breakdown features on a um- and nm-scale. The characterized cross section
lamella of a region of intensive breakdown illumination revealed two characteristic
structures. One side of the cross section showed a deep silicide structure which had a
depth of about 200-300 nm and a dimension of at least 100 nm parallel to the textured
surface. This deep silicide structure introduces a region of high recombination activity
into the emitter and could possibly penetrate the space charge region of the pn-
junction. The other facet of the cross section lamella exposed a micro crack within the
emitter region. Both structures are regions of high recombination activity and could
both explain the electrical degradation as well as the early breakdown illumination.
However, the close proximity of both structures allowed no distinction between their
position and the location of the breakdown emission in the p-EL measurement.

EBIC characterizations at cross sections of locally LCP-SE laser doped contact
openings demonstrated that the applied laser doping parameters resulted in an
inhomogeneous doping depth within the contact opening on a textured surface. The
analyzed cross section revealed locally shallow doping depth within the LCP-SE laser
doped contact opening. These locally shallow doping depths are the most likely
explanation why the additional laser doping did not prevent the electrical degradation
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due to the detrimental impact of highly recombinative structures such as cracks or
deep Ni silicides.

The introduction of a homogenously deep laser doping underneath the front side
contact openings by a 2-step or 1-step laser doping process proved to ensure a pFF
stability even for annealing processes with high peak temperature (450°C) and long
plateau durations (10 min.). The performed experiment showed that for the applied
laser opening and annealing processes even a pn-junction depth of 1.5 um at the
contact opening of the Ni plated contact is not sufficient to prevent a pFF breakdown.
However, the application of a 1-step or 2 step local laser doping process with a depth
of about 4 um demonstrated pFF stability even in the presence of a high Ni silicide
growth rate.

In conclusion the three stated hypotheses of section 6.2 where experimentally
confirmed and showed that the main reason of the electrical degradation of Ni plated
solar cells after an annealing step is the formation of locally deep Ni silicides, which
partly correlate with local defect structures. Furthermore, the main aspect to prevent
the silicide induced pFF breakdown is a locally deep doping underneath the contact
openings. The required doping depth is mostly influenced by the applied annealing
process but also by other aspects such as the time between plating and annealing due
to the possible growth of interface oxides at the contact opening. Therefore, the
findings of this chapter demonstrate that the application of a selective emitter design
for silicon solar cells with Ni-Cu-Ag or Ni-Ag plated contacts is not necessarily
beneficial in terms of maximum cell efficiency but enables a significant degree of
freedom for the development of silicidation process sequences for performance stable
silicon solar cells.
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7 Summary and outlook

7.1 Summary
The aim of this work was the development and characterization of industrially feasible

low-cost structuring and doping processes for high efficiency silicon solar cell designs.
The main focus was the development and integration of laser chemical processes
(LCP) for silicon solar cells. Furthermore, the fabricated solar cells were characterized
and advanced loss analyses were performed in order to determine relevant process
influences on the solar cell efficiency. LCP was applied for the fabrication of local
boron doping structures as local back surface field (LBSF) for p-type silicon solar cells
(chapter 3). The second application area of LCP was the fabrication of locally
phosphorus doped structures for selective emitter designs with plated metal contacts.
In this context, the LCP highly doped regions underneath the plated contacts were
evaluated by solar cells simulations (chapter 4), solar cell fabrication (chapter 5) and
solar cell characterization (chapter 6).

LCP local boron doping process
Laser chemical processing (LCP) is based on the idea to couple a laser spot into a

liquid jet, which allows local laser structuring of thin layer systems (i.e. passivation
layers of solar cells) in combination with local laser doping using the liquid jet as
dopant source. Therefore, the development of a LCP local boron doping process
requires a suitable liquid boron doping source. After a screening of potential liquids
the most promising liquid boron source was an aqueous solution of 4.4 M NaBHj, in
14 M NaOH. The prepared test structures revealed a high amount of boron in the laser
doped areas with a surface doping concentration of up to 10°° cm™ and doping depths
in the range of 1um. This local boron laser doping process was successfully
implemented as p-type LBSF into a fabrication scheme of a high efficiency silicon
solar cell. The first proof of concept in a passivated emitter an rear locally diffused
solar cell design (PERL) resulted in a cell efficiency of 20.9% using FZ-Si wafers with
a base resistivity of 0.5 Qcm. The published results [119, 120] developed within this
thesis were at the time of publication the first successful examples for the
implementation of an industrially feasible laser doped boron LBSF structure in a high
efficiency silicon solar cell.

After the successful proof-of-concept the boron LCP process was further evaluated by
fabricating LBSF structures for PERL solar cells with varying base resistivities. The
LCP-PERL solar cells were compared to similar cells with a doping free LCP
structuring process for the rear side openings and solar cells with a well-optimized



148 7 Summary and outlook

LFC LBSF process. The increase of the base resistivity (ogase =0.5-9 Qcm)
correlated for the LCP-PERL and LCP-PERC solar cells with a cell efficiency
decrease. The application of electrical, electro-optical and optical characterization
techniques in combination with analytical and numerical simulations was used in order
to identify the limiting loss mechanisms in the fabricated solar cells.

The cell efficiency limitation of the LCP-PERL solar cells was caused by a decrease in
the open circuit voltage for increasing base resistivities. The loss analysis allowed the
elimination of possible explanations for the V. losses such as local Schottky contacts
due to non-homogenously doped contact openings. The simulation and measurement
results indicate that the most likely explanation is a laser processing induced local
lifetime reduction around the LBSF structures. The local lifetime reduction is most
likely a consequence of laser induced damage during the laser doping process due to
non-optimized processing parameters.

Besides the V. limitation the LCP-PERL solar cells demonstrated slightly lower fill
factors than the LFC reference solar cells. However, the series resistance analysis
revealed that the FF limitation of the LCP-PERL solar cells was not a result of large
contact resistances but of slightly larger spreading resistances. The increased spreading
resistance of the LCP solar cells resulted from a slight disadvantage of the line contact
design of the LCP-PERL solar cells compared to the point contact design of the LFC
reference solar cells for same contact fractions. However, the series resistance analysis
showed that the main cell efficiency limitation of the LCP-PERL solar cells is neither
induced due to high spreading resistance nor an increased contact resistance as in the
case of the LCP-PERC solar cells. The low series resistances of the LCP-PERL solar
cells proofed that the formation of an ohmic rear side contact by the LCP boron doping
was successful.

