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Kurzzusammenfassung

Solarzellhersteller fithren momentan Solarzellen mit passiviertem Emitter und pas-
sivierter Riickseite (PERC) in die Massenproduktion ein als einen méglichen Nach-
folger der momentan am Markt dominierenden Solarzelle mit ganzflachigem back
surface field (BSF). Da der Unterschied beider Solarzellen von einer Verbesserung der
Riickseite herriihrt, zielt diese Arbeit darauf ab, Effekte des neuen Riickseitendesigns
und der dafiir nétigen Prozesse zu analysieren und zu modellieren.

Wir analysieren den Einfluss der Riickseitenrauigkeit auf industrietypische PERC-
Solarzellen, die AlyO3/SiNy oder SiO,/SiNy als riickseitigen Passivierstapel verwen-
den. Wir beobachten einen kleineren Einfluss im Falle von AlyO3/SiNy, der bereits
geringe effektive Oberflachenrekombinationsgeschwindigkeiten Sie., = 100 cm/s fiir
niedrige Politurabtrage von 5pm an einer vorher texturierten Oberfléche aufweist.
Dadurch, dass sich die interne Reflexion an planaren Riickseiten im Vergleich zu tex-
turierten Riickseiten nur um etwa 1.5%abs erhoht, steigt die Kurzschlussstromdichte
bedingt durch verbesserten Lichteinfang um héochstens 0.2 mA /em?. Die um 1%abs
gesteigerten Wirkungsgrade von stark polierten PERC-Solarzellen gegeniiber tex-
turierten PERC-Solarzellen sind daher vor allem auf reduzierte Rekombination
zurlickzufithren. Ein neuer industrienaher Prozessfluss, der doppelseitige Textur,
doppelseitige Diffusion und einseitige Politur beinhaltet, ermoglicht Wirkungsgrade
von bis zu 20.7%, was vergleichbar ist zu Referenz-PERC-Zellen, die eine Riickseiten-
schutzschicht anstelle eines Politurprozesses verwenden. Wir untersuchen zudem ver-
schiedene industrierelevante Reinigungssequenzen vor Al,O3/SiN,-Passivierung und
erzielen ausgezeichnete Ergebnisse mit pSC1, HF /HCI, die vergleichbare Wirkungs-
grade von 20.4% zur Labor-RCA-Reinigung liefert.

Wir ermitteln eine obere Grenze von p. < 5mQcm? fiir den Kontaktwiderstand
des siebgedruckten Al zum Si an der Riickseite der PERC-Solarzellen, sowohl
mittels Transferlaingenmethode (TLM) als auch einer Variation des riickseitigen
Kontaktabstandes bei PERC-Zellen. Wir bestimmen die BSF-Tiefen von PERC-
und bifazialen PERC+-Solarzellen. Bei einer Kontaktbreite von 60 pm beobachten
wir im Falle von PERC+ signifikant tiefere BSFs von 8 ym im Vergleich zu 4 pm
im Falle von PERC. Die Anpassung eines vorhandenen analytischen Modells zur
Berechnung von BSF-Tiefen an den PERC+ Fall resultiert in ausgezeichneter
Ubereinstimmung zwischen Modell und Experiment und zeigt, dass die tieferen
BSFs ihre Ursache in der geringeren, riickseitig aufgebrachten Al-Masse haben.
Entsprechend und im Gegensatz zu PERC erreichen die PERC+ Zellen damit sogar
fiir schmale Kontaktinien von 48 pm hohe Wirkungsgrade von 21.1%. Erstmalig
zeigen wir in dieser Arbeit, dass die Haufigkeit von Hohlrdumen in den Kontakten
(sog. Voids) von der Kontakthohe abhangt. Wir stellen ein neues analytisches Modell
vor, das die Void-Entstehung als einen Effekt der Oberflachenenergieminimierung
der fliissigen Al-Si Schmelze wiahrend des Feuerns beschreibt und damit den vorher
vorgeschlagenen Kirkendall-Effekt als mogliche Ursache verwirft. Das neue Modell
ist insbesondere in der Lage die Kontakthohenabhéngigkeit der Voids zu beschreiben.

Schlagworte: industrielle Silizium-Solarzellen, nasschemische Politur, Kontakt-
bildung
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Abstract

Solar cell manufacturers are currently introducing the passivated emitter and rear cell
(PERC) into mass production as a potential successor of the currently commercially
dominating full area back surface field (BSF) solar cell. As the difference between
both solar cells arises from an improvement of the rear side, this work aims at
analyzing and modeling effects introduced by the new rear side design and processes.

We analyze the impact of the rear surface roughness on industrial-type PERC cells
applying Al,O3/SiN, or SiO, /SiN, passivation layer stacks. We find a smaller impact
in case of Al;O3/SiNy, which exhibits small effective rear surface recombination
velocities Siear = 100 cm/s even for low polishing removals of 5 um at a previously
textured surface. As the internal reflectance at the rear only increases by 1.5%abs
when comparing textured to planar, the corresponding increase in short circuit
current density caused by improved light trapping is determined to a maximum value
of 0.2mA /cm?. The efficiency improvement of 1%abs of strongly polished PERC
cells compared to PERC cells with textured rear sides is therefore primarily caused
by recombination. Based on these results, we develop a lean industrial-type PERC
process flow including double-sided texturing, double-sided phosphorus diffusion
and single-sided polishing which achieves up to 20.7% efficiency and is comparable
to reference PERC cells using a rear protection layer instead of a polishing step. We
investigate different industrially feasible cleans prior to Al;O3/SiNy-passivation and
achieve excellent results using pSC1, HF /HCI, which yields efficiencies up to 20.4%,
comparable to a laboratory-type RCA clean. An even shorter cleaning sequence of
HF /O3 in a single step, however, causes a roughening of the n*-doped front surface
of the solar cell that leads to increased surface recombination and lower efficiency.

We determine an upper limit of p. < 5mQcm? for the contact resistivity of the
screen printed local Al contacts to the silicon Si bulk at the rear of the PERC solar
cells using the transfer length method as well as a rear contact pitch variation of
PERC cells. We measure the depths of the BSFs of PERC and bifacial PERC+ solar
cells, which feature an Al finger grid on the rear side instead of a full area Al layer.
At a contact width of 60 pm we find significantly deeper BSFs of 8 pm for PERC+
compared to 4 pm for PERC. Adaption of an existing analytical model for calculation
of BSF depths to the PERC+ case results in excellent agreement between model
and experimental data and indicates that the deeper BSFs are a consequence of the
smaller Al mass printed to the rear side. Accordingly and in contrast to PERC,
the PERC+ cells achieve high efficiencies of 21.1% even for narrow contact lines of
48 pm. For the first time, we show that the amount of voids in local Al-contacts
depends on the contact height. We propose a new analytical model that describes
void formation as an effect of surface energy minimization of the liquid Al-Si melt
during firing rather than the previously suggested Kirkendall effect. The new model
is in particular able to describe the observed height dependency of voids.

Keywords: industrial-type silicon solar cells, wet chemical polishing, contact
formation
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Introduction

A frequently used measure to compare the cost of electrical power generation
between different sources is the levelized cost of electricity (LCOE) measured in
USD/kWh. The LCOE of photovoltaic electricity constantly decreased in the
past and is today at a typical value of 0.093 USD/kWh [1]. In order to further
decrease the cost, it is therefore necessary to either improve the efficiency of the
solar modules or to reduce the production cost. The latter can be achieved by
reducing the production process complexity or by saving material.

The efficiency of a solar cell is the ratio of electrical power output density P,
to the power density of the incident light P,;:

Pout_t]sc'v;)c'FF
Po Pu

(0.1)

where Jy. is the short circuit current density, V. the open circuit voltage and F'F
the fill factor of a measured I-V-curve of the illuminated solar cell. Improving the
capability of a solar cell to absorb light (rather than reflecting it), mainly increases
the generated current density Jge, in the cell and thus the Jg.. In contrast, avoiding
resistive losses primarily improves the fill factor F'F'. Assuming a one diode model
for the I-V-curve the V. is given by

KT . /J
Ve = —1In (ge“+1> 0.2
. 7 (0.2)

with the Boltzmann constant k, the electron charge ¢, the temperature T" and the
total saturation current density Jy, which is a measure of the total recombination
of charge carriers within a solar cell. Avoiding recombination accordingly increases
the open circuit voltage of a solar cell.

Up to date the aluminum back surface field (Al-BSF) silicon solar cells dominate
the commercial market with a share of around 87% in 2015 [2]. As shown in
Figure) these solar cells owe their name to the full-area Al-BSF, a p*-doped
region of silicon (Si) at the rear side of the Si wafer. Al-BSF solar cells achieve
up to 19.9% efficiency in research & development (R&D) [3] and about 19% in
production lines [4].

In recent years, however, the industry and research institutes developed an
industrial-type passivated emitter and rear cell (PERC). These PERC cells currently
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Figure 0.1: Schematic drawing of a full-area Al-BSF (a) and a PERC (b) solar cell. In
principle the only difference between the two solar cell concepts is the design of the rear side,
leading to much lower saturation current densities Jy in case of PERC. The Jj values are
summarized from Ref. and [@

achieve efficiencies of up to 22.1% in R&D and just entered mass production.
They are expected to gain a market share of over 30% until 2019 ﬂgﬂ As illustrated
in Figure[0.1b) the wafer rear side of PERC solar cells is covered by a dielectric
passivation layer stack and only locally contacts the rear Al paste. Also, the Al-BSF
is only formed locally. The advantage of this design is twofold. On the one hand,
the internal reflection of light at passivated areas is comparably high with typical
values above 90%), whereas the metalized rear side of AI-BSF cells only exhibits
values around 65% ,. This leads to an improved light trapping and higher
short circuit current densities of PERC solar cells. On the other hand, the contact
recombination is reduced due to the smaller metalized rear surface area. As shown
in Figure[0.1] this leads to a significantly smaller Jy-contribution from the rear side.

The resulting enhanced efficiency of PERC solar cells, however, comes at the cost
of at least two additional process steps. The first is the deposition of the passivation
layer stack and the second the formation of the local contact geometry. Although,
at a first glance, this change in solar cell design might appear to be manageable,
there is a variety of questions, that arises, when migrating from Al-BSF to PERC
solar cell technology: What is an ideal rear surface roughness and cleaning prior
to rear side passivation? As the fraction of contacted area is much smaller, will
the contact resistance become an important power loss mechanism? What are the
fundamentally new aspects of local contact- and BSF-formation compared to the
full-area metalization? What is an ideal rear contact geometry? "Ideal" in this
context always means "enabling low cost and highest efficiencies simultaneously”.
This work attempts to answer these questions that are all related to the rear side
of PERC solar cells.



This thesis is structured as follows:

Chapter[1] briefly sketches the progress in PERC cell development during
recent years and points out important technology options for PERC solar
cells.

Chapter[2] presents the most important characterization techniques used
in this work. Current voltage measurements as well as quantum efficiency
measurements are frequently used to describe fabricated solar cells. Surface
recombination is often assessed by photoconductance decay measurements on
test samples. The contact resistivity of Al-contacts is determined using the
transfer length method.

Chapter [3] summarizes the preparative work required for the experiments of
this thesis. It gives details on the frequently used reference PERC process
and introduces the bifacial PERC+ solar cell. Additionally, previous work on
the main topics of this thesis is presented.

Chapter[4] covers polishing and cleaning of the rear side of PERC solar cells.
The impact of the rear surface roughness is investigated and, based on these
results, a novel and lean process flow for polished PERC cells is presented.
Finally, different cleanings prior to passivation layer deposition are evaluated.

Chapter[5] covers the screen printed local Al-contacts of PERC solar cells.
The contact resistivity is determined using two different methods. Further-
more, the physical differences in contact formation between PERC and PERC+
solar cells are analyzed. A new physical root cause along with an analytical
model is proposed to describe voids within the local contacts, which are
commonly observed for PERC solar cells. Additionally, different dashed line
rear contact geometries are investigated.

Chapter|6] applies the simulation-based synergetic efficiency gain analysis
(SEGA) to the PERC solar cell with a record efficiency of 21.2%, which was
fabricated in the context of this work. The SEGA allows to identify the major
power loss mechanisms and compares them on an equal footing.

Chapter|[7] summarizes the results of this work.






Industrial PERC solar cells

The passivated emitter and rear cell (PERC) was introduced by Blakers et al. [12]
in 1989. The presented laboratory-type PERC cell with a cell area of 2x2 cm? was
fabricated on 0.2 Qcm p-type float zone (FZ) material and achieved an efficiency
of 22.8%. Based on this PERC design the same research group further developed
a passivated emitter, rear locally diffused (PERL) solar cell, which achieved an
efficiency of up to 24.7% [13] in 1999. This efficiency was later corrected to be
25.0% [14] after the irradiation spectrum for measuring solar cells under standard
testing conditions have been redefined in 2008. The 25.0% had been the record
efficiency for silicon solar cells for about 15 years until Panasonic achieved an
efficiency of 25.6% [15] with a back contacted heterojunction solar cell in 2014.

As shown in Figure[l.I] the only difference between the mentioned PERC and
PERL solar cells is the addition of a local rear diffusion at the areas of the point
contacts in case of PERL. The resulting p™ doped local back surface fields (BSFs)
reduce recombination at the contacts of the Si wafer to the evaporated Al. For
both solar cells, however, multiple structuring steps including photolitography were
applied in order to form the inverted pyramids front texture, the highly selective
emitter produced by two phosphorus diffusions, and the finger geometry using
evaporation of Ti and Pd and subsequent Ag plating. These processes as well as
the used FZ material are too expensive for industrial production.