In conclusion the developed LCP boron doping process could be successfully
implemented in high efficiency p-type PERL solar cells resulting in ohmic contact
properties at the LBSF contact. The advanced loss analysis revealed a recombination
induced limitation of the open circuit voltage due to increased recombination around
the laser doped areas. Therefore, further process optimizations are necessary at this
stage in order to improve the recombination properties of the developed boron LCP
laser doping process.

Theoretical considerations on selective emitter solar cells
The starting point for the development of a LCP phosphorus doping process for

selective emitter designs with plated metal contacts was a 2D numerical solar cell
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simulation in order to analyze the influence of the selective emitter design on the
electrical performance. The performed simulations evaluated the impact and the
critical design parameters of an additional highly doped region underneath the emitter
metal contacts. The focus was the analysis of two main aspects of the highly doped
region of the selective emitter design: the influence of possible contact resistivity and
saturation current density improvements on the cell efficiency. In this context four
different solar cell designs were simulated. The results revealed a strong dependency
of possible cell efficiency improvements due to a selective emitter on the overall solar
cell design.

The modeling of the emitter contact resistivity revealed that beside the theoretical
improvement of p.n: for high doping concentrations, the metallization scheme itself
strongly influences the emitter contact resistance. Screen printed Ag contacts show in
this context a significantly higher sensitivity on the doping concentration than plated
Ni contacts. The solar cell simulations demonstrated that in the case of state-of-the-art
metal finger widths the emitter contact resistivity becomes a limiting factor if
Deont >> 107 Qcmz2. Therefore, an additional highly doped region only becomes
beneficial for the total series resistance if the contact resistivity of the applied
metallization scheme on a homogenous emitter design would be much larger than this
value.

The saturation current density (Jo;) analysis of a selective emitter design aimed to
quantify the cell efficiency improvements due to a highly doped region underneath the
emitter metal contacts. The simulation results demonstrated the strong correlation of
possible cell efficiency benefits due to a selective emitter and the overall solar cell
design. The improvement of Jo; ¢ont due to a highly doped region underneath the metal
contacts has rather small impact on the cell efficiency assuming state-of-the-art Al-
BSF solar cells. Only for large contact widths or for cell designs aiming for cell
efficiencies 7>21% with lowly doped emitter profiles, the introduction of an
additional high doping profile in the contact area becomes significantly beneficial.

The simulation results demonstrated that under the constraints of industrial feasibility
the interaction between the cell design, the metallization scheme, the thermally
diffused homogenous emitter and the applied selective emitter process decides whether
or not the introduction of a selective emitter is beneficial in terms of maximum cell
efficiency. Regarding state-of-the-art processing technologies, it is in many cases more
beneficial to reduce the contact width (e.g. plated Ni-Cu contacts) and improve the
homogenous emitter diffusion (e.g. lowly doped emitter profile) than introducing a
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selective emitter by highly doped regions underneath the contacts. The introduction of
a selective emitter design is in industrially feasible cell designs mostly beneficial at the
point when the applied metallization scheme limits the cell efficiency due to large peont
or if the highly doped region prevents shunting related cell efficiency limitations. LCP
selective emitter doping for plated Si solar cells

The experiment described in chapter 5 aimed to develop an evolutionary improvement
of the AI-BSF solar cell design. In this context three cell design improvements were
analyzed: the introduction of a lowly doped thermally diffused homogenous emitter,
narrow Ni-Ag or Ni-Cu-Ag plated front side contacts and the introduction of a
selective emitter design by an additional highly doped contact opening by LCP-SE.
The fabricated solar cells showed a significant cell efficiency benefit compared to a
fully screen printed reference group and reached maximum cell efficiencies of up to
19%.

The introduction of the lightly doped emitter proved to be beneficial in terms of short
circuit current density Ji and open circuit voltage V., improvements. The Jg
improvement is caused by better quantum efficiencies in the lower wavelength regime
due to decreased Auger recombination. Furthermore, the better recombination
properties of the lightly doped emitter lead to a lower saturation current density in the
passivated regions Jos pas, resulting in higher V.

The introduction of Ni plated front side contacts allowed the introduction of the lightly
doped emitter in the first place due to a low contact resistivity even for reduced surface
doping densities. The FF analysis indicated that cells with low FF were mostly limited
by contact resistance losses due to small contact opening widths or in the case of LCP-
SE processing before FFO firing, by interface insulating layers. The series resistance
analysis also indicates that the contact resistance becomes very low in the case of
successful silicidation of the Ni-Si interface during an annealing step. Furthermore, the
narrow finger widths of the plated contacts result in an increased J. due to lower front
side contact shading compared to the fabricated screen printed Ag contacts.

The introduction of the selective emitter did not show any significant improvement in
terms of maximum cell efficiency. This finding is in agreement with the simulation
results of chapter 4. The cases of significant improvements in V,. or R, of the LCP-SE
solar cells could be explained by mostly contact geometry related effects. The low
impact of a selective emitter on the cell efficiency is caused by a low sensitivity of the
Al-BSF design on contact recombination improvements. Furthermore, the contact
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resistivity improvement was for plated Ni contact negligible because the applied
thermally diffused emitter already featured a rather high surface doping concentration
of about 2 - 102° cm™. In contrast to screen printed contacts, which react very sensitive
on surface doping reductions, plated Ni contacts are not limited by high contact
resistivities in this regime. The contact resistivity becomes even less problematic after
the silicidation of the Ni-Si interface.

The fabricated solar cells with plated Ni-Ag or Ni-Cu-Ag front side contacts showed a
correlation between the measured pseudo fill factor pFF and the internal series
resistance Rs-Rsont- This finding supported the hypothesis that the contact interface
features for some cells still insulating layers, which improves the V,. and the pFF of
the solar cell but also increases the contact resistance. The solar cells in this
experiment faced the problem that the improvement of the contact resistance due to
annealing induced silicidation came along with a reduced pFF most likely caused by
silicidation induced shunting in the space charge region.

Annealing induced non-linear shunting of Ni plated solar cells
The experiments in chapter 6 focused on the analysis of annealing induced non-linear

shunting of Ni plated silicon solar cells. Annealing processes become relevant for Ni
plated solar cells in order to increase the contact adhesion by the formation of a Ni-
silicide at the contact interface. The annealing induced non-linear shunts were
analyzed under three different aspects: the change of the global -electrical
characteristics of the solar cells before and after annealing, the local characteristics in
different imaging characterization techniques and the micro-structure of the localized
breakdown spots.

The performed experiment showed that the combination of Ni plated front side
contacts and a subsequent annealing process in the range of 300-450°C in forming gas
or N, atmospheres leads to a degradation of the electrical performance of the solar
cells. The contact annealing of the solar cells results in a deviation of the current-
voltage characteristic from the conventional two diode model. The annealed solar cells
show a “hump” feature in the mid-voltage regime of 200-400 mV, which is visible as
increased recombination current in the dark IV curve and the pseudo dark IV curve
measured by SunsV,. This effect decreases the pseudo fill factor pFF and in
consequence the solar cell efficiency, too. The electrical characteristic of this
annealing induced degradation shows some similarities to a shunt phenomenon.
However, the shunt shows in this case a non-linear or non-ohmic electrical
characteristic. The appearance of the annealing induced pFF breakdowns due to non-
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linear shunting correlates with a decrease of the internal series resistance Rs-Rs front and
a decrease of the reverse breakdown voltage.

The application of different imaging characterization techniques in order to
characterize the non-linear shunting effect reveals the appearance of characteristic
local features correlating with annealing induced pFF breakdowns. The main finding
of the local imaging characterization was the correlation of recombination active
structures in DLIT measurements under forward bias and the appearance of the same
local features in reverse biased DLIT as well as reverse biased electroluminescence
(ReB-EL). The application of ReB-EL under reverse voltages in the range of -6 to -
15V proved to be the most suitable characterization technique in terms of sensitivity
of annealing induced local breakdown spots and spatial resolution. The high spatial
resolution compared to DLIT allowed a localization of the annealing induced pFF
breakdown features along the laser structured front side contact openings. The ReB-EL
(as well as the DLIT) signal intensity-voltage characteristic shows many similarities to
type-Il breakdowns known from the characterization of multi crystalline silicon solar
cells, where the emission is a consequence of internal field emission with trap-assisted
tunneling or trap-assisted avalanche breakdowns at defect rich areas with high
recombination activity such as metal precipitates.

The application of a sequence of ReB-EL, p-ReB-EL, p-Pl, SEM, FIB and TEM
characterizations allowed a localization and characterization of the annealing induced
pFF breakdown features on a um- and nm-scale. The characterized cross section
lamella of a region of intensive breakdown illumination revealed two characteristic
structures. One side of the cross section showed a deep silicide structure which had a
depth of about 200-300 nm and a dimension of at least 100 nm parallel to the textured
surface. This deep silicide structure introduces a region of high recombination activity
into the emitter and could possibly penetrate the space charge region of the pn-
junction. The other facet of the cross section lamella exposed a micro crack within the
emitter region. Both structures are regions of high recombination activity and could
both explain the electrical degradation as well as the early breakdown illumination.
However, the close proximity of both structures allowed no distinction between their
position and the location of the breakdown emission in the p-EL measurement.

EBIC characterizations at cross sections of locally LCP-SE laser doped contact
openings demonstrated that the applied laser doping parameters resulted in an
inhomogeneous doping depth within the contact opening on a textured surface. The
analyzed cross section revealed locally shallow doping depths within the LCP-SE laser
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doped contact opening. These locally shallow doping depths are the most likely
explanation why the additional laser doping did not prevent the electrical degradation
due to highly recombinative structures such as deep Ni silicides.

The introduction of a homogenously deep laser doping underneath the front side
contact openings by a 2-step or 1-step laser doping process proved to ensure a pFF
stability even for annealing processes with high peak temperature (450°C) and long
plateau durations (10 min.). The performed experiment showed that for the applied
laser opening and annealing processes even a pn-junction depth of 1.5 um at the
contact opening of the Ni plated contact is not sufficient to prevent pFF breakdowns.
However, the application of a 1-step or 2 step local laser doping process with a depth
of about 4 um demonstrated pFF stability even in the presence of a high Ni silicide
growth rate.

In conclusion the analysis confirmed that the main reason of the electrical degradation
of Ni plated solar cells after an annealing step is the formation of locally deep Ni
silicides, which partly correlate with local defect structures. Furthermore, the main
aspect to prevent the silicide induced pFF breakdown is a locally deep doping
underneath the contact openings. The required doping depth is determined by the
maximum silicide depths and has to ensure a sufficient distance between the silicide or
defect structures and the space charge region. However, the silicide depth depends on
various technological influence parameters such as the applied annealing process, the
Ni layer thickness, the interface conditions (e.g. interface oxides between Ni and Si)
and the applied passivation layer structuring process (e.g. laser structuring, mask &
etch, etc.). Therefore, the findings of this chapter demonstrate that the application of a
selective emitter design for silicon solar cells with Ni-Cu-Ag or Ni-Ag plated contacts
is not necessarily beneficial in terms of maximum cell efficiency but enables a
significant degree of freedom for the development of silicidation process sequences for
performance stable silicon solar cells.

7.2 Outlook
The combination of solar cell fabrication, characterization and simulation in this work

allowed the determination of the limiting factors of the developed laser doping
processes by LCP. These findings can be used in order to further optimize the
processes and to evaluate which application areas are suitable for the developed laser
doping processes.

The evaluation of the LCP boron doping process revealed two critical aspects, which
have to be overcome in future optimizations. On the one hand the laser process has to
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be optimized in terms of laser damage. This can be achieved by laser parameter
optimizations such as the application of lower pulse energies or larger laser pulse
durations. Furthermore, new passivation schemes could be evaluated, which show
lower laser ablation thresholds such as silicon rich amorphous layer systems (a-Si,
SiriON [180], etc. ) or layer systems such as Al,Os-SiN, in contrast to thermally
grown SiO, layers, which were used in this work. On the other hand some
technological hurdles have to be overcome, which are mostly attributed to the liquid
boron precursor. The high silicon etch rate of the strong alkaline boron source can be
problematic especially for long processing times (> 5-10 min). Furthermore, the
applied boron precursor demonstrated water induced precipitation effects due to pH
lowering, which caused plugging problems in the pipe and nozzle system.