In 2006 Agostinelli et al. [17] presented a first approach to simplify the PERC
process and adopt it for industry achieving 17.6% efficiency. However, it was
around 2010 when several solar cell manufacturers and research institutes started
development of industrial-type PERC cells. These industrial-type cells feature a
practical size of >100cm? and typically apply screen printing to form the metal-
lization on the front and rear side of the solar cell. Also, Czochralski-grown (Cz)
or multi-crystalline Si is used as wafer bulk material. Figure[l.2] schematically
shows an industrial-type PERC solar cell as manufactured at ISFH [6]. Similar
to the PERL structure, these cells have a local BSF at the rear contacts and
consequently both cell types are occasionally called LBSF solar cells. However,
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Figure 1.1: Schematic drawings of a laboratory-type PERC (a) and a PERL (b) solar cell
with an efficiency of 22.8% and 25.0% [14], respectively. The only difference between

both solar cell concepts is the local pT-diffusion at the rear point contacts in case of PERL.
The image is taken from Ref. .
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Figure 1.2: Schematic of an industrial-type PERC solar cell as manufactured as ISFH. The
solar cell features line contacts at the rear side. The image is taken from Ref. @



industrial-type PERC solar cells are generally not considered to be PERL cells,
since the p* doping profile is not created by diffusion, but results from an Al-Si
alloying and Si crystallization process (see section.

The progress in development of industrial-type PERC solar cells is outlined by
Figure[I.3] presenting the record efficiencies from 2010 until today. The first notable
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Figure 1.3: Record efficiencies of large-area (> 100 cm?) screen printed monocrystalline
solar cells from 2010 until today [3,7./8,18H26]. The dotted line is a guide to the eye. The
graph is an adapted version of the efficiency chart found in Ref. [27].

result during that time was presented by Centrotherm achieving 19.2% [18] efficiency
in 2010. In 2011 the record efficiencies quickly climbed up to 20.2% [21},22] as
reported by Schott Solar and Q.Cells. These results represented the newly published
benchmark, when this work started in October 2011. One year later in September
2012 Schott Solar obtained a new record with an efficiency of 21.0% [3,23] which
lasted for 1.5 years until ISFH presented a 21.2%-efficient PERC cell in 2014 [24].
The findings of this work contributed to the development of this 21.2%-efficient solar
cell, which is analyzed in detail in chapter[6] During the last two years (2014-2016)
it was most notably Trina Solar and SolarWorld reporting new record efficiencies.
Up to date both companies have reported comparable values of 22.1% [7,8] and
22.0% [28], respectively.

Based on the publications summarized by Figure[l.3] we discuss some of the key
technologies for PERC solar cells in the following.
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Rear contact formation

There are essentially two techniques to form the local contact geometry of industrial-
type PERC cells. The laser contact opening (LCO) process locally ablates the rear
passivation layer stack prior to Al screen printing to define the contact geometry.
The Al-Si alloying process during firing then creates the contact. In contrast, laser
fired contacts (LFCs) [29] are formed at the very end of the solar cell process.
Here, a laser is used to weld a previously deposited Al-layer to the silicon surface
through the rear passivation layer. There are approaches to use the LFC technique
in combination with evaporated Al [29], screen printed Al [30] or even conventional
aluminum foil [31]. However, the LFC process may induce laser damage to the
substrate [30] and generally results in contacts showing no or only very shallow BSFs
leading to higher surface recombination velocities at the contacts when compared to
LCO. As far as disclosed, most of the record efficiencies of Figure[l.3| are achieved
using LCOs [3,/18,|19,24]25] whereas only one applied the LFC technique [22].

Screen printed local contacts formed by LCO are a major topic of this work.
Hence, the literature is described in more detail in section[3.4] whereas the results
of this work are presented in chapter[5]

Rear passivation layer stack

Similar to the laboratory-type PERC cell by Blakers et al. some of the early
publications on industrial-type PERC cells report to use a stack of thermal oxide
and silicon nitride SiO,/SiNy, e.g. Ref. [17] (not included in Figure[l.3)) and
Ref. [19]. Two of the more recent record efficiencies, however, were achieved
applying an AlO,/SiN, passivation layer stack [3,[24]. Although thermal SiOy
passivation layers can achieve low surface recombination velocities <20 cm/s on
low resistivity (~1€Qcm) p-type silicon wafers [32], it has never been adapted by
industry due to its nature of a high temperature process [33|. Especially in case of
multi-crystalline silicon temperatures above 900°C lead to a significant degradation
of the bulk lifetime [34]. In contrast, AlO, layers are deposited at low temperatures
and can also exhibit very low surface recombination velocities <10 cm/s on ~2 Qcm
material [35]. The high negative fixed charge of AlO layers in the order of
magnitude 10" — 10 cm™2 [36,|37] helps to avoid "parasitic shunting" [38] — an
effect of enhanced surface recombination that can occur for solar cells applying a
rear passivation layer with positive fixed charges, such as SiO, or SiN,. Due to
those beneficial properties different high-throughput tools like PECVD [39.|40] and
spatial ALD [41] for the depostion of AlOy have been developed in the recent past.
Although most of the solar cell manufacturers do not disclose their passivation
layers, the AlOy/SiNy stack can be considered a mainstream technology as the
International Roadmap for Photovoltaic (ITRPV) [2] reports a market share of
only 2% for rear passivation technologies other than AlO,/SiNy. According to the
roadmap this share is even expected to decline in the future.



In this work we compare a SiOy/SiNy with an atomic layer deposited Al,O3/SiNy
passivation layer stack in sectionfd.I] and generally obtain higher efficiencies with
the latter.

Busbar technology

An attractive way to increase the efficiency of PERC solar cells is to increase the
number of busbars (BB) on the front side. This can be achieved by multi-wire
module interconnection technologies [42-45] or multi-busbar approaches [6]. An
increase of the number of busbars reduces the length of the fingers in-between
the busbars and, hence, also the finger line resistance. Alternatively it is possible
to increase the finger pitch or decrease the finger width without increasing the
total series resistance of the solar cell [46]. However, the application of more
— and therefore narrower — busbars introduces new challenges for the module
interconnection. Until 2012 a 3 busbar (3BB) layout was the industry-wide standard.
The first solar cell in Figure[l.3 reporting a 5BB layout is the 21.2%-efficient solar
cell by ISFH in April 2014 [24]. In May 2015 SolarWorld announced to switch their
production to the 5BB layout [47]. The 21.7% record efficiency reported two month
later [26] is therefore likely to apply the same layout. In industrial production the
still dominating 3BB layout is expected to be replaced by 4BB and 5BB layouts in
the near future [2].

Emitter technology

Due to the passivated rear side, the efficiency of PERC cells is typically limited by
recombination in the emitter at the front surface (compare Figure[0.1] or Chapter[6).
For a homogeneous emitter higher sheet resistances and thus lower surface dopant
concentrations will result in lower saturation current densities Jy, in the passivated
areas, but will simultaneously increase the .Jy. values under the contacts [5]. In
addition the contact resistance of the front Ag fingers increases for diffusions
with higher sheet resistances. In order to separately optimize the passivated and
contacted areas there are different approaches to implement a selective emitter to
industrial-type PERC cells using as few additional process steps as possible:

o Selective laser doping. During phosphorus diffusion a phosphosilicate
glass (PSG) is created on the wafer surface. This PSG can serve as a
precursor for a subsequent laser doping process. In this process laser irradiation
locally melts the silicon at the wafer surface under the PSG. Additional
phosphorus now diffuses from the PSG into the liquid Si phase. Furthermore,
interstitial phosphorus atoms are activated in the following re-crystallization
process [48,49]. Laser doping only requires one additional process step.

« Dopant pastes. A Dopant paste can be locally screen printed on the front
side of the wafer prior to a weak phosphorus diffusion. During this high
temperature process phosphorus diffuses from the paste into the adjacent
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silicon [50]. The additional process steps for this method are printing and
drying of the dopant paste.

Selective etch back. After phosphorus diffusion an etch barrier can be inkjet
printed on the areas that will be contacting the Ag fingers [51]. Afterwards a
chemical solution etches back the highly doped region of the emitter in-between
the future Ag fingers. The etch barrier is then removed. Depending on the
applied chemicals and the PSG removal process this technique requires two
or three additional process steps. In contrast to the two methods described
above etched back (selective) emitters are not limited by the phosphorus
surface concentrations achievable by a POCI;3 diffusion. Hence, for a given
sheet resistance these emitters show lower Jy. values [51].

Gas phase etch back. A special variation of the selective etch back is the
gas phase etch back (GEB) [52]. Similar to the process described above an
etch barrier is locally inkjet printed on the front side emitter after POCl3
diffusion. In the following single sided wet chemical polishing process the
reactive gas phase of the polishing bath etches back the front side emitter in
between the etch barrier fingers while the polishing bath itself removes the
rear emitter. Due to the different etch rates of the liquid and the gas phase
this process allows for etch depths of ~50nm on the front side and several
micrometers on the rear side [52|. As polishing processes are typically part
of industrial PERC process flows the GEB approach reduces the number of
additional process steps by one compared to conventional selective etch back
techniques.

As selective emitter technologies provide improved overall Jy, values and thus

higher efficiencies, three of the record efficiencies of Figure[l.3| were obtained
using such emitters [18,21,25]. Four of the solar cells applied a homogeneous
emitter [3}/19,22-24], however, one of them was homogeneously etched back [3}23].
Selective emitter processes currently have a market share below 5%, which is
expected to increase to 15% in 2023 [2]. Although selective emitter technology
will only play a minor role in industrial production for the years to come, it might
become mandatory in order to achieve even higher PERC cell efficiencies.
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Characterization techniques

This chapter describes the most important characterization techniques used for the
measurements presented in this thesis. In particular these are current-voltage and
internal quantum efficiency measurements of final PERC solar cells. In addition
we use different methods to measure effective carrier lifetimes and the transfer
length method to determine contact resistivities. The latter two methods require
preparation of special test samples.

2.1 Current voltage characteristics

In this section, we discuss the current-voltage (IV) characteristics of solar cells. All
IV measurements presented in this work are measured using a LOANA system
by pv-tools [53]. In this tool, the solar cell is placed on a brass chuck contacting
the rear side. Contact needles are placed on the front side busbars. A heating
and cooling system inside the chuck keeps the temperature at a constant value
of T'=25°C. In this setup the current can be measured applying different bias
voltages and illumination levels.

2.1.1 Recombination characteristics

There are different recombination mechanisms in a solar solar cell. The correspond-
ing voltage-dependent recombination current densities typically obey one diode
equations and sum up to the total recombination current density

-V
Jree = Z Joi [exp (nq : k:T) — 1} , (2.1)

where Jp,; are the saturation current densities, n; the ideality factors, ¢ the elemen-
tary electric charge, k£ the Boltzmann factor and T the temperature. The ideality
factor depends on the specific recombination mechanism. For band-to-band and
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2 Characterization techniques

Shockley-Read-Hall (SRH) recombination in low-level injection the ideality factor
equals one. In case of SRH recombination in high-level-injection and recombination
in the space charge region one obtains n = 2. For Auger recombination the ideality
factor is n = 2/3. The IV curves of the PERC solar cells presented in this work
are well described by using an ideality of n = 1 over the whole relevant range of
voltages. Therefore we neglect contributions with n # 1 in the following.

2.1.2 HHluminated IV characteristics

In a one-diode circuit model of a solar cell as shown in Figure[2.1] the total extracted
current density J(V') is the net sum of the photogenerated current density Jyen,
the recombination current density J... and the current density Jg, caused by a low
shunt resistance Rg, [54]:

. (2.2)

V+R-J ViR-J
J(V) = Jgen_Jrec_Jsh - Jgen_J(] [eXp <q<_{_)> — 1‘| _;

kT Rsh

Here, R; is the series resistance as illustrated in Figure[2.1} Figure[2.2] shows an

exemplary IV curve for a choice of typical PERC cell parameters: Jye;, = 40 mA /cm?,
Jo = 250fA/cm?, Ry = 0.5Qcm? and Ry, = 10000 Qcm?. Under short circuit
conditions (V' = 0) the current density becomes the short circuit current density
J(0) = Ji. Under open circuit conditions the current density is zero (J(Vi.) = 0)
and the corresponding voltage is called the open circuit voltage V.. In our example
of Figure we obtain V. = 662mV and Jy X Jgen = 40mA/ cm? due to the high
shunt resistance. The output power density P = J -V can be calculated for all
points (J,V) of the IV curve. The point where P becomes maximal is called the
maximum power point (Jupp,Vinpp). Using this point the fill factor is defined as

Vm *Jm
FF— ‘;pjpp (2.3)

LR

N J v J jSh

Figure 2.1: One-diode circuit of a solar cell.
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Figure 2.2: Calculated IV-curves for typical PERC cell parameters (see text). The solid
blue line shows the IV curve under illumination and the red line the shifted Jy. (Vo) curve.
The difference between both curves stems from the series resistance contribution. The dashed
blue line represents the power output density.

The FF is dependent on the series resistance, the shunt resistance and the specific
recombination behavior of the solar cell. Using an empiric expression, the ideal fill
factor F'Fy without shunt or series resistances can be calculated from the V. of a
solar cell [55]:

Voe — In(Voe + 0.72) with v — q - Ve

FF, = —
0 Voo + 1 KT

(2.4)

Also, Ref. [55] gives an approximate expression for the fill factor in the presence of
a series resistance:

FF = FF, (1 BELCh JSC) . (2.5)
The conversion efficiency 1 of the solar cell can be calculated according to:
Jm 'Vm Jsc"/oc'FF
n = Zmep Vopp , (2.6)

I I

where P, is the power density of the incident light. For measurement of a solar cell
under standard testing conditions (STC) an AM 1.5 G spectrum with an intensity
of P, = 100mW /cm? is used. This intensity is typically referred to as 1sun. In
order to maximize the efficiency n, the saturation current density Jy and the series
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2 Characterization techniques

resistance [ need to be minimized, whereas the generated current density Jyen
and the shunt resistance Rg, need to be maximized.