New application areas for the LCP boron doping process could be the formation of
highly doped regions for selective emitter designs in n-type Si solar cell concepts such
as the PANDA cell [181] by ECN Solar Energy and Yingli Solar or n-type PERT
[182] solar cells. Furthermore, the local structuring and doping would be perfectly
suitable for back contact back junction (BC BJ) silicon solar cells [11, 125]. A recent
publication of Dahlinger et al. [183] demonstrated that a similar boron laser doping
process is suitable for the formation of the boron doped emitter in an interdigitated
doping structure.

The evaluation of the n-type LCP process as selective emitter doping for plated Ni
contacts revealed that the laser structured passivation openings are perfectly suited for
Ni-Cu plating metallization processes. However, the laser parameters used in this work
could not prevent the electrical performance degradation during a subsequent
annealing induced silicidation. Therefore, the laser process has to be optimized for this
application area in terms of a homogenous and deep doping depth in order to reduce
the probability of silicidation induced shunts. The increase of the doping depth can be
realized by either longer laser pulse durations up to continuous wave laser systems or
increased absorption depths in Si by increasing the laser wavelength.

The LCP phosphorus doping and structuring process provides narrow doping
structures with high phosphorus content in combination with the possibility of
simultaneously structuring of thin layer systems. Therefore, new application areas
could be local doping structures in advanced cell concepts such as BC BJ solar cells or
electrical insulation structures for cell concepts such as metal wrap through solar cells
or n-type solar cells.
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The characterization methods and findings developed in this work about annealing
induced shunting of Ni plated solar cells will help to develop new process integrations
of plated contacts in industrially feasible solar cell concepts. Furthermore, they pave
the way for a deeper knowledge of the process interactions along the back-end solar
cell fabrication process.
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Zusammenfassung
Das Ziel dieser Arbeit bestand darin, industriell umsetzbare lokale Dotier- und

Strukturierprozesse flr hocheffiziente Siliciumsolarzellenkonzepte zu entwickeln und
zu charakterisieren. Der Fokus lag dabei auf der Prozessentwicklung und
Prozessintegration von laserchemischen Prozessen (LCP) fur Siliciumsolarzellen. Des
Weiteren wurden mittels LCP hergestellte Solarzellen charakterisiert, wobei mit Hilfe
von detaillierten Verlustanalysen die relevanten Prozesseinfliisse auf den spateren
Solarzellenwirkungsgrad bestimmt wurden. LCP wurde im Rahmen dieser Arbeit in
Kapitel 3 verwendet um lokale Bordotierungen als lokale Back Surface Field
Strukturen (LBSF) fiir p-Type Solarzellen zu erzeugen. Das zweite Anwendungsfeld
fir LCP war die Herstellung von lokalen Phosphordotierungen fir selektive
Emitterstrukturen mit galvanisierten Kontakten. Die mittels LCP hergestellten
hochdotierten Bereiche unterhalb der galvanisch aufgebrachten Metallkontakte wurden
dabei mit Hilfe von Solarzellensimulationen, der Herstellung von Solarzellen und
einer ausfihrlichen Charakterisierung evaluiert.

Lokaler LCP Bordotierprozess
Laser Chemical Processing (LCP) basiert auf der Idee einen Laserstrahl in einen

Flussigkeitsstrahl einzukoppeln. Dabei kann der Laser eingesetzt werden um dinne
Schichten auf Siliciumproben zu strukturieren, Silicium lokal und oberflachlich
aufzuschmelzen und den Flussigkeitsstrahl als Dotierquellen einzusetzen um Atome
wie Phosphor oder Bor lokal in die Schmelze einzubringen. Daher wird fir die
Herstellung einer lokalen Bordotierung mittels LCP eine flissige Borquelle bendtigt,
die alle LCP spezifischen Anforderungen erfillt. Zu Beginn der Arbeit mussten daher
geeignete Borquellen gesucht und evaluiert werden. Aus den untersuchten Quellen
stellte sich eine wassrige 4,4 M NaBH4 Losung in 14 M NaOH als die geeignetste
heraus. Die damit hergestellten Teststrukturen wiesen Oberflachenborkonzentrationen
von bis zu 10® cm® und Dotiertiefen im Bereich 1 pm auf. Der damit entwickelte
lokale Bordotierprozess wurde in einem ersten erfolgreichen Test eingesetzt um LBSF
Strukturen fur passivierte und lokal dotierte (PERL) Solarzellen zu erzeugen. Die
hergestellten Solarzellen auf FZ-Si Substraten mit einem spezifischen Basiswiderstand
von 0,5 Qcm erreichten im Maximum Wirkungsgrade bis zu 20,9%. Die im Rahmen
dieser Arbeit entwickelten Ergebnisse waren zum Zeitpunkt der VerOffentlichung
[119, 120] die erste erfolgreiche Implementierung eines industriell umsetzbaren
Laserdotierverfahrens zur Erzeugung von Bordotierten LBSF Strukturen auf
Solarzellenebene.
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Nach dem ersten erfolgreichen Test wurden weitere Untersuchen der entwickelten
LCP-LBSF Strukturen durchgefihrt. In einem anschliefenden Experiment wurde
untersucht, inwiefern der Wirkungsgrad von Solarzellen mit LCP-LBSF von dem
spezifischen Basiswiderstand abhéngig ist. Daflr wurden LCP-PERL Solarzellen auf
Siliciumsubstraten mit variierendem spezifischen Basiswiderstand (pogase = 0.5 -
9 Qcm) hergestellt. Zum Vergleich wurden Solarzellen mit gleichem Design, aber mit
undotierten LCP Rickseitenkontaktstrukturen hergestellt (LCP-PERC), sowie
Solarzellen mit einem etablierten LBSF Prozess (LFC). Der Anstieg vOn pgase
resultierte bei den LCP-PERL und LCP-PERC Solarzellen in einem reduzierten
Solarzellenwirkungsgrad. Die Anwendung elektrischer, elektro-optischer und
optischer Charakterisierungsmethoden in Kombination mit analytischen und
numerischen Simulationen erlaubte es die limitierenden Verlustquellen der
hergestellten Solarzellen zu identifizieren.

Die Wirkungsgradlimitierung der LCP-PERL Solarzellen war im Wesentlichen eine
Konsequenz von sinkenden Leerlaufspannungen (V) flr ansteigende spezifische
Basiswiderstande. Die Verlustanalyse der Solarzellen erlaubte es mdgliche
Erklarungen fir den V.. Verlust auszuschlieen, z.B. lokale Schottkykontakte auf
Grund von LCP-LBSF Dotierinhomogenitaten. Die Simulations- und Messergebnisse
deuten darauf hin, dass die wahrscheinlichste Erklarung lokale Bereiche um die LBSF
Region sind, mit sehr niedrigen Ladungstragerlebensdauern. Die Reduzierung der
Ladungstragerlebensdauern ist dabei eine Konsequenz von laserinduzierten
Schadigungen durch nicht optimale Prozessparameterwahl.

Neben der Vq-Limitierung wiesen die LCP-PERL Solarzellen im Vergleich zu den
LFC-Referenzen teilweise reduzierte Fillfaktoren auf. Die Serienwiderstandsanalyse
zeigte jedoch, dass die LCP-PERL Solarzellen nicht durch zu hohe
Kontaktwiderstdnde begrenzt waren (wie z.B. die LCP-PERC Solarzellen), sondern
nur leicht erhdhte Spreading Resistances aufwiesen. Der erhohte Spreading Resistance
der LCP-PERL Solarzellen ist verursacht durch intrinsische Nachteile bei gleichen
Kontaktflachenanteilen des Linienkontaktdesigns zum Punktkontaktdesign der LFC
Solarzellen. Jedoch zeigte die Verlustanalyse, dass die LCP-PERL Solarzellen
insgesamt nicht Serienwiderstands limitiert waren. Insbesondere die niedrigen
Kontaktwiderstdnde beweisen, dass die eingebrachte Bordotierung der LCP-LBSF
Strukturen zu einer erfolgreichen Ausbildung ohmscher Kontakte verholfen hat. Im
Gegensatz dazu zeigte sich bei den LCP-PERC Solarzellen sowohl im FF als auch im
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Vo, eine Limitierung auf Grund der Ausbildung von Schottkykontakten bei den
undotierten Rickseitenkontakten.

Zusammenfassend konnte gezeigt werden, dass der entwickelte lokale Bor-LCP
Dotierprozess erfolgreich in die Prozesskette zur Herstellung von hocheffizienten
Siliciumsolarzellen integriert werden konnte. Die Bor-LCP LBSF Strukturen sorgten
fir die erfolgreiche Ausbildung von ohmschen Kontakten mit niedrigen
Kontaktwiderstanden. Allerdings zeigt sich beim Ubergang auf hohe spezifische
Basiswiderstdande eine Wirkungsgradlimitierung auf Grund von laserinduzierter
Schédigung. Die durchgefiihrten Verlustanalysen der hergestellten Solarzellen konnten
die dominierenden Verlustquellen identifizieren und erlauben es zukiinftig gezielt den
Bor-LCP Prozess hinsichtlich Laserschadigung zu optimieren.

Theoretische Uberlegungen bzgl. Solarzellen mit selektiven Emitterstrukturen
2D  Solarzellensimulationen von  selektiven  Emitterdesigns  bildeten  den

Ausgangspunkt fir die Weiterentwicklung von lokalen Phosphor-LCP Dotierungen.
Die durchgefuhrten Simulationen sollen den Einfluss der LCP erzeugten lokalen
Hochdotierung unter den Metallkontakten evaluieren und die Kkritischen Zielparameter
identifizieren. Der Fokus lag dabei auf den zwei Hauptaspekten der lokalen
Hochdotierung innerhalb des selektiven Emitters: dem Einfluss mdglicher Senkungen
des spezifischen Kontaktwiderstands und der Emitterséttigungsstromdichte auf den
Wirkungsgrad der Solarzelle. In diesem Zusammenhang wurden vier verschiedene
Solarzellendesigns simuliert. Die Simulationsergebnisse zeigten, dass die moglichen
Wirkungsgradvorteile eines selektiven Emitters stark von dem gesamten
Solarzellendesign abhangig sind.

Die Modellierung des spezifischen Kontaktwiderstands zeigte, dass neben der
Verbesserung von p.ne durch erhdhte Oberflachendotierkonzentrationen auch die
verwendet Metallisierungskonzept eine wesentliche Rolle spielt. Siebgedruckte Ag-
Kontakte zeigen in diesem Zusammenhang eine wesentlich hohere Sensibilitat auf die
darunter liegende Dotierung, als galvanisierte Ni-Kontakte. Die
Solarzellensimulationen belegten, dass bei derzeit umsetzbaren Metallfingerbreiten
von 50-100 pum der spezifische Kontaktwiderstand erst limitierend wird flr pgoy >> 10°
3 Qcm2. Daher wird der Serienwiderstandseinfluss des selektiven Emitterdesigns erst
sichtbar, wenn der spezifische Kontaktwiderstand andernfalls tber diesem Wert liegen
wirde.

Uum die mogliche Wirkungsgradverbesserungen durch reduzierte
Emittersattigungsstromdichten im hochdotierten Bereich zu quantifizieren, wurden
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Modellierungen von Joicone  UNd  Solarzellensimulationen  durchgefuhrt.  Die
Simulationen  zeigten, dass eine Korrelation zwischen den moglichen
Wirkungsgradgewinnen durch Jo; cone Reduzierungen im hochdotierten Bereich eines
selektiven Emitters und dem Solarzellendesign besteht. Nimmt man fir die Simulation
ein Al-BSF Solarzellendesign zu Grunde, ergeben sich nur vernachléassigbar Kkleine
Verbesserungen in den elektrischen Eigenschaften der Solarzelle. Nur fir grof3e
Emitterkontaktbreiten oder Solarzellendesigns mit hohem
Wirkungsgradpotenzial > 21%, ergeben sich signifikante Wirkungsgradvorteile durch
die reduzierten Jo; cont IMm hochdotierten Bereich unter den Kontakten.