2.1.3 Ji.(Vie) characteristics

In a Ji(Voe)-measurement pairs of values of J. and V,. are measured at different
illumination intensities. Since under open circuit conditions there is no current flow,
the V,. values represent the voltage of the solar cell at a given illumination level
without series resistance. Assigning these values to the Jy. of the same illumination
level therefore results in the shape of a curve, that would be obtained by an IV
measurement, if there was no series resistance present in the solar cell. The Jg.(Voc)
curve can be written as:

: ‘/oc ‘/oc
Jse(Vioe) = Jo [eXp <qk:T > - 1] + R (2.7)

However, to make this curve directly comparable to the illuminated IV curve
discussed in the previous section, we need to substract this curve from the measured
Jee @ 1sun:

JSC(%C)) shifted = Jsc,l sun Jsc(‘/oc)' (28)

F igure compares the shifted Js.(V,e) curve with the light IV curve of our
exemplary solar cell and thus reveals the impact of the series resistance of Ry =
0.5Qcm?. Both curves intersect at V' = V., where both measurements apply the
same illumination level. In analogy to the fill factor F'F' of the IV curve, we can
define a pseudo fill factor

maX(V:ISC(VOC),shifted : JJSC(VOC),Shifted)

FF =
b V:)C'Jsc ’

(2.9)

which would be the fill factor of a solar cell if there was no series resistance present.
Using equation[2.5] we can calculate the series resistance Ry from the measured
fill factor F'F' and pseudo fill factor pF'F' by setting F Fy = pF'F. If not stated
otherwise all values of Ry in this work are measured using this method, which is
called "the fill factor method".

2.2 Effective carrier lifetime measurements

In this section we present the different methods used in this work to measure
the effective lifetime of excess carriers. The surface recombination velocities of
passivation layers is often derived from these measurements and is also briefly
discussed.
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2.2 Effective carrier lifetime measurements

2.2.1 Photoconductance lifetime measurements

Photoconductance decay (PCD) measurements [56] are well-established as a tech-
nique to determine the effective lifetime of excess charge carriers in a semiconductor.
During such a measurement the sample is placed on a coil and thus inductively
couples to an oscillator circuit. The circuitry allows to measure the conductivity o
of the sample. The conductivity of a wafer with thickness W is given by

w
o=q [ (npn+pp)ds (2.10)

where n and p are the electron and hole concentrations and i, and p, the electron
and hole mobilities. If the sample is now illuminated by a flash, which creates
a photogenerated excess carrier density An = Ap, the circuitry will measure a
corresponding increase in conductivity Ac. By using an infrared filter for the flash,
the photogeneration can be adjusted to be homogeneous within the wafer and

equation[2.10| reduces to
Ao

B qW(Nn =+ /Lp>'

The mobilities p, and p, are themselves functions of An [57], which is why
equation[2.11| needs to be solved numerically.
The time dependency of An is given by the continuity equation

O0An
ot

An (2.11)

_ Gl - U + ;w, (2.12)

where G is the generation rate, U the recombination rate and J the current density.
For a spatially uniform photogeneration and a sample of homogeneous passivation
and material quality J becomes zero. Writing U in terms of a time constant

A
U="2" (2.13)
Teff
with the effective carrier liftime 7.4 allows to rewrite equation[2.12
An
Teff = = 5An - (2.14)
COR

This equation offers two methods to measure 7.¢. The first one is the quasi-steady-
state photoconductance (QSSPC) method, where a long flash is used to create a
generation G and a corresponding excess carrier density An, that are constant in
time. In this case equation[2.14] simplifies to

An
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2 Characterization techniques

However, this approach requires to calculate G from the known incident light
intensity that is measured by a calibrated reference cell. This calculation requires
knowledge of the absorption probability and, hence, the optics of the specific sample.
The second possibility to measure 7.¢ is the transient method, where an initial
short flash is applied and the measurement is subsequently started in the dark,
where G(t) = 0. Accordingly, Equation[2.14] becomes

An

Teff = ~9An-
Y

(2.16)

In contrast to a QSSPC measurement this method does not require any knowledge
of the optics of the sample. However, the effective lifetime needs to be much larger
than the duration of the flash 7.g > tg.qn to ensure that there are still measurable
excess carriers at the time where G(t) = 0. This is the case for all samples measured
in this work and therefore all PCD measurements apply the transient method.

2.2.2 Dynamic infrared lifetime mapping

In order to gain a spatially resolved measurement of the effective carrier lifetime
the dynamic infrared lifetime mapping (dynILM) [58,/59] can be used. The dynILM
measures the infrared emission of free charge carriers of a sample by an infrared
camera, (see Figure. An LED array illuminates the sample with pulses of

infrared
camera
4-5um

] LED array 950nm
2 S

infrared ‘//
emission _/// .. water cooled

» background

heating stage I I I ] I -/ ,
T=70°C I excitation light
\ = ,sample

Al mirrop, T

5amp

Figure 2.3: Schematic drawing of the experimental setup of the PC-PLI measurement. The
photoluminescence imaging is performed under the same excitation conditions as the PCD
measurement. The image is taken from Ref. [60].

infrared excitation light. Images are taken at different times during a pulse period.
With this method the effective carrier lifetime is obtained calibration-free from the
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2.2 Effective carrier lifetime measurements

transient behaviour of the excess charge carriers. In order to increase the signal to
noise ratio the sample is placed on an Al mirror at a temperature of 70°C.

2.2.3 Photoconductance-calibrated photoluminescence lifetime imaging

The photoconductance-calibrated photoluminescence lifetime imaging (PC-PLI)
[60,/61] is another possibility to obtain a spatially resolved image of the effective
carrier lifetime. For this method the excitation light is provided by laser with
a wavelength of 808 nm. The laser beam is widened and homogenized in order
to illuminate the whole sample. The resulting band-to-band photoluminescence
of the sample is detected by a Si CCD camera. A long-pass filter in front of
the camera blocks reflected laser light and allows the camera to only detect the
photoluminescence signal. The photoluminescence signal Ipr, can be converted into
the excess carrier density An using

]pL = CPL(ATLNdop + ATL2), (217)

where Ngqqp, is the dopant concentration and Cpry, is a constant that depends on the
optical properties of the measurement setup and the sample [61]. In order to obtain
Cpy, the sample is placed on the coil of a PCD measurement setup for calibration
(see Figure. A fit of equation to the average photoluminescence signal at
the coil area as a function of the PCD-measured excess charge carrier density An
yields Cpy,. The spatially resolved PC-PLI-measured An values can be used to
calculate the effective lifetime according to equation|2.15]

laser diode
@ 808nm

Si CCD

objective

filter - % .//// homogenisation

-

SSPC g reference cell

Figure 2.4: Schematic drawing of the experimental setup of the PC-PLI measurement. The
photoluminescence imaging is performed under the same excitation conditions as the PCD
measurement. The image is taken from Ref. [60].
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2 Characterization techniques

2.2.4 Surface recombination velocities

In this thesis, we typically use effective lifetime measurements to asses the passiva-
tion quality of fully passivated lifetime test samples. The recombination rate per
surface area can be defined similarly to equation|2.13]

Uy = Spass - An, (2.18)

where Spass is the surface recombination velocity (SRV) and Ang the excess carrier
concentration at the passivated surface. In general the excess charge carrier density
is not equal in the bulk and at the surface An # Ang and diffusion needs to be
taken into account. From a measured value 7. of a symmetrically passivated
sample the SRV S, is therefore calculated according to [62]

Spass = (| D (1 — 1> tan [I/;/ D (1 — 1)] , (2.19)

Teff Tb Teff Tb

where 7y, is the wafer bulk lifetime and D the diffusion coefficient. In this work we
use high quality float zone (FZ) material with very high bulk lifetimes 7, for the
lifetime test samples. This allows to neglect the terms 1/r, in equation. Due to
this approximation the Spass values reported in this work might also be considered
as upper limits.

2.3 Quantum efficiency measurements

The LOANA tool used for the current voltage measurements can also be used for
measurement of the quantum efficiency (QE) and the reflectance of solar cells. The
(absolute) external quantum efficiency EQ E,ps of a solar cell is defined as the ratio
of the number of extracted electrons IV, to the number of incident photons Ny, of
a wavelength A under J. and 1sun conditions:

Ne
Nph(/\)

_ Jsc,lsun()\) (220)

EQE,.()\) = A ,
Q b ( ) Jsc,blas q . (I)jn’lsun(A)

where @, 15un(A) is the flux of incident photons. Due to the potential nonlinear
response of the solar cell to the incident light intensity, the absolute external
quantum efficiency (EQE) cannot be measured directly using a monochromatic
light source, e.g. a laser. Instead a bias light with AM 1.5 G spectrum is used and
a chopped monochromatic light ®gena(A) with a small intensity compared to the
bias light is superimposed. Filtering of this signal in the current domain results in
a measurement of the differential EQE

dJs(A)

EQFEuz(\) = — =2
Q dﬁ( ) q’désignal()\)hsc’blas

(2.21)
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2.3 Quantum efficiency measurements

with a constant current contribution Jgpi,s generated by the bias light. The
differential EQE is measured at a wavelength of 1050 nm during a sweep of the
bias light intensity. From this measurement the absolute EQE at 1sun can be
calculated according to

Jsc,lsun
EQEaws = —5m TR (2.22)
0 EQEqg — Y sc,bias

The bias light intensity where F'Q) Eqig coincides with FQ F.,s @ 1sun is then used
as a good approximation for the measurement of a quasi-absolute EQE at the
other wavelenghts. A typical value, where FQ FEgg = EFQ FE..s is about %sun. More
details on quantum efficiency measurements can be found in Ref. [63].

From the reflectance in the intermediate area between the Ag fingers of the front
metalization R(\) the internal quantum efficiency (IQE) of a solar cell can be
calculated according to

EQEabs(/\)

IQE(N) TZ ROV (2.23)
Therefore the IQE describes the ratio of collected electrons under J,. conditions
to the number of incident photons that are not reflected. The IQE is a suitable
measure for the electrical properties of a solar cell as optical properties only have a
minor impact on it. Due to the reflectance of the fingers of the front metalization
Riet(A) the reflectance in the intermediate area R(M) is typically not directly
accessible by measurement of the solar cell with an integrating sphere. Instead the
total reflection

Rmeas<)‘) = Mmet . Rmet()‘) + (1 - Mmet) ' R<)‘) (224>

is measured, where M, is the fraction of the metalized area. The reflectance
of the metalization Ryet(A) can be determined in preceding measurements on
fully metalized test structures. Using the approximation, that the anti reflective
coating (ARC) allows for a minimum value of R(\) = 0 for a specific wavelength
A, equation[2.24] can be used to calculate My,e;. This value enables us to calculate
R(\) for all wavelengths. This work only presents measured reflectance data that
has been corrected by the metalization contribution in the described way and thus
all curves have a minimum of R(\) = 0.

We model the IQE using our in-house developed software SCAN, which is based
on the analytical model for QE introduced by Brendel et al. [64]. This model
considers the contributions to the IQE from different regions:

IQE= > IQE;, (2.25)

i=e,scr,b
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2 Characterization techniques

where the index ¢ denotes the emitter e, the space charge region scr and the bulk
b, respectively. For the different contributions the model uses

Aﬂh’

IQFE; =
QE = {0,

(2.26)

where A; is the absorption probability and 7; the collection efficiency of the
respective region. The ratio of the absorption probability A; to the total absorption
probability A is given by the fraction of actively absorbed photons in region i to
the total number of actively absorbed photons:

. g(2)d
é . freglonl g(z) Z (2.27)

A B ftotalcell g(Z)dZ’

where g(z) is the generation profile. Similarly, the collection efficiencies n; are the
ratios of electrons collected from a region ¢ in the short circuit current densities
j(g:) to the absorbed photons in that region:

= J(gs)
' q- fregionig(z)dz

(2.28)

The artificial generation profiles g;(z) are equal to g(z) in their respective region i
and zero elsewhere. Inserting equation[2.27 and [2.2§ into equation[2.26] yields

A J(9:)
1-R q ftotalcell g(Z)dZ

In order to calculate IQFE; Ref. [64] first introduces an optical model that allows
for calculation of the reflectance R and the generation profile g(z). This optical
model applies different "microscopic’ quantities such as the reflectance at the front
and rear surfaces, several light propagation angles, the absorption coefficient a: or
the thickness of each region. Since this work primarily focuses on the rear side
of PERC solar cells, we are primarily interested in the internal reflectance at the
rear R, and the Lambertian fraction Ay, that describes the diffuse part of the rear
reflectance.

From the modeled g;(z) the transport model of Ref. [64] calculates the current
density j(g;) by solving the diffusion equation for the excess minority charge carrier
concentration. In case of the bulk the solution depends on the bulk diffusion length
Ly, and the SRV at the rear S,e.r as a boundary condition.

A simultaneous fit of the modeled reflectance to the measured reflectance and the
modeled IQE to the measured IQE yields — amongst others — a set of parameters
Ry, Ay, Srear and Ly,. Since many combinations of S, and L, typically result
in a good fit, Ly is set to a fixed value that is estimated from L, = /D - 7, with
diffusion coefficient D and a measurement of the bulk lifetime 7, of the used wafer

(2.29)
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2.4 Transfer length method

material. A typical value for the bulk lifetime of the p-type Cz materials used in
this work is 400-500 ys.

Differing to the bare model as presented in Ref. [64] our software SCAN applies
minor modifications to account for parasitic absorption in the ARC and free carrier
absorption. An exemplary measurement of the IQE and reflectance and the resulting
fits of the model are shown in Figurel2.5] The measurements belong to a PERC
solar cell with a record efficiency of 21.2%, which is analyzed in more detail in
chapter[o]
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Figure 2.5: Measurements of the IQE (circles) and reflectance (triangles) of a 21.2%-efficient
PERC solar cell. The red lines show a fit of the model of Ref. [64] to both quantities. The
dashed lines indicate the modeled IQE-contributions from the emitter (blue), the space
charge region (green) and the bulk (pink).

2.4 Transfer length method

The specific contact resistivity p. of a metal-semiconductor interface can be mea-
sured using the transfer length method (TLM) [65,[66]. Figure[2.6h) schematically
shows the structure of a TLM-sample with parallel metal contact stripes of width
w and length [ that are positioned at different distances d, to each other. Applying
the four point probe method, the resistance R between neighboring metal stripes
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d; CI"z CI’3 ‘5’4 d

Figure 2.6: a) Schematic drawing of a TLM sample including the different geometrical
parameters used in the evaluation. b) Virtual TLM measurement indicating the ordinate of
the linear fit required for determination of the contact resistivity p..

can be measured in dependence of the distance d (see Figure[2.6b). A fit of the
equation

_d'Rsh 2pc
I R By

to the measurement allows for calculation of the sheet resistance Ry, from the slope
Ry, /1 of the resulting line. The contact resistivity p. is given by the ordinate of

equation[2.30, where Lt = y/p./Rgn is called the transfer length. The TLM assumes
a thin conductive layer with sheet resistance Ry, to connect the metal stripes. For
a wafer of finite thickness an advanced evaluation has recently been introduced ,
but is however not applied in this work. The TLM-sample geometry should meet
the following requirements: w > Ly, [ > wand 6 =W — [ < W , where W is
the width of the sample.

R(d) (2.30)
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State-of-the-art PERC processing

This chapter describes parts of the preparative work and results required for the
investigations of the following chapters. The reference PERC process is introduced
along with a bifacial solar cell, called PERC+. In addition, the literature on the
most important topics of this work is presented.

3.1 Reference PERC process

As a high quality and stable reference for most of the solar cell experiments
presented in this work, we use a PERC process, which has been developed and
continuously improved at ISFH [68]. This section summarizes the process flow and
discusses the statistics of this reference PERC process.

3.1.1 Reference PERC process flow

The reference PERC process flow as shown in Figure) uses pseudo-square
156x156 mm? 2 Qcm p-type boron-doped Czochralski (Cz) silicon wafers with an
initial thickness of around 190 pm. After a cleaning procedure including a KOH-
based saw damage etch, we deposit a protection layer on the rear side of the
wafers. This allows for a subsequent single sided alkaline texturing process using a
KOH chemistry with additives and resulting in randomly distributed pyramids of
around 4 pm height on the wafer front side. The rear protection layer also serves
as a diffusion barrier in the following POCI; diffusion performed in a quartz-tube
furnace aiming at a phosphorus doping profile with a sheet resistance of 100£2/sq
at the wafer front. The resulting phosphosilicate glass (PSG) and the protection
layer are then removed by etching in HF. After an RCA clean we deposit a rear
passivation layer stack consisting of atomic layer deposited (ALD) Al,O3 and a
200 nm thick plasma enhanced chemical vapor deposited (PECVD) SiNy. The front
side applies a PECVD-SiNy anti reflective coating (ARC) with a refractive index

23



3 State-of-the-art PERC processing

of n = 2.05. Afterwards the dielectric rear passivation layer stack is locally ablated
by laser contact opening (LCO) in order to form line shaped contact openings. Ag
screen printing on the front side forms an H-patterned 5 busbar (BB) Ag finger
grid. Applying a commercially available Al paste, we perform full-area screen
printing resulting in an Al layer of 30 pm thickness on the rear side. Both screen
printing processes are followed by a drying step. The reference PERC process flow
is concluded by a co-firing step in a conveyor belt furnace. The final PERC solar
cell is shown in Figure[3.1p). Further details can be found in Ref. [24].

a)

Wafer cleaning

Rear protection layer

Texturing

Phosphorus diffusion

PSG + dielectric etch

RCA clean
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Figure 3.1: The reference PERC process flow (a) and a photograph of the front and rear
side of the resulting 5BB PERC solar cells (b).

As the best PERC cell efficiencies obtained at ISFH increased from 19.4% in
2011 [19] to 21.2% in 2014 [24](compare chapter[l]), the efficiencies of the reference
PERC cells of this work often differ between the various experiments presented
in chapterfd and [5] Accordingly, higher efficiencies generally correspond to later
points in time. The process flow, however, remained similar and the individual
processes have been optimized. The most important improvements during that
time were:
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3.1 Reference PERC process

» Application of a 5BB Ag finger grid layout with a busbar width of 0.5 mm
instead of a 3BB layout with 1.3mm wide busbars [24]. This leads to a
decrease in total front side shadowing from 5.8% to 4.0%, while keeping the
series resistance contribution from the finger grid small.

o Optimization of the fineline screen printing process towards narrower fingers
and higher aspect ratios in order to further reduce the shadowing loss and
resistance contribution [69}/70].

« Optimization of the phosphorus doping profile including lower phosphorus
concentrations at the surface and thus leading to lower surface recombination.
Also, improved Ag pastes allow to achieve low contact resistances even for
low phosphorus surface concentrations.

o Application of new Al pastes that obtain a deeper or more homogeneous back
surface field (BSF).

3.1.2 Statistics of the reference PERC process

In order to provide the reader with an assessment of the statistical relevance of
the results presented in this work, we briefly discuss the statistics of our reference
PERC process. Figure[3.2] shows a histogram of 77 reference PERC solar cells
processed at ISFH.
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Figure 3.2: Histogram of the conversion efficiency of 77 reference PERC solar cells processed
at ISFH. The average conversion efficiency is 21.1% with a standard deviation of +0.13%.

We obtain a normal distribution with an average efficiency of u = 21.1% and a
standard deviation of o = 0.13%. We consider these values to accurately describe
our reference process for the discussion of this section. In daily solar cell development
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3 State-of-the-art PERC processing

we often include process variations in split groups of n = 5-10 PERC solar cells
and afterwards possibly measure a higher average efficiency n for this split group.
Assuming that the modified solar cells are also normally distributed and posses the
same standard deviation o = 0.13%, according to the central limit theorem [71],
the arithmetic means 1 of samples with size n are again normally distributed with
a standard deviation of

(3.1)

which is now called the standard error. However, after measurement of a specific
value for n the question arises: For a given confidence level, are the solar cells
applying the new process more efficient compared to the reference process? In
order to answer that question we carry out a (one tailed, one sample) Z-test [72],
which includes calculation of the z-scordl

(3.2)

This score can be thought of as "the difference of the corresponding means in units
of the standard error'. It can now be compared with the integral of the standard
normal distribution (i.e. with a mean of 0 and a standard deviation of 1) in order
to decide if the new process obtains higher efficiencies. For example 80% of the
values of the standard normal distribution are smaller than 0.842, whereas 90%
are smaller than 1.282 and 95% are smaller than 1.645. If the z-score is larger
than 1.282 the new solar cell process can be considered to be more efficient with a
confidence level of 90%. Table[3.1] summarizes exemplary confidence levels assuming
different measured increments in conversion efficiency 11 — p and sample sizes n.

Please note, that in practice the standard deviation of the new process is not
known. It can, however, be estimated from the (small) sample:

1
n—1

g =

im ), (3.3)

!For a measured apparent increase in efficiency [n — p| this question might be answered positively at
a confidence level of e.g. p = 95%, which means that a similar sampling of the reference process
would result in equally high (or higher) values of |} — p| with a probability of 1 — p = 5%. However,
one might instead ask the question if the new process is different (worse or better) compared to the
reference and thus carry out a two tailed Z-test. Outcomes with a result equally or more extreme
(£n — u|) are twice as frequent (10%) due to the symmetry of the normal distribution. Thus, using the
same example, the new process would be considered to be different from the reference at a confidence
level of only 90%, leading to the counterintuitive situation that a measurement can show significantly
higher efficiencies, without showing significantly different efficiencies. In solar cell development we
are interested in higher efficiencies and typically disregard measurements with 11 < . We therefore
choose to apply the one tailed test.
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3.1 Reference PERC process

Table 3.1: Confidence levels for an increase in efficiency calculated for different exemplary
values of N — w and sample sizes n.

n-p [%]
sample size n
0.05 0.10 0.15 0.20
5 72.845% 88.806% 96.595% 99.250%
10 80.511% 95.729% 99.506% 99.971%
15 85.390% 98.242% 99.921% 99.999%

where n; are the efficiencies of the separate solar cells of one sample. This estimation
requires to carry out a Student’s ¢-test [73] instead of a Z-test. Similar to equation[3.2)
the t-score is _
_n—u
o/’
which can now be compared with the values of the t¢-distribution with n — 1
degrees of freedom. For example, in the t-distribution with 4 degrees of freedom
(which corresponds to a sample size of 5) 80% of the values are smaller than
0.941 (compared to 0.842 for the standard normal distribution). For n — oo the
t-distribution is equal to the standard normal distribution. Hence, the difference
between Z-test and t-test vanishes for large sample sizes.

The mean value and standard deviation of the reference process are often not as
precisely known as for the high statistics evaluation as shown in Figure[3.2] Instead
they are calculated from a comparably small sample, too. In this case a two sample
t-test needs to be applied. For the two sample test the t-score becomes

t (3.4)

_ M — M2
tZSample - 1 1’
0 92sample * \ n1 + o

where 1; and 1y are the average efficiencies and n; and n, the sample sizes of
sample 1 and 2, respectively.

(1 — Dot + (ng — 1)o3
sample — 3.6
7 2sampl \/ ny +ng — 2 (3:6)

(3.5)

is an estimator of the common standard deviation of the two samples with their
respective standard deviations o; and oy. The two sample t-test yields reliable
results, if the variances of the two populations (i.e. the two solar cell processes) are
equal. For the general case, that the variances may differ, there are more elaborate
methods like Welch’s ¢-test [74].

t-tests are occasionally performed during the solar cell development connected
with this work. However, they require calculation of the standard deviation for the
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3 State-of-the-art PERC processing

specific samples and are not explicitly shown for the various experiments presented
in this thesis. For a general but slightly optimistic assessment of the statistical
significance the reader may refer to Table[3.1 We often apply split groups with
a sample size of n = 5. According to Table[3.I] a measured difference in efficiency
of 1 — 1= 0.10% thus would indicate an improved process at a confidence level
of 88%. Larger increments in efficiency improve the statistical significance. In
this thesis, split groups with a difference of <0.1% are generally considered to be
comparable, whereas differences of >0.1% are considered to be significant.

3.2 Design of an Al-finger grid for bifacial PERC+ solar cells

Typical production processes for industrial PERC cells include full-area aluminum
screen printing on the rear side even though the aluminum paste contacts the
silicon wafer only at the areas where the LCO process removes the rear passivation
layer. Due to the full-area rear Al layer, the resulting PERC cells only absorb
light entering the solar cell from the front side and hence are not suited for bifacial
module applications. The so-called PERC+ solar cell concept features screen
printing of an Al finger grid aligned to the LCO line contacts at the wafer rear
side [75], enabling bifaciality (see Figure[3.3). The Al finger grid design of the
PERC+ cells reduces the Al paste consumption by 90% when compared with
full-area Al layers. Also, this approach reduces the wafer bow measured as the
maximal distance of the solar cell to a flat surface.

In order to optimize the layout of the front and rear grid of PERC+ solar cells
simultaneously, we adapt an existing model for grid optimization of monofacial
solar cells |46] for bifaciality. From Ref. [46] we read that the total shadowing of
an H-patterned metalization grid is

b = S - wbuc(l — tb) + U)f(lf + wbuctb)<1 — tf)’ (37)

S+ a

where s is the finger pitch, w; the finger width and Iy the finger length. wyyc is
half the busbar width and a = Iy + wpy the length of a unit cell (see Figure.
To account for possible reflections of light at the metalization into the solar cell,
the equation includes the effective transparency of fingers ¢; and busbars ¢;,. Since
our PERC+ solar cell features an Ag finger grid on the front and an Al finger grid
on the rear side, we calculate two separate shadowings (psags and psai) with their
respective geometrical parameters and introduce an effective total shadowing

Ds.eff = DPs,Ag * IAg + DPs AL - IAI with [Ag + IAI = 17 (38)

where I5, and Ia; are the percentages of incident light intensity from the front and
the rear, respectively. Equation[3.8]implies that the reflectances of the front and
rear ARC are similar. If they are not, In, and I; can be replaced by effective
values.
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PERC PERC+

Front

Rear

1.6 g Al paste 0.15 g Al paste

2.5 mm bow 0.2 mm bow

Figure 3.3: Photographs of the front and rear side of a PERC and a PERC+ solar cell.
Both solar cells follow the same process flow described in section3:1.1] The PERC+ cell,
however, features an Al finger grid on the rear side instead of a closed Al layer, enabling
bifaciality, lower Al paste consumption and a smaller wafer bow. The image is taken from

Ref. .

unit cell

Figure 3.4: Illustration of a unit cell of an H-patterned metalization grid and the corre-
sponding geometrical parameters. The image is taken from Ref. .
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3 State-of-the-art PERC processing

We calculate the (area-weighted) resistance contributions from the front side
using the following three expressions all taken from Ref. [46]. The contribution
from lateral currents through the emitter is

1 s — we

Rem = ERShTGS, (39)

where Ry, is the emitter sheet resistance. The contact resistance contribution from
the Ag fingers to the emitter is calculated according to

RS C
VIPers h (wf Fn > ag (3.10)

g

RCA =
e 2 Pc,Ag

with p. ag as the corresponding contact resistivity. Finally, the resistance of the
Ag-fingers is
1 I
Rf7Ag = gprfas (3.11)

with the specific resistivity p; and the cross sectional area A; of the Ag-fingers. In
order to calculate the resistance contribution of the rear Al-fingers Ry a1, we use
the same equation|3.11| with analogous geometry and material parameters. The
contact resistance of the Al contacts to the wafer is calculated according to

Pc,Al

f Y
where f is the fraction of the metalized area on the rear side and p. a1 the contact
resistivity (see section[5.1] for determination of this parameter). We complete our

analytical description by calculating the resistance contribution from the wafer
bulk for line shaped rear contacts according to an equation by Saint-Cast [77]:

o.3> 2.82(2W/q,)088 f0.64 g2 (1

Rea = (3.12)

2
2 F ) " tanh (2.82(2W /. )088 o) 1217\ f 1) +We,
(3.13)
where a, is the width of the rear contact lines, W the thickness of the wafer bulk
and p the specific resistivity of the wafer material. As shown in section[5.1] the
values calculated according to equation[3.13] fit well to simulated bulk resistance
contributions for a large interval of the metalization fraction f. Neglecting other
series resistance contributions like, e.g., the busbar line resistance, the total series

resistance Ry is now the sum of the individual series resistances:

sz“cp<37f—2—

Rs = Rf,Ag + Rc,Ag + Rem + Rb + Rc,Al + Rf,Al- (314)

Using the derived effective total shadowing loss and the total series resistance, we
can now calculate a "relative power output' p, which is defined as the power output
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3.2 Design of an Al-finger grid for bifacial PERC+ solar cells

of a solar cell Pypp, divided by the hypothetical power output Prpp,max, Wwhen there
would be no optical or electrical losses present [46]:

Prpp 2 1 Jmpp,max
p=———=1—Dset — (1 = psesr) R (3.15)
Pmpp,max Vmpp,max

Here, Jupp,max denotes the current density and Vipp max the voltage for the ideal
case:

Pmpp,max = Jmpp,maxvmpp,max- (316)

For given values of the incident intensities I, and Ia;, both finger pitches can
now be varied in order to maximize p. Applying a 5 busbar layout for the rear and
the front side, we use this method to design the screens for both screen printing
processes of the PERC+ process flow. For a set of typical geometrical parameters
and resistivities, we exemplary calculate the optimal number of front Ag fingers
and rear Al fingers in dependence of the relative rear side illumination Zai/1,, as
shown in Figure[3.5] In case of no rear side illumination Zai/1,, = 0 the described
model yields the same result for the optimal number of front Ag fingers as the
model for monofacial solar cells in Ref. [46].