Die durchgefiihrten Simulation veranschaulichen, dass ein Wirkungsgradgewinn durch
die Einfuhrung eines hochdotierten Bereichs beim selektiven Emitter stark mit anderen
Designaspekten der Solarzelle zusammenhangt. Insbesondere unter den
Rahmenbedingungen der industriellen Umsetzbarkeit definiert das Zusammenspiel des
Metallisierungskonzepts, dem thermisch diffundierten homogenen Emitter und dem
angewandten selektiven Emitterprozess ob die zusatzlich eingebrachte Hochdotierung
unter den Kontakten einen signifikanten Wirkungsgradvorteil bringt. Unter
Berlicksichtigung der heutigen industriell anwendbaren Prozesstechnologien und
Solarzellendesigns, ist es in den meisten Fallen vorteilhafter eher die Kontaktbreiten
zu reduzieren (z.B. durch galvanisierte Ni-Cu Kontakte) oder die homogene
Emitterdotierung zu optimieren (z.B. durch niedrig dotierte Emitterprofile), als einen
selektiven Emitter mit lokaler Hochdotierung unter den Kontakten zu implementieren.
Die Einflhrung des selektiven Emitters ist in den meisten Fallen erst dann sinnvoll,
wenn z.B. das angewandte Metallisierungskonzept auf Grund von zu hohen
spezifischen Kontaktwiderstanden die Solarzelle limitierte oder eine toefe
Hochdotierung das Auftreten von lokalen Kurzschlissen (Shunts) verhindern kann.

Selektive Emitterdotierungen mittels LCP fir galvanisierte Si Solarzellen
Das in Kapitel 5 beschriebene Experiment analysiert verschiedene evolutionére

Maglichkeiten um den Wirkungsgrad von Al-BSF Solarzellen zu erhdhen. In diesem
Zusammenhang wurden drei Designaspekte untersucht: die Einflihrung eines niedrig
dotierten homogenen Emitters, schmale Ni-Ag oder Ni-Cu galvanisierte
Emittermetallkontakte und die Einfiihrung eines selektiven Emitters durch LCP
erzeugte hochdotierte Bereiche unter den Emittermetallkontakten. Die hergestellten
Solarzellen  zeigten  Wirkungsgraden bis 19% und einen signifikanten
Wirkungsgradvorteil im Vergleich zu den parallel hergestellten AI-BSF
Referenzsolarzellen mit einem hochdotierten homogenen Emitter und siebgedruckten
Ag-Vorderseitenkontakten.
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Die Einfuhrung eines niedrig dotierten homogenen Emitters zeigte sich vorteilhaft
durch hohere Kurzschlussstrome Js. und Leerlaufspannungen V.. Die hoheren
Kurzschlussstrome  waren  eine  Konsequenz ~ von  reduzierten  Auger-
Rekombinationsverlusten im Emitter, wodurch bessere Quenteneffizienzen im kurzen
Wellenlangenbereich erreicht werden konnen. Die verbesserten
Rekombinationseigenschaften des niedrig dotierten Emitters sind auch durch
reduzierte Emittersattigungsstromdichten in besseren V. sichtbar.

Die Anwendung von Ni galvanisierten Vorderseitenkontakten ermdglichte erst die
Verwendung eines niedrigdotierten Emitters, da diese im Vergleich zu siebgedruckten
Kontakten wesentlich besser spezifische Kontaktwiderstdnde aufweisen. Die
Fullfaktoranalyse zeigte, dass einzelne Solarzellen die niedrige FF aufwiesen durch zu
kleine Emitterkontaktoffnungsflachen limitiert waren. Des Weiteren zeigten
Solarzellen, deren Emitterkontaktoffnung mittels LCP vor dem Al-BSF Feuerschritt
durchgefihrt wurde, auf Grund von isolierenden Schichten am Kontaktinterface FF-
Limitierungen. Die Serienwiderstandsanalyse der hergestellten Solarzellen deutete
darauf hin, dass im Falle von erfolgreicher Silicidierung am Ni-Si Interface der
Kontaktwiderstand der Solarzellen deutlich reduziert wurde. Die schmale Fingerbreite
der galvanisierten Kontakte im Vergleich zu siebgedruckten Kontakten flhrte auf
Grund der geringeren Abschattung auch zu gréfReren Kurzschlussstromen.

Die Einfiihrung des selektiven Emitters flhrte in diesem Experiment zu keiner
signifikanten Steigerung des maximalen Wirkungsgrads. Dieses Ergebnis bestétigt die
Simulationsergebnisse aus Kapitel 4. Die Falle von verbesserten V. und
Serienwiderstdnden (R;) bei Solarzellen mit LCP-SE konnten i.d.R. auf
kontaktgeometrische Ursachen zurtickgefihrt werden. Der geringe Einfluss des
selektiven Emitters auf den Solarzellenwirkungsgrad kommt von einer geringen
Empfindlichkeit des Al-BSF Designs auf Kontaktrekombinationsverbesserungen. Des
Weiteren war der Einfluss der lokalen Hochdotierung auf den spezifischen
Kontaktwiderstand der galvanisierten Ni-Kontakte vernachléssigbar, da auch der
thermisch diffundierte Emitter schon eine Oberflachendotierkonzentration von ca.
2 - 102° cm™ aufwies. Im Gegensatz zu siebgedruckten Kontakten, ergeben sich bei Ni
galvanisierten Kontakten keine Kontaktwiderstandslimitierungen in diesem Bereich.
Insbesondere nach erfolgreicher Silizidierung der Ni-Si Grenzflache ist eine
Kontaktwiderstandslimitierung bei dieser Oberflachendotierkonzentration noch
geringer ausgepragt.
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Die hergestellten  Solarzellen mit Ni-Ag bzw. Ni-Cu galvanisierten
Vorderseitenkontakten wiesen eine Korrelation zwischen dem gemessen pseudo-FF
(pFF) und dem internen Serienwiderstand (Rs-Rs#ont) auf. Diese Erkenntnis untersttzt
die Hypothese, dass bei einige Solarzellen innerhalb der Kontaktoffnungen noch
isolierende Schichten and der Ni-Si Grenzflache aufwiesen. Dadurch ergeben sich
erhdhte V. und pFF Werte, allerdings gleichzeitig auch erhohte Kontaktwiderstande.
Die Solarzellen in diesem Experiment wiesen das Problem auf, dass
Kontaktwiderstandsverbesserungen durch Warmeinduzierte Silicidierung gleichzeitig
zu massiven Einbrtichen im pFF fihrten.