F T T T T T T T M I -
200 | _ ]

o I Al fingers b
‘g - (rear side) ]
2 180 - .
[ - -
y— X ]
(@] - i
< 160 | ]
GJ - -
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:E; [ ]
c 140 N Ag fingers ]
© [ (front side) ]
E 120f ]
[o% [ ]
©) 5 ]
100 - .

o 1 I 1 ) 1 1 1 1 1 -

0.0 0.1 0.2 0.3 0.4

Relative rear side illumination /,/1,

Figure 3.5: Optimal calculated number of front Ag fingers and rear Al fingers for different
relative rear side illumination levels Tai/1,, and a typical set of input parameters. The lines
are a guide to the eye.

The experimental PERC+ solar cells related to this work achieve rear side
efficiencies of up to 16.7%, whereas the front side efficiencies remain comparable to
monofacial PERC solar cells with values of up to 21.5% [78]. Also, the use of Al
fingers for PERC+ cells increases the depth of the local p™-doped Al back surface
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3 State-of-the-art PERC processing

fields (BSF) compared with full-area Al layers applied to PERC cells [75]. The
physical root cause for the deeper BSFs is analyzed in section[5.2]

3.3 Polishing and cleaning of the rear side

In case of full-area AI-BSF solar cells the process steps affecting the rear side are:
double sided texturing, double sided diffusion, single sided wet chemical removal of
the rear emitter (edge isolation), full-area Al screen printing and firing. During the
firing the aluminum in the Al paste melts, dissolves silicon from the wafer surface
and subsequently forms the Al-BSF during cooldown. For a PERC cell, however,
the contact including the Al-BSF is only formed locally. The remaining surface is
covered by a dielectric passivation layer. A transfer of the same process sequence as
described above to a PERC process flow would result in a rough textured surface
in the passivated area. Hence, it might be beneficial to replace the edge isolation
by a wet chemical polishing process with enhanced etch rate to remove the rear
emitter and simultaneously reduce the surface roughness. Another characteristic of
a PERC process flow is the requirement to sufficiently clean the wafer rear surface
prior to passivation to allow for a low surface recombination.

Since chapter[] focuses on polishing and cleaning of the rear side of industrial-type
PERC solar cells, this section briefly presents the polishing tool used in this work.
It also gives an overview on previous literature dealing with the impact of surface
roughness and different cleans on the rear side of PERC solar cells.

3.3.1 Single sided wet chemical polishing tool

We use the RENA InPilot tool |79] for the rear side polishing process. In this tool,
wafers are transported inline on rollers similar to the wet chemical junction isolation
process in order to allow a single sided etching of the wafer rear side as shown
in Figure[3.6] The polishing bath is based on HNO3 and HF chemistry. Different
polishing removals can be applied by adjusting the rotation velocity of the rollers
and thus the process time. The wet polishing chemistry forms a gas phase which
can lead to an etching of the front wafer surface, however with much lower etch
rates compared to the rear polishing etch rates. The reactive gas phase may also
create porous silicon on the front side of the wafer. Therefore the polishing process
should be followed by a cleaning with sufficient etching capability to remove the
porous silicon.
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gas phase
meniscus
transfer
O e —— direction

O/QOQO

etching chemistry rollers

Figure 3.6: Schematic drawing of the rear polishing process. The phosphorus emitter on
the front side of the wafer is displayed in red color.

3.3.2 Previous work on surface roughness

As demonstrated in Ref. [80,81], the surface recombination velocity (SRV) increases
for rougher silicon surfaces. This is due to several effects. Assuming a fully
textured surface with (111) orientation, the surface area increases by a factor
of 1.73 compared to a planar (100) surface. Secondly, there is a significantly
higher amount of dangling bonds at (111) surfaces compared to (100) surfaces [82].
Finally it seems that additional recombination arises from edges and ridges [83] and
potential stress within the passivation layer [84]. Several years ago, the impact of
the silicon surface orientation on the surface passivation quality of POCI;3 diffused
surfaces passivated with SiN, and SiOq layers was studied for the front surfaces of
silicon solar cells [85-88]. These studies revealed increasing SRVs for planar (111)
and textured (111) surfaces, when compared to planar (100) surfaces. For example,
Jin et al. [87] reported values for thermally oxidized wafers of 10-700 cm/s for
textured surfaces and 2-60 cm/s for planar (100) surfaces, where the large spread
results from different thermal treatments applied after oxidization. The SRVs
for planar (111) surfaces are reported to be in between those of planar (100) and
textured surfaces. With respect to optical properties, it is known that smoother rear
sides increase the internal reflectance and reduce the fraction of diffuse scattered
light [89].

Schwab et al. [90] demonstrated the influence of the rear surface roughness
on the recombination and optical parameters of PERC solar cells with physical
vapor deposited (PVD) aluminum rear contacts and thermal oxide as rear surface
passivation. Here it was shown that the effective SRV at the rear increases from
200 cm/s to 950 cm/s when moving from planar to textured surfaces. The internal
reflection at the rear R;, was found to decrease from 93.3% for planar surfaces
to 90.4% for textured ones. Correspondingly, the PERC cell efficiency decreased
from 19.4% for planar to 18.4% for textured rear surfaces. Using a HNO3 and HF
solution with non-organic additives as polishing bath Dastgheib-Shirazi et al. [91]
showed that the SRV of 2 Qcm p-type float zone (FZ) wafers fully passivated with
Al,O3 decreases from approximately 10 cm/s for textured surfaces to 2cm/s for
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3 State-of-the-art PERC processing

polished surfaces with a removal of about 5 pm. However, this work does not report
IV parameters of PERC solar cells.

In sectionfd.I] we investigate the impact of surface roughness on screen printed
PERC solar cells as well as on lifetime test samples. Based on the results of the
surface roughness analysis, we develop a short PERC process flow including a
polishing step, which results in efficiencies comparable to the reference PERC

process (see sectionfd.2).

3.3.3 Previous work on cleans prior to passivation

As described in section, we use a high quality RCA clean [92] prior to passi-
vation as a reference process. The RCA consists of four process steps: Standard
Clean 1 (SC1), HF-Dip, Standard Clean 2 (SC2), HF-Dip. The SC1 is an aqueous
solution of ammonium hydroxide (NH,OH) and hydrogen peroxide (H2O2) and
removes organic residues and particles. The following SC2 is an aqueous solution
of hydrochloric acid (HCI) and HyO5 and removes remaining metallic contaminants.
In industry the RCA clean is costly due to its expensive chemicals and process
length. Therefore different groups searched for alternative cleans.

Vermang et al. [93] evaluated cleanings like SPM, HF, APM — including a sulphuric
acid-hydrogen peroxide mixture (SPM) and an ammonia peroxide mixture (APM)
— that result in hydrophilic surfaces as well as cleanings like SPM, HF that result
in hydrophobic surfaces prior to atomic layer deposition of AlyO3 on lifetime test
samples. Whereas both exhibited similar effective surface recombination velocities of
around 100 cm/s using p-type Cz material, they favoured the hydrophilic cleanings
due to its higher thermal stability and homogeneity. Other previous work [94] also
reported good surface passivation with SPM, HF /HCI, HNOj3 cleans which form a
hydrophilic surface and showed lifetimes around 300 ps using p-type Cz wafers and
PERC cell efficiencies of up to 19.4%. More recent work [95] suggests, that with
lifetimes around 1ms, cleanings resulting in hydrophobic surfaces are superior in
terms of cleaning efficiency. Using a Seluris® C solution, which aims at combining
SC1 and SC2 in one step, they applied a Seluris, HF cleaning sequence prior to
ALD-Al;O3 passivation to achieve an effective lifetime of 800 ps with p-type Cz
material and PERC cell efficiencies of 19.9%. The reference applying a high quality
SPM, HF /HCI clean yielded comparable values.

Ozone based cleans are known from different applications in microelectronics
[96,97]. Moldovan et al. [98] first applied an HF/HC1/Oj3 clean to solar cell
precursors and reported cleaning efficiencies of at least 98.7% for iron and 99.8%
for copper. By varying the ozone concentration the increase in emitter sheet
resistance during the cleaning process could be adjusted to values between 12)/sq
and 352 /sq as measured on samples with a 90 2/sq emitter after diffusion.

In section|d.3| we evaluate even shorter cleaning sequences, e.g. HF /O3 in a single
step, on fully-processed PERC solar cells.
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3.4 Formation of screen printed local Al contacts

Chapter[d] focuses on the analysis of screen printed local Al contacts formed by LCO.
This section describes the contact formation during firing and presents previous
work on this topic.

3.4.1 The alloying process at the Al-Si interface

During the firing process of full-area Al-BSF solar cells the aluminum in the Al
paste starts to melt at temperatures around 660 °C [99]. The liquid Al then starts
to dissolve Si from the solid Si surface. As the temperature further increases the
ongoing dissolution of Si increases the Si concentration in the Al paste until it
reaches the solubility of Si in Al. For a typical peak firing temperature of PERC
cells of 800°C this solubility is around 27% [99]. During cool down the solubility
of Si in Al decreases again until it reaches the eutectic point at 577 °C with a Si
concentration of 12% [99]. At this point the Al-Si melt solidifies. The decrease
in solubility leads to oversaturation and a re-crystallization of Si from the melt
which occurs mainly at the interface to the solid Si. This epitaxial growth of Si at
the interface incorporates Al according to its solid solubility in Si and thus forms
an Al-doped Si layer — the aluminum back surface field (Al-BSF). Since the Si
concentration in the Al-Si melt cannot drop below the eutectic concentration of
12%, some of the Si dissolved from the wafer remains in the Al paste.

3.4.2 Previous work on local rear contacts

In case of PERC the Al paste only contacts the Si wafer at the LCO areas and
the alloying process only takes place locally. The dissolution process therefore
creates trenches in the Si wafer. Also, the Si concentration only locally reaches the
solubility limit in the Al melt. The laterally inhomogeneous Si concentration leads
to a transport of Si away from the contact area due to diffusion |100]. This again
causes an effective reduction of the near-contact Si concentration and thus to an
enhanced dissolution and reduced recrystallization process, which also reduces the
depth of the resulting local Al-BSF.

Miller et al. |[101] demonstrated by carrier lifetime measurements of test wafers
that an increasing Al-BSF depth W+ reduces the effective surface recombination
velocity (SRV) at a local Al contact Scon- The same author then developed an
analytical model to calculate the AI-BSE depth W+ of the local Al contacts of
PERC cells in dependence of several process parameters [102]. Since this model
is used in the analysis of the measurements of this work (see section, it is
described in detail in the following.

The model can be used to describe a rectangular shaped contact with base area
A, final contact width after firing a and final height h as shown in Figure[3.7] To
account for the fact that only a limited volume of the Al paste layer with thickness d
contributes in the alloying process with the silicon, the model introduces a diffusion
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Figure 3.7: Schematic drawing of the rectangular contact geometry as used throughout
this work. The sketch shows the final contact width after firing a, the contact height h, the
thickness of the screen printed Al layer d and the depth W+ of the AL-BSF. It also indicates
the diffusion length A of Si in Al as used by the model of Miiller et al. and the confinement
of the Si diffusion in case of screen printed PERC+ Al-fingers. The red dotted line indicates
the contact area A, which is orthogonal to the plane of projection.

length A. The resulting rectangle with edge lengths a + 2A and d defines a volume
of Al with homogeneous silicon concentration.

The analytical description by Miiller et al. [102] starts with an expression for the
maximal depth W+ of the AI-BSF as stated in Ref. [103]:

MAl Csi(taring)  E
Apsi |1 —csi(tining) 1—FE|

Wy = (3.17)

Here, mp, is the mass of the Al participating in the alloying process, ps; the density
of solid silicon, E = 12% the eutectic concentration and cg;(¢gying) the silicon con-
centration in the Al-Si melt right before epitaxial regrowth. Since contact formation
starts with the melting of Al at 660 °C and ends with solidification at 577 °C, tgying
describes the time between these points. During this time the temperature Tpeqx is
assumed to be constant. The analytical description is completed by the following
two expressions |[102]. The function

csi(t) = F (1 - ewi\lpSi?‘m”) (3.18)

describes an exponentially saturating silicon concentration towards the equilibrium
concentration F' at the temperature Tpeax. Vaiss = ¥/dt represents the velocity of Si
dissolution at the time ¢ = 0. Finally, geometric considerations lead to

m 2A
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with the effective aluminum density pj}, in the screen printed layer. By setting p},;
to 74% of the density of solid aluminum, we account for the non-compact screen
printed layer and assume a dense sphere packing.