Warme induzierte nicht-lineare Kurzschlisse von Ni galvanisierten Solarzellen
Das in Kapitel 6 beschriebene Experiment hatte zum Ziel nicht-lineare lokale

Kurzschliisse zu untersuchen, die bei Warmebehandlungsschritten wvon Ni
galvanisierten Siliciumsolarzellen entstenen. Warmebehandlungsschritte sind bei Ni
galvanisierten Solarzellen wichtig, um die Kontakthaftung durch Bildung eines Ni-
Silizids zu erhohen. Die wahrend der Wé&rmebehandlung erzeugten nicht-linearen
Kurzschliisse wurden unter drei Aspekte analysiert: die Verédnderung der elektrischen
Kennlinien der Solarzelle durch Wéarmebehandlungen, lokale Veranderung der
Solarzelle sichtbar gemacht in unterschiedlichen optischen
Charakterisierungsverfahren und die Mikrostruktur der lokalen Verlustzentren.

Die durchgefiihrten Experimente zeigten, dass die Kombination von Ni galvanisierten
Kontakten und einem anschlielenden Warmebehandlungsschritt bei 300-450°C in
einer Formiergas- oder N,-Atmosphédre zu einer Degradierung der elektrischen
Eigenschaften der Solarzelle fiihren kann. Die Konsequenz ist eine Abweichung der
elektrischen Kennlinien vom klassischen 2-Dioden Verhalten. Die warmebehandelten
Solarzellen wiesen einen Buckel bei 200-400 mV in der Dunkel-JV bzw. pseudo-
Dunkel-JV Kurve auf, der einem erhOhten Rekombinationsstrom entspricht. Die
Verénderung der elektrischen Eigenschaften hatte eine signifikante Reduzierung des
pFF und damit auch des Solarzellenwirkungsgrads zur Folge. Die elektrische
Charakteristik der Warme induzierten Degradation zeigte einige Ahnlichkeiten mit
Kurzschlussphdnomenen.  Allerdings zeigte sich hierbei ein nicht-lineares
Kurzschlussverhalten mit einer nicht-ohmschen Charakteristik. Das Auftreten der
nicht-linearen Kurzschliusse korrelierte mit einem Einbruch des pFF, einer
Reduzierung des internen Serienwiderstands Rs-Rsfont Und einer Reduzierung der
Durchbruchsspannung in Rickswartsrichtung.
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Zur lokalen  Charakterisierung der nicht-linearen  Kurzschlisse  wurden
unterschiedliche bildgebender Charakterisierungsverfahren eingesetzt. Es zeigte sich,
dass die Wé&rme induzierte elektrische Degradierung mit dem Auftreten lokaler
Strukturen in der optischen Charakterisierung korrelierte. Die auftretenden Strukturen
wurden in unterschiedlichen bildgebenden Messverfahren sichtbar, unter anderem in
Dark Lock-in Thermographie (DLIT) unter Vorwarts und Rickwartsspannung und
Elektrolumineszenz unter Rickwartsspannung (ReB-EL). Die Anwendung von ReB-
EL bei -6 bis -15 V stellte sich auf Grund einer hohen Messauflésung und einer hohen
Sensibilitat auf die Warme induzierten Strukturen als besonders geeignet heraus. Die
hohe raumliche Auflésung im Vergleich zum verfligbaren DLIT Aufbau erlaubte eine
genaue Lokalisierung der Strukturen. Die Strukturen befanden sich dabei immer
entlang oder innerhalb der laserstrukturierten Emitterkontakt6ffnungen. Die
Intensitats-Spannungs-Abhangigkeit der Strukturen in DLIT und ReB-EL Messungen
zeigten viele Gemeinsamkeiten zu Typ Il Durchbriichen bei multikristallinen Si
Solarzellen. Type Il Durchbriiche sind dort eine Konsequenz von Diodendurchbriichen
auf Grund von interner Feldemission in Kombination mit Storstellen unterstiitzten
Tunnelprozessen oder Storstellen unterstltzten Avalanche Durchbriichen an
defektreichen  Strukturen mit hoher  Rekombinationsaktivitait wie z.B.
Metallprézipitate.

Die Anwendung einer Messsequenz von ReB-EL, pu-ReB-EL, p-Pl, SEM, FIB und
TEM Messungen erlaubte eine Lokalisation und Charakterisierung der pFF Einbruch
korrelierten  Strukturen auf einer pm- bzw. nm-Skala. Die charakterisierte
Querschnittslamelle einer Region mit intensiver Durchbruchsstrahlung in p-ReB-EL
offenbarte zwei charakteristische Strukturen. Eine Seite der Querschnittslamelle zeigte
eine tiefe Ni-Silizid Struktur mit einer Tiefe von ca. 200-300 nm und einer
Ausbreitung von mind. 100 nm parallel zur Oberflachentextur. Diese tiefe Silizid
Struktur erzeugt eine sehr hochrekombinative Region im Emitter und konnte sogar die
Raumladungszone oder den pn-Ubergang durchstoBen. Die andere Seite der Lamelle
zeigte einen Mikroriss innerhalb der Emitterregion. Beide Strukturen entsprechen
Regionen mit hoher Rekombinationsaktivitdt und konnten beide ursdchlich fir die
Durchbruchsstrahlung sein. Die N&he von wenigen 100 nm erlaubt jedoch keine
Unterscheidung beziglich ihrer Position und der Durchbruchsstrahlung in der p-EL
Messung.