A variation of the contact line width a of PERC solar cells and measurement of
the resulting BSF depths W+ now allows to gain information about A and vgis as
the only two fit parameters in the model. Please note that A is a control parameter
used to adjust the effective amount of Al paste participating in the alloying and
recrystallization process. It must not be confused with the maximum spread of Si.

The model predicts that the AI-BSF depth increases with higher Si concentrations
in the molten Al paste adjacent to the LCO area during furnace firing. Therefore
different approaches to increase the near-contact Si concentration and to prevent
the out-diffusion of Si into volumes of the Al paste more distant to the contact are
described in literature. For example the beneficial measures of adding silicon to
the Al paste [104] or reducing the diffusivity D of Si in commercial Al pastes [100]
have been investigated.

It is often observed, that there is no eutectic in the volume of the trench formed
by dissolution of silicon from the wafer but instead a void is formed during the
alloying process [105-107]. Under certain conditions voids can increase the series
resistance of a solar cell |108], but also very good specific contact resistances are
reported for voided contacts [109]. Furthermore, there are publications that indicate
a reduced BSF depth of contacts with voids compared to filled contacts [107,/110].
However, both contact types can also exhibit comparable BSF depths [106]. It is
experimentally found that increasing the Si concentration in the Al-paste suppresses
void formation |100,/105}/107] and different approaches to achieve this have been
reported. These approaches include reducing the contact line pitch [105], optimizing
the firing profile [110,|111] and screen printing Al-fingers instead of a full-area Al
layer [75,/107,/112]. This last approach is inherent to the bifacial PERC+ cell
concept described in section[3.2] The physical root cause of void formation has
been attributed [107,/113] to the Kirkendall effect [114]. Recently, however, Dressler
et al. |111] investigated void rates in dependence of the applied firing temperature
profile and indicated, that the Kirkendall effect does not describe the experimental
data.

Section[5.3] of this work presents a new analytical model, which proposes surface
energy minimization as the root cause of void formation.
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Polishing and cleaning of the rear side of
industrial-type PERC solar cells

In this chapter we investigate for the first time the impact of the rear surface
roughness on the electrical and optical properties of PERC solar cells with screen
printed rear side metalization. Based on these findings we adopt the edge isolation
process known from full-area AI-BSF solar cells to a novel PERC process flow

with reduced process complexity. Finally, we evaluate different cleans prior to
ALD-Al,O3/SiNy passivation.

4.1 Impact of the rear surface roughness

In order to determine the amount of polishing required to obtain excellent PERC
cell conversion efficiencies, we vary the rear surface roughness by adjusting the
polishing process time of the RENA InPilot tool (see section(3.3.1). By comparing
two different rear surface passivation layer stacks, namely thermal SiO,/SiNy and
atomic layer deposited (ALD) Al,O3/SiNy, we evaluate a potentially different
impact of the rear surface roughness on different passivation layers. We study
the corresponding impact on the solar cell parameters of industrial-type PERC
solar cells. The rear surface recombination velocity (SRV) is analyzed based
on IQE measurements of these PERC cells in addition to measurements of the
effective lifetime on test samples. Both approaches are checked on consistency by
comparing the IQE-measured SRV S,.., with calculated Sie., values derived from
the measurements on the lifetime test wafers.

Test wafer experiments: Impact of the surface roughness on surface recombination
velocity

In order to analyze the impact of the surface roughness on the surface recombination
velocity, we use 300 pm thick p-type boron-doped FZ wafers. After wafer cleaning
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and double sided alkaline texturing, we subsequently polish both sides of the FZ
wafer using the RENA InPilot tool. We vary the polishing time of the single
sided wet chemical polishing process resulting in different silicon removals between
0 and 20 pm in order to obtain different surface roughness ranging from textured
to planar. Figure[d.I]shows scanning electron microscope (SEM) cross sections of
alkaline textured wafers with varying wet chemical polishing times resulting in
different Si removals between 0 pm and 20.9 pm. The resulting surface roughness as
determined by the residual pyramid height varies between 0 pm (20.9 pm removal)
and 5 pm (0 pm removal, fully textured).

Figure 4.1: SEM cross-section images of different polishing removals: a) 0 pm polishing
removal (fully textured) b) 5.8 um c) 14.0 pm d) 20.9 pm. Derived from the SEM images, the
surface roughness is around 5pum, 2.5 pm, 1 pm and 0 pm, respectively.

We compare two different passivation layer stacks: Either a stack of thermal SiOq
(10nm thickness) and 200 nm PECVD SiNy or alternatively ALD-Al,O3 (10 nm
thickness) with a 200 nm thick PECVD SiNy capping layer. Finally, the wafers are
fired in a conveyor belt furnace with a typical firing temperature profile. Afterwards,
we measure the lifetimes via photoconductance-calibrated photoluminescence life-
time imaging (PC-PLI, see section[2.2.3)) and dynamic infrared lifetime mapping
(dynILM, see section. We prepare a second set of wafers where we locally
open the rear passivation by laser contact opening (LCO) using different contact
line pitches and then apply full-area Al screen printing. After firing, we measure
the lifetime for each pitch size by dynILM. This methodology allows to determine
the surface recombination velocity of the passivated areas Sp.ss and the surface
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Figure 4.2: Schematic drawing of FZ wafers for lifetime measurements. Symmetrical test
wafers of type a) are used to determine the SRV Spass. Wafers with rear metallization (type
b) allow for determining the SRV in the passivated (Spass) as well as the metallized (Smet)
areas.

recombination velocity of the metalized areas Sper |115]. As a reference we process
wafers without texturing and wet chemical polishing. Thus the passivation layer is
deposited directly after cleaning and damage etching on the FZ wafer. The surfaces
of these wafers are termed planar. Figure[£.2] shows schematic drawings of the test
wafers resulting from the process flow as described above.

Figure shows PCPLI measurements of SiOy/SiN, and Al,O3/SiN, passivated
test wafers according to Figure) with different surface roughness. In case of
Si04/SiNy passivation, the SRV Sp,s considerably increases from 10-20 cm/s for
samples with planar surfaces to values between 50-200 cm/s for rougher surfaces at
an excess carrier density of 2- 10 ecm™3. Also, for rough surfaces the SRV strongly
increases with lower injection level. In case of the Al;O3/SiN, surface passivation,
Spass depends significantly less on the surface roughness and the injection level
with Spass values from 10-30 cm/s for the planar case and 30-100 cm/s for rougher
samples.

We additionally measure Spass Of passivated wafers according to Figure [4.2h) by
dynILM at an injection level of An = 1-10% cm™ as shown in Flgure For
SiOy/SiNy passivation stacks we observe a decrease of Spass from about 60 cm / s for
textured surfaces to values below 20 cm/s for planar surfaces. In contrast, the Spass
values of AlyO3/SiNy improve from 30 cm/s to around 10 cm/s already for small
polishing removals of 5um. The values are in good accordance with Figure[d.3]
considering the same injection level and surface roughness. Figure/d.4] also shows
the SRV values Sy, of the local screen printed aluminum rear contacts obtained
from test wafers with Al,O3/SiNy passivation according to Flgure) The SRV
Smet is constant for wide ranges of the rear surface roughness at values around
300-600 cm/s. However, two data points for fully textured and planar surfaces show
an increase to Spey of 1500 cm/s. To check if the surface roughness influences the
contact formation on the rear side and thus Sy, we take SEM images of samples
with textured and planar rear side as shown in Figure[d.5] We observe identical
sizes of the local contacts and identical depths of the local back surface field (BSF).
Hence the increase in Sy, for textured rear sides is not expected based on the
SEM cross-sections.
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Figure 4.4: Surface recombination velocities Spass (open symbols) measured by dynILM on
test wafers according to Figure[d.2h) with SiO2/SiNy (red) and Al;O3/SiNy (blue) passivation
in dependence of the Si polishing removal. The values correspond to an injection level of
An = 1-10%cm™3. The SRV values of the local aluminum contacts Spme; (black filled
symbols) are extracted from test wafers according to Figure[d.2b) using SiO2/SiNy (red) or
Al;03/SiNy (blue) passivation. Different symbol shapes indicate different wafer batches.
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Figure 4.5: SEM cross-sections of the top and the edge of a local screen printed aluminum
rear contact for planar and textured rear surfaces. The yellow arrows indicate position and
depth of the BSF.

PERC solar cell results: Impact of surface roughness on electrical and optical
properties

In order to investigate the impact of the rear surface roughness on PERC solar cells,
we develop a process flow where we systematically vary the rear surface roughness
without influencing other process parameters. The process flows are shown in
Figure[d.6] The process flow with blue boxes refers to the reference PERC process
flow of section |3.1.1] The process steps shown in red boxes describe the modified
PERC process flow applying the wet chemical polishing of the wafer rear after
double sided texturing.

We start processing the rear polished PERC cells by wafer cleaning and KOH
damage etching. The KOH damage etch time is adjusted for the different rear
side polishing removals resulting in a final wafer thickness of 150 pm for all split
groups including the reference cells. After texturing, the RENA InPilot tool is
used to polish the rear surface of the wafers. The variation of the polishing time
results in different Si removals between 0 pm and 20.9 pm. Therefore, the surface
roughness corresponds to those of the wafers shown in Figure[d.I] and varies between
Opm and 5pm. Afterwards, a rear protection layer is deposited which enables
a single sided phosphorus diffusion. The PSG and the rear protection layer are
then removed by a wet etch step. We compare two different rear passivation
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Figure 4.6: Process flows of the PERC solar cells. Reference PERC cells (blue) with planar
rear side are compared to wet chemically polished cells (red) with different polishing removals
resulting in different rear surface roughness.

stacks, thermal SiO/SiN, and ALD-Al,O3/SiNy. In case of the SiO5/SiN, stack
we oxidize the wafers resulting in a 10 nm thin thermal SiO5 on both wafer surfaces
followed by a PECVD SiN, capping layer on the rear. In case of the AlyO3/SiN,
stack, we deposit a 10nm thin plasma-assisted ALD-Al,O3 layer on the wafer
rear followed by a PECVD SiN, capping layer. The subsequent process steps
correspond to the reference PERC process of section A schematic drawing of
the resulting PERC solar cell with SiO5/SiNy passivation is shown in Figure.
We process 5 PERC solar cells for each polishing removal value. We vary the peak
firing temperature for the 5 different solar cells in order to ensure an optimum

PoP Ag fingers
SiN,
o n* emitter
Passivation layer
Here: SiO, local BSF
SiN, screen printed Al

Figure 4.7: Schematic drawing of the SiO5/SiNy rear-passivated PERC solar cell applied
in this study. In case of the AlyO3/SiNy passivated PERC cells there is no thermal SiOs
between the emitter and the SiN anti-reflection coating.
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4.1 Impact of the rear surface roughness
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Figure 4.8: Conversion efficiency n (a), short circuit current density Ji. (b), open circuit
voltage Vo (c) and fill factor F'F' (d) for AloO3/SiNy (blue) and SiO5/SiNy (red) passivated
PERC solar cells with different rear polishing removals. Each data point represents an average
value of solar cells fired at optimal conditions, whereas the error bars indicate minimal and
maximal values. The total number of PERC solar cells per polishing removal is 4-7 for
Al,O3/SiNy and 1-2 for SiO5/SiNy passivation.

contact firing and lowest contact resistance for each polishing removal. In case of
Al;O3/SiNy we process two batches of PERC solar cells resulting in 2x5 cells per
polishing removal. The peak firing temperatures resulting in highest fill factors
and lowest series resistances are considered to be optimal.

Figurel4.8 shows the average values of the measured IV parameters in dependence
of the polishing removal for all solar cells fired at optimal conditions. In addition, the
error bars indicate minimum and maximum values. For the SiO,/SiN, passivated
PERC cells, only one or two solar cells per polishing removal are considered to
be fired at optimum temperature. In case of the AlyO3/SiN, passivated PERC
cells, four to seven PERC cells receive optimum firing temperatures per polishing
removal which partly explains the higher scattering of the Al,O3/SiNy IV data.
The results of the reference PERC cells with planar rear side are displayed as
"planar" on the x-axis. In case of SiOy/SiN, passivation the conversion efficiency
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Figure 4.9: Internal quantum efficiency (IQE) and reflectance for cells with SiO5/SiNy (a)
and AloO3/SiNy (b) passivation and rear surface roughness as indicated.

1 strongly increases from 18.0% to 19.2% when moving from a textured to a
planar rear surface. For the Al,O3/SiNy passivation, an increased polishing removal
improves the average conversion efficiency from 18.8% to 19.7%. For rear-polished
PERC cells, the best efficiency of 19.8% has been achieved using an Al;O3/SiNy
passivation and a polishing removal of 7.8 pm. For both rear passivation stacks,
the dependence of the efficiency on the polishing removal is mainly caused by an
increased short circuit current densitiy Jy. by 1-2mA /cm? and by an increased
open circuit voltage V. by 5-15mV when moving from textured to planar. The fill
factor F'F' shows no systematic dependence on the polishing removal with average
values around 78.5% (AlyO3/SiNy) and 77% (SiO2/SiNy). Based on Figure[d.§| we
conclude, that PERC cells with Al,O3/SiN, passivation require a polishing removal
of around 7 pm, whereas SiO,/SiNy-passivated PERC cells need 10-15 pm polishing
removal to obtain highest efficiencies.

In order to analyze the impact of the rear surface roughness on the Jg., we measure
the internal quantum efficiency (IQE) and the reflectance for both passivation
layers as shown in Figure [£.9h) and b). The IQE in the infrared wavelength regime
strongly decreases with increasing rear surface roughness for SiO,/SiNy, whereas
this decrease is less pronounced for Al,O3/SiNy rear passivated PERC cells. We
model the experimental reflectance and IQE data (see section|2.3) in order to obtain
the effective rear surface recombination velocity Siear as presented in Figure[4.10]
The Spear values of the SiOy/SiNy passivated PERC cells (red circles) strongly
increase from about 130cm/s for planar surfaces up to over 2000 cm/s for the
textured rear whereas for AlyO3/SiNy passivated PERC cells (blue circles) we find
an increase from 50 cm/s to around 500 cm/s. The Syear values of Figure[d.10] can
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Figure 4.10: Average Syear values of PERC solar cells extracted from IQE measurements
(circles) and calculated Syen, values (triangles with lines) using equation Spass values
from Figure[d.3|and Smet values from Figure[f.4] Values are presented for Al,O3/SiNy (blue)

and SiO2/SiNy (red) passivation in dependence of the polishing removal. Error bars indicate
the minimal and maximal values. The lines are a guide to the eye.

be related to the Syae values in Figurefd.3] and the Spe values in Figure[d.4] by
using the equation developed by Fischer [63]

-1
Srear = (Rb““‘_p LA ) = (4.1)

pD meet 1- f

with a base resistivity p = 2Qcm , thickness W = 150 pm, diffusion coefficient
D = 29.8 cm?/s, metallization fraction f = 10% and the contribution of the bulk
to the series resistance Ry = 0.17 Qcm? [116]. Based on Figure[d.4 and Ref. [117],
Smet 18 assumed to be 400 cm/s, whereas Sy, is derived from Figure at an
excess carrier density of An ~ 2 - 10" cm~3 which corresponds to the injection
level of the IQE measurement under bias light. The corresponding calculated
Srear values are shown in Figureld.10] as triangles. The calculated Siea values by
the Fischer equation correspond well to the Siear values determined by the IQE
measurements for most of the Al,O3/SiN, data. However, the S,e. values of the
Si0O,/SiNy-passivated PERC cells clearly exceed the corresponding Sye.r values
calculated from the test wafers. For fully textured rear surfaces (0 pm polishing) the
measured Sy, values strongly exceed the calculated S, values, also partly in case
of the Al,O3/SiNy passivated PERC cells. Even when assuming an Sy, value of
1500 em/s for textured surfaces, which would be in accordance with Figure, Sear
values of 300 cm/s and beyond cannot be described. Although the discrepancies for
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4 Polishing and cleaning of the rear side of industrial-type PERC solar cells

textured rear sides remain unclear, the generally larger offset in case of SiOy/SiNy
is probably caused by parasitic shunting [38]. Parasitic shunting describes the
effect, that a passivation layer with positive fixed charges — such as SiOy/SiNy —
induces a floating junction at the rear side, which accumulates minority carriers.
These carriers may flow to the rear contacts through the parasitic shunt resistance
causing a higher effective recombination at the rear. This effect is not expected for
Al,O3/SiNy passivation with its negative fixed charges that repel minority carriers
at the rear side.

We model the reflectance measurements of Figure[d.9h) and b) (see section[2.3]
in order to extract the internal reflectance at the rear side R;,, the Lambertian
fraction A indicating the diffuse part of the rear reflectance and the optical path
enhancement factor (P.E.F.) Z,. Since Z, - W describes the effective path length
in a device with wafer thickness W for nearbandgap light at 1200nm, Z; is a
suitable measure for the light trapping capability of a cell [118[119]. As shown
in Figure[l.11p), R}, tends to increase slightly from 90% to 91% (Al,O3/SiNy) or
92% (SiO4/SiNy) with increasing polishing removal. According to the model the
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Figure 4.11: Average values for optical parameters in dependence of the polishing removal
at the rear side: (a) Reflectance at the rear Ry, (b) Lambertian fraction A and (c) optical
path enhancement factor Zy. Error bars indicate minimal and maximal values.

improvement in R}, from 90% to 92% and thus in light trapping increases the
short circuit current density by only ~0.2mA /ecm? and thus does not explain the
strong Ji. variation in Figure[d.§l The lambertian fraction A remains at 1 for
rough surfaces and begins to decrease slightly to values of 0.9 for very smooth
surfaces. The optical P.E.F. Z; strongly correlates with R},: It tends to increase
with increasing polishing removals from 19 up to 20.5.

4.2 Development of a single-step polishing process for PERC
solar cells

A possibility to reduce the process complexity and cost of PERC solar cells is to
reduce the number of additional process steps compared to full-area Al-BSF cells.
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4.2 Development of a single-step polishing process for PERC solar cells

Industrial PERC process flows typically involve two wet chemical single side etching
steps ,. The first etching step — similar to the polishing process of the
previous section [£.1]— aims at polishing the previously textured rear side of the cell
and thus reduces the rear surface roughness in order to increase efficiencies .
The second etching step is applied after POCI3 diffusion in order to remove the
rear emitter. This edge isolation process is well-known from full-area AI-BSF cells.

In this section, we develop a novel single step polishing process after double
sided texturing and phosphorus diffusion that simultaneously removes the rear
side emitter and reduces the rear surface roughness. In contrast to the process
flow of section [£.1], the emitter is already present during this polishing process,
allowing the reactive gas phase to etch back the front emitter and potentially form
porous silicon. Therefore the new polishing process flow requires to optimize several
process parameters including the reactivity of the gas phase, the sheet resistance
of the POCIj3 diffusion, the polishing duration as well as the cleaning sequence
post polishing. This cleaning sequence must not only allow for a high quality
rear surface passivation, but also remove porous silicon from the wafer front side
that originates from the polishing process. The necessary optimization, however,
is rewarded by a reduced process complexity as illustrated by Figureid.12| The
resulting industrial-type PERC solar cells with polished rear surface are compared
to the reference PERC cells which apply a rear protection layer instead of a rear
polishing process (see section .
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Figure 4.12: Process flows for reference PERC solar cells applying a rear protection layer
(blue, see section [3.1.1)) and polished PERC cells (green/blue).

49



4 Polishing and cleaning of the rear side of industrial-type PERC solar cells

Test wafer results

In order to evaluate the impact of the polishing process and the cleaning sequence on
the emitter saturation current Jy., the emitter sheet resistance Ry, and the effective
carrier lifetime 7.¢, we fabricate two types of test wafer samples (see F igure.
We apply two different cleaning sequences: 1) pSC1, HF /HCI, HF-Dip; 2) pSCI,

a) SiN, b)
n*emitter 200 Qcm p-type FZ Al,O; 1.5 Qcm p-type FZ
~ ~
SiN

X

Figure 4.13: Schematic drawing of test wafers for measurement of the emitter saturation
current Jy. and emitter sheet resistance Ry, (a) and of test wafers for measurement of the
effective carrier lifetime 7o (b).

HF/HCI, HF/Oj3. These cleaning sequences are designed as shortened versions of
the RCA clean. The pseudo-SC1 (pSC1) clean applies KOH/H505 chemistry and
aims at removing organic contamination similar to the Standard Clean 1 (SC1)
in the RCA clean. The HF /HCI clean removes metallic contaminants similar to
the Standard Clean 2 (SC2) in the RCA clean sequence. Both, the pSC1 and
HF /HCI clean, are well known as typical industrial cleans prior and post texturing,
respectively. The test wafers of Figure) are processed applying double sided
texturing and a POCI3 diffusion with a sheet resistance of 45 /sq. We then use
the InPilot tool to apply the wet chemical single sided polishing process to remove
the rear emitter and reduce rear surface roughness. We choose rear side polishing
removals of 3um, 7pm and 12 pm by adjusting the process time. The gas phase
of the rear polishing process slightly increases the emitter sheet resistances from
45§ /sq to 5082 /sq (3pm), 602 /sq (7pm) and 70€2/sq (12 pm) as measured with
a four point probe on parallely processed reference test wafers. After cleaning
either with pSC1, HF /HCIl, HF-Dip or pSC1, HF /HCI, HF /O3, we deposit the
Al,O3/SiN passivation layer stack on the rear and the SiN, on the front side and
conclude with a firing step. Test wafers as shown in Figure{d.13p) are double sided
textured and subsequently polished with different removals, where each polishing
removal is applied to both wafer sides. Then we carry out one of the cleaning
sequences, deposit the Al;O3/SiN, on both sides and finish again by firing the
wafers. The measurements of Jy., Rqn and 7.¢ of the final wafers are carried out on
a Sinton lifetime tester.

When moving from 3pm to 12 pm polishing removal, the emitter saturation
current densities decrease from 110-140 fA /cm? down to 70-95 fA /cm? for both
cleaning sequences as shown in Figure). The improved Jy values are very
likely due to a reduced phosphorus concentration on the front surface caused by
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Figure 4.14: PCD-measured parameters of test wafers of type a) and b) in Figure[d.13} (a)
Emitter saturation current density Joe; (b) Emitter sheet resistance Rgp; (¢) Effective carrier
lifetime 7. at an injection level of 1-10 cm=3.

the longer gas phase etch during polishing [122]. The low Jy. values demonstrate,
that both cleaning sequences sufficiently remove the porous silicon to allow a
good emitter surface passivation while maintaining emitter sheet resistances below
7082 /sq as shown in Figure), where both cleaning sequences only contribute
about 2 €)/sq sheet resistance increase as measured on reference wafers. The PCD
measurements of testwafers according to Figure) show effective lifetimes 7.g
around 1ms for all polishing removals, where wafers cleaned with pSC1, HF /HCI,
HF /O3 obtain 100-150 us higher lifetimes compared to the pSC1, HF /HCI, HF-
Dip clean. Accordingly, both cleaning sequences allow an excellent rear surface
passivation quality with SRVs Spas < 15 cm/s when combined with an AlyOs/SiNy
rear passivation.

Solar cell results

In a next step we process polished PERC cells according to the process flow in green
boxes in Figure[d.12] The two cleaning sequences used in the test wafer experiment
are now designed to be slightly shorter: 1) pSC1, HF /HCI; 2) pSC1, HF/O3. The
wafers apply double sided texturing and a phosphorus diffusion aiming at a sheet
resistance of 45 € /sq. After the polishing process with a rear side polishing removal
of 5um, we carry out the cleaning sequences. We then continue with deposition of
the rear side passivation following the same process flow of PERC solar cells as
described in section B.1.1l

Figure ) shows the energy conversion efficiencies 1 of the polished PERC
solar cells for different cleaning sequences. The laboratory type RCA cleaning
prior to passivation resulted in a polished PERC solar cell with an efficiency of
20.7%, a V. of 659mV, a Ji. of 38.7mA /cm? and a FF of 81.0%. PERC cells
cleaned with the pSC1, HF /O3 or the pSC1, HF/HCI cleaning sequence show
significantly reduced efficiencies of up to 19.9% and 19.4%, respectively. The cause
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4 Polishing and cleaning of the rear side of industrial-type PERC solar cells

for this trend is revealed by the IQE measurements of the PERC cells as shown in
Figure[d.15p). Here the cells cleaned with pSC1, HF /O3 or pSC1, HF /HCI show
lower IQE values at short wavelengths when compared to the RCA clean indicating
increased recombination at the cell’s front side. We model the experimental QE
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Figure 4.15: (a) Energy conversion efficiencies 1 of polished PERC solar cells cleaned with
different cleaning sequences prior to passivation. The spread of data is partly due to a
variation of peak firing temperatures; (b) IQE and Reflectance measurements of the best
solar cell shown in a).

data to extract the diffusion length L, and front surface recombination velocity
Stront- Using

_qi D B Lem Stront sinh (‘2’;) + D cosh (12/7?)
Joe = Na . I with Leg = Lem Ler Stront cosh (%) + Dsinh (%) (42)

we obtain Jy. values of 85fA/cm? (RCA), 200fA/cm? (pSC1, HF/O3) and
310fA/em? (pSC1, HF /HCI) which fit well to the results of a second set of test
wafers (Figureld.13h) processed in parallel to the PERC solar cells. Whereas the
Joe value for the RCA cleaned PERC cells is comparable to the values shown
in Figurefd.14h), the Jy. values of the pSC1, HF /O3 and the pSC1, HF /HCI
cleaned cells and second set of test wafers strongly exceed the Jy, values shown in
Figure[d.14 The enhanced recombination is expected to result from porous silicon
formed during the polishing step and not completely removed during the clean. We
could not identify the root cause of the missing porous silicon etching capability of
the cleans when applied to the PERC cells and second set of test wafers. However,
it is very likely not caused by the missing HF-Dip or the missing HF /HCI step,
since these cleans should not significantly etch silicon. When extracting Siear We
obtain comparable values < 40 cm/s for all three cleaning sequences, demonstrating
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4.3 Industrial cleaning sequences for AloOs passivated PERC solar cells

that pSC1, HF/HCI and pSC1, HF /O3 suffice to allow excellent passivation using
an ALD-Al,O3/PECVD-SiN, passivation layer stack.

4.3 Industrial cleaning sequences for Al,O; passivated PERC
solar cells

The best PERC solar cells from the previous section, that include double sided
texturing, double sided POCI; diffusion and single sided wet chemical polishing
use an RCA clean after polishing and prior to ALD-Al,O3 deposition. This clean
however is costly in industrial process flows due to its process length and expensive
chemicals. In this section, we evaluate shorter cleaning sequences e.g. HF/Oj3 in a
single step resulting in hydrophobic surfaces similar to the RCA clean. In order to
decouple the impact of the cleans from the impact of the polishing process on the
PERC cells, we apply the cleans to the reference PERC process flow from section
B.11

Lifetime sample results

Using the RENA Batchlab — a down-sized industrial cleaning tool — we evaluate four
different cleaning sequences targeted for industrial application prior to AloO3/SiNy
passivation: 1) pSC1, HF/HCI; 2) pSC1, HF/HCI, HF/Os; 3) HF/O3; 4) PSG-
etch (1% HF) and compare the results to a laboratory type RCA clean. As
described in the previous section the cleaning sequences 1 and 2 are designed
as shortened versions of the RCA clean where the pSC1 clean aims at removing
organic contamination similar to the SC1 and the HF /HCI clean removes metallic
contaminants similar to the SC2 clean. In cleaning sequence 3, SiO5 formed by
ozone is removed by HF chemistry. The resulting etching of the silicon wafer surface
might remove contaminants from the surface. The PSG-etch (clean 4) is chosen
because it is the typical clean of a standard full-area Al-BSF production process
applied after phosphorus diffusion and before Al screen printing. To evaluate
the impact of a cleaning sequence on the subsequent rear side passivation only,
we fabricate test wafers for measurement of the effective lifetime 7. (compare
Figure) from the previous section). Using 1.5 Qcm FZ material these wafers
are cleaned with the 5 cleaning sequences as described above. Then the ALD-
Al,O3/PECVD-SiN, passivation layer stack is deposited on both sides. After a
firing step Teg is measured using a Sinton lifetime tester.

Figure [4.16] shows, that highest lifetimes of 1-2ms are achieved using the RCA
clean or one of the HF /O3 based cleaning sequences. Using Spass = W/2 - 7o this
corresponds to a SRV of 8-15cm/s. The two wafers cleaned with pSC1 + HF /HCI
show lower lifetimes of 700 ps and 1200 ps yielding Spass values of 12-20 cm/s. The
lowest lifetime of around 500 ps — corresponding to an Spass of 30 cm/s — is obtained
for the PSG etch, probably due to insufficient removal of metallic contaminants.
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Figure 4.16: Effective carrier lifetime 7.4 of test wafers according to Figure|4.13b) cleaned
with different cleaning sequences prior to passivation.

PERC solar cell results

In addition to the test wafers we fabricate PERC solar cells according to the PERC
process flow as described in section [3.1.1} The PERC cells apply a POCl; diffusion
aiming at a sheet resistance of 60€)/sq. After wet chemical removal of the PSG
and the rear protection layer, we use the RENA Batchlab to carry out the same
five cleaning sequences that were applied to the test wafers mentioned above. The
process flow continues with the deposition of the passivation layers, LCO and the
screen printing steps.

Figure [4.17h) shows the resulting energy conversion efficiencies n of the PERC
solar cells for all 5 cleaning sequences. The best efficiencies of up to 20.4% are
achieved using the pSC1, HF /HCI cleaning sequence. The cleaning sequences pSC1,
HF/HCI, HF/O3 and HF /O3 show efficiencies of around 20.0%, and the PSG
etch of up to 19.4%. Figure [4.17h) also shows the results of identically processed
PERC cells from another batch that applied a laboratory type RCA clean before
passivation with a best efficiency of 20.3%. The different cell efficiencies primarily
result from different open circuit voltages V. that range from lowest values around
630mV for the PSG-etch up to 657mV for the RCA clean. The lower Voc of the
PERC cells with PSG clean is in accordance with the low lifetimes as shown in
Figure[d.16] The lower V,. of the PERC cells applying HF /O3 terminated cleans
will become obvious in the following experiment. The PERC cells cleaned with the
HF /Os-based sequences also show lower fill factors FF (see Figure[d.17b) when
compared to the cells cleaned with pSC1, HF/HCI or RCA. The EL-images of
the HF /O3 cleaned PERC cells show dark spots, hinting to an increased contact
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Figure 4.17: Measured IV parameters of PERC solar applying different cleaning sequences
prior to passivation: (a) Energy conversion efficiency n; (b) fill factor F'F'; (c) open circuit
voltage Vo; (d) short circuit current density Js.. The spread of data is partly due to a
variation of peak firing temperatures.

resistance of the Ag fingers to the emitter which might be caused by a too strong
etching of the HF /O3 chemistry of the emitter on the front side.

Measurements of the IQE in the infrared regime as displayed in Figure[d.18| show
comparable values for most cleaning sequences except for the PSG-etch, which
exhibits significantly lower values. We model the experimental reflectance and IQE
data to obtain the effective SRVs at the rear S,e,,. For the PSG-etch we extract
330 cm/s, whereas the other cleaning sequences show values <50 cm/s indicating
that the lower V. and J,. values of the cells cleaned with the PSG-etch primarily
result from higher recombination at the rear.

HF /O3 process variation

The HF/Oj3 clean is of particular interest as a candidate for industrial application
due to its affordable chemistry and short process. The results described above used
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Figure 4.18: IQE measurement in the infrared regime of the best solar cells shown in

Figure[d.17]

0.5% concentrated HF and an ozone concentration of 125 g/cm? that is created
by an ozone generator via electrical discharge. The process time was chosen to
be 5min. In order to reduce the etch back, that led to lower fill factors in the
previous experiment we fabricate another PERC solar cell batch according to the
process flow in section and reduce the HF /O3 process time as well as the
ozone concentration. The HF concentration for all HF /O3 cleans in this experiment
is 1%. As a reference we process PERC cells with an RCA and a pSC1 + HF/HCI
clean prior to passivation.

Figure) shows the energy conversion efficiencies in dependence of the
applied clean. In accordance with the previous experiment the RCA and pSC1 +
HF /HCI cleans achieve comparable best efficiencies of 20.4% and 20.3%, respectively.
The best HF /O3 cleaned solar cell achieves an efficiency of 19.8% only with an
ozone concentration of 75g/m3 and a process time of 1 min. With increasing Os
concentration and with increasing process time the efficiencies decrease even further
to values below 19%. The best HF /O3 cleaned solar cells with a process time
of 1min and ozone concentration of 75g/m? exhibit similar fill factors around
79.5% when compared to the RCA clean. However the open circuit voltage V.
is strongly reduced from 656 mV (RCA) to 642mV and lower (HF /O3 — 75g/m?
— 1min). Figure[d.19p) shows that this decrease in V,. is correlated to a decrease
of the IQE at short wavelength and becomes more pronounced for longer process
times and increasing ozone concentration (not explicitly shown in Figure[d.19b).
This indicates that the HF/Og cleans introduce additional recombination at the
n*-doped front surface of the solar cell.

o6



4.3 Industrial cleaning sequences for AloOs passivated PERC solar cells

—_ 21 | | I I | 1 I I ]
£ [a) N m) .

- . e ]
= S | = ]
> ]
N - . ) —
o 20 s ] g .
L2 B [ ] . © - [0}
= L ) . E ] <
o R | wm RCA 4 <
c pSC1 + HF/HCI . =
S R L f s s E g HF/O3 - 125 g/m? - 1 min ] 3
® 19 - ° — 2 HF/O3 - 125 g/m’ - 3 min o
0 B e © o 4 S HF/O3 - 125 g/m® - 5 min o
s I HE 3
o - e o
> L ° - ©
=) c
§ 18 Y ° -1 é

B o [
w o N NN T N N R B . ~ 00 00

QRO €, @, @, @ @ 400 600 800 1000 1200

RN R S\
910300 Ie 3ae e I 9 Wavelength 2 [nm]

y> ‘02 et -
o \OY\(, 0° ¢ \OY\(/ O° ¢ \OY\(, ©®

Figure 4.19: The graphs compare the following cleans prior to passivation when applied to
our PERC process flow: RCA, pSC1 + HF/HCI and HF /O3 with ozone concentrations and
process times as indicated. The graphs show the efficiencies of each solar cell (a) and the
IQE and Reflectance of the best solar cell of a group (b). For reasons of a clear view not
every group is represented in b).

In order to understand the root cause of the enhanced front surface recombination
we prepare special samples for analysis in a transmission electron microscope (TEM).
These samples apply the PERC process flow of section [3.1.1] until the clean prior
to passivation. At this point we carry out an RCA clean for one sample and an
HF/HC1/O3 + HF-Dip clean for another sample. The HF/HC1/O3 + HF-Dip is
slightly different to the HF /O3 clean variations presented above. The process bath
features 1% concentrated HCI in addition to the 1% HF, which aims at an improved
removal of metallic contaminants during the clean. To exclude the possibility that
remaining oxide from the ozone process causes the enhanced recombination on the
wafer front side, we carry out an additional HF-Dip. From experiments not shown
in this work we know, however, that these modifications have very little or no effect
on solar cell results and can not prevent the enhanced surface recombination to
arise. To maximize the impact of the HF/HCl/O3 process we choose an ozone
concentration of 285 g/m? and a long process time of 8§ min. Prior to TEM imaging
both samples are embedded in glue. Figure[d.20] and Figure[d.21] show TEM cross
sections of wafer front surfaces of the samples cleaned with RCA and HF/HCl1/O3
+ HF-Dip, respectively.

The RCA cleaned sample shows a very smooth surface of the pyramid flank.
In contrast, the sample cleaned with the ozone based process reveals a certain
roughness or even porosity on a nanometer scale. It is possible to recognize that the
periodic structure of the silicon crystal is maintained even in the tips of the rough
surface, indicating that the roughness is not caused by an unintended deposition of
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Figure 4.20: TEM cross section image of a wafer front surface cleaned with RCA.
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Figure 4.21: TEM cross section image of a wafer front surface cleaned with HF /HCl/O3 +
HF-Dip.
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4.4 Chapter summary

material on the surface. The rough structure increases the physical surface area in
comparison to a planar (111) surface. Additionally it is challenging to passivate
such rough structures using CVD deposition techniques. The observed surface
morphology is therefore likely to explain the enhanced front surface recombination.

4.4 Chapter summary

The analysis of the test wafers with different rear surface roughness shows that for
both passivation layer stacks, SiO5/SiNy and Al,O3/SiNy, the surface recombination
velocity Spass decreases with increasing polishing removal which corresponds to a
reduced surface roughness. However, the Al,O3/SiN, surface passivation achieves
small Spass values below 20 cm/s already for 5 pm polishing removal whereas the
Si04/SiN, passivation requires more than 10 pm removal to obtain comparable low
surface recombination velocities. The Spass values of the SiO,/SiNy passivation
stack reported in this work are in good accordance with Ref. [90]. The SRV Sy, of
the local Al rear contacts is constant at values around 400 cm/s for a large range
of surface roughness with the possible exception of a considerably increased Spet
for textured surfaces. PERC solar cells with SiO5/SiN, rear passivation show a
strong increase of the conversion efficiency by up to 1.2%abs with reduced rear
surface roughness, which has been reported similarly in Ref. [90]. However, for
Al,03/SiNy passivated PERC solar cells the dependence of the conversion efficiency
on the polishing removal is less pronounced with efficiencies of up to 20.1% for a
planar rear surface and up to 19.8% for a polished rear surface with 7.8 pm removal.
The internal quantum efficiency analysis reveals that the SiO,/SiN, passivated
PERC cells show a very strong increase of the rear SRV S..., with increasing
rear surface roughness whereas the S, of Al;O3/SiN,-passivated PERC cells
achieves values around 100 cm/s even for small polishing removals. Although the
improved conversion efficiency for higher polishing removals is primarily due to a
reduced rear surface recombination, there is a small contribution of enhancement
from an improved rear reflectance Ry, as well, which increases by roughly 2%abs
from textured to planar rear sides leading to a slightly improved light trapping.
This improvement should contribute an increase in short circuit current density of
AJy. = 0.2mA /cm? as determined by analytic modeling.

Based on the surface roughness analysis we developed a novel industrial-type
PERC cell process flow including double-sided texturing and phosphorus diffusion
and subsequent single-sided polishing to remove the rear emitter and to reduce the
rear surface roughness. Applying a rear side polishing removal of 5 ym and an RCA
clean after the polishing process the resulting PERC solar cells achieve up to 20.7%
efficiency, which is comparable to similarly processed reference PERC solar cells,
which apply a rear protection layer according to the process flow described in section
B.1.1] The test wafer results indicate that adjustment of the polishing process time
allows to tune the emitter saturation current Jy. and the emitter sheet resistance
Ry, due to the etch back by the reactive gas phase which reduces the phosphorus
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4 Polishing and cleaning of the rear side of industrial-type PERC solar cells

concentration near the front surface. Lifetime test samples, which are polished
on both sides and subsequently cleaned with different cleaning sequences — pSC1,
HF /HCI, HF-Dip or pSC1, HF/HCI, HF /O3 — achieve effective lifetimes above 1 ms
indicating an excellent surface passivation when using an Al,O3/SiN, passivation
layer stack. The polished rear sides of PERC solar cells, that applied similar
cleaning sequences (pSC1, HF /HCI and pSC1, HF/Oj3) confirm this result with
effective SRVs at the rear of Sie.r < 40 cm/s. The low Jy, values around 100 fA /cm?
from the test wafer experiment however could not be reproduced, reducing the
efficiency of the PERC cells cleaned with these cleaning sequences when compared
with the PERC cells using an RCA clean.

We demonstrate on test wafers, that HF /O3 terminated cleaning sequences such as
pSC1, HE/HCI, HF /O3 or HF /O3 prior to AlyO3/SiNy passivation result in effective
lifetimes >1ms and corresponding surface recombination velocities Spass <15 cm/s.
Accordingly, reference PERC solar cells applying these cleaning sequences show
effective surface recombination velocities Siear <50cm/s. However, the highest
reference PERC cell efficiency of 20.4% was obtained with the cleaning sequence
pSC1, HF/HCI on an industrial batch-type cleaning tool which is comparable to
PERC cells applying a laboratory type RCA clean. The lower performance of
HF /Os-based cleans for PERC cells when compared to pSC1, HF /HC] or RCA
cleans results from an increase of surface recombination at the n*-doped front
surface, which is caused by a roughening on a nanometer scale during the HF /O3
process step. This effect even occurs for short process times (1 min) and low ozone
concentrations of 75 g/m?.
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Analysis and modeling of screen printed local Al
contacts

In this chapter we analyze different aspects of screen printed local Al contacts. We
measure the effective contact resistivity of the Al/Si interface and analyze the local
BSF depth and contact geometry for PERC and PERC+ solar cells. The properties
of voids are investigated and a new model for void formation is introduced.

5.1 Determination of the contact resistivity

As manufacturers improve aluminum pastes to form contacts with low surface
recombination even for narrow LCOs the fraction of metallized area at the rear might
further decrease in the future, possibly making the series resistance contribution
of the contact resistance of the aluminum-silicon interface a noticeable power loss
mechanism. Therefore knowledge of the specific contact resistivity p. is required.
Gatz et al. |[123] used a variation of the rear contact pitch of PERC solar cells to
determine p. to 40 — 55 mQcm?. However, for this approach the contribution of
the bulk to the series resistance R}y, needs to be acquired either by calculation or
numerical simulation. Miiller et al. [124] showed that the calculation of Ry, according
to the model of Plagwitz |[125] as used in Ref. [123] leads to an underestimation of
Ry