Elektronenstrahl induzierte Strommessungen (EBIC) an Querschnitten von LCP
hochdotierten selektiven Emitterstrukturen zeigten, dass der verwendete LCP-
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Laserdotierprozess bei den untersuchten Proben in Kapitel 5 und 6 zu einer
inhomogenen Dotiertiefe gefuhrt hat. Die Dotiertiefeninhomogenitat war nur sichtbar
auf texturierten Proben. Die lokal flachen Dotiertiefen in Kombination mit den tiefen
Ni-Silizidstrukturen war mit aller Wahrscheinlichkeit die Hauptursache, warum die
eingebrachte Hochdotierung mittels LCP die lokalen Kurzschliisse nicht vollstandig
verhindern konnte.

Die Einfuhrung einer sehr tiefen homogenen Laserdotierung unterhalb der Ni-
Kontakte erwies sich als Mdoglichkeit eine pFF-Stabilitdt auch bei sehr extremen
Warmebehandlungsschritten (z.B. 10 min bei 450°C) zu gewadhrleisten. Innerhalb
eines durchgefuhrten Experiments zeigte sich allerdings auch, dass selbst Emittertiefen
von 1,5um nicht ausreichten um bei 450°C (10 min) eine pFF-Stabilitdt zu
gewdhrleisten. Nur Solarzellen mit laserdotierten 4 um tiefen Emitterstrukturen
(selektiver Emitter) unterhalb der Ni-Kontakte konnten nach der Warmebehandlung
bei 450°C (10 min) eine pFF-Stabilitat garantieren, selbst bei erfolgreicher Ni-
Silizidbildung.

Zusammenfassend konnte gezeigt werden, dass die Ursache fir die elektrische
Degradierung von Ni galvanisierten Solarzellen nach Wéarmebehandlungsschritten in
der Ausbildung von lokal tiefen Siliziden liegt, die teilweise mit lokalen
Kristalldefektstrukturen korrelieren. Des Weiteren konnte gezeigt werden, dass eine
ausreichend tiefe Dotierung unterhalb der Kontakte auch nach der Silizidausbildung
die elektrische Stabilitat der Solarzelle gewahrleisten kann. Die nétige Dotiertiefe ist
dabei definiert Gber die maximale Silizidtiefe und muss an jedem Punkt der Zelle
einen ausreichenden Abstand zwischen der Raumladungszone und den Silizid- oder
Defektstrukturen gewahrleisten. Die Silizidtiefe héngt jedoch von zahlreichen
rechnologischen Parametern ab, wie z.B. dem angewandten
Wérmebehandlungsprozess, der Ni-Schichtdicke, den Grenzflacheneigenschaften (z.B.
Grenzflachenoxide zwischen Ni und Si) und dem angewandten Strukturierungsprozess
fur die die Kontaktoffnungsstrukturen der  Passivierungsschicht  (z.B.
Laserstrukturierung, Mask & Etch, etc.). Die Ergebnisse dieses Kapitels zeigen daher,
dass der Vorteil eines selektiven Emitters bei Ni-Cu oder Ni-Ag galvanisierten
Kontakten nicht zwangslaufig in der Erhohung des maximal mdglichen
Wirkungsgrads liegt, sondern in einer signifikanten Steigerung des Freiheitsgrads bei
den nachfolgenden Silizidierungsschritten. Mit Hilfe der selektiven Emitterstruktur
kann dabei auch bei lokal tiefen Silizidstrukturen immer noch eine Stabilitat der
elektrischen Eigenschaften gewéahrleistet werden.
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List of constants, symbols and acronyms

Constant Description Value
A*n Richardson constant (n-type Si) 32 AK?/cm?
A*p Richardson constant (p-type Si) 112 AK?/cm?
C Speed of light 299 792 458 m/s
Ecapsi Band gap energy Si 1,1242 eV
ks Boltzmann constant 1,380 650 4(24) - 10 J/K
i Pi 3,141 592 653
q Electron elementary charge 1,602 176 487 - 10 C

Acronym Description

BC BJ Back contact back junction
BSF back surface field
Cz Czochralski
DLIT Dark lock-in thermography
EBIC Electron beam induced current
Ec Conduction band energy
Ev valence band energy
FFO fast firing process
FGA Forming gas atmosphere
FIB Focused ion beam
Fz Float zone

HE Homogeneous emitter
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Acronym Description
ILIT [lluminated lock-in thermography
LBIC Local beam induced current
LBSF Local back surface field
LCP Laser chemical processing
LFC Laser fired contact
LFE Laser fired emitter
LIP Light induced plating
LMJ Laser micro jet
mc multicrystalline
PECVD Plasma enhanced chemical vapor deposition
PERC Passivated emitter and rear solar cell
PERL Passivated emitter and rear locally diffused solar cell
PL Photoluminescence
ReB-EL Reverse biased electroluminescence
SE Selective emitter
SEM Secondary electron microscopy
SIMS Secondary ion mass spectroscopy
TEM Transmission electron microscopy
WFLD Wet film laser doping
Symbol  Description Unit
A Area cm?
AEg Conduction or valence band - Fermi level difference eV
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Symbol  Description Unit
Ee Fermi level eV
E, Band gap eV
EQE External quantum efficiency -
Op Barrier height (n-type Si) eV
Dg Barrier height (p-type Si) eV
feont Contact fraction %
FF Fill factor %
n Solar cell efficiency %
I Current A
IQE Internal quantum efficiency -
J Current density A/cm?
Jo, Jo2, Jos Saturation current density A/cm?
Jrev Current density under reverse bias A/cm?
Joe Short circuit current density A/cm?
I Length m
Ny, Ny Ideality factor -
Na Acceptor density cmA-3
Ng Donator density cm”-3
pFF Pseudo fill factor %
Pin [llumination power W
Pnipp Maximum power point W
Phase Base resistivity Qcm
Pe Specific contact resistivity Qcm?
R Contact resistance Qcm?
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Symbol  Description Unit

Rp Parallel resistance Qcm?
Re Series resistance Qcm?
Reh Sheet resistance Q/sq.
S Surface recombination velocity cm/s
T Temperature K

T Lifetime s
Vv Voltage \Y
Voc Open circuit voltage \Y
W Wafer thickness m
w Width m

vV [llumination intensity Suns
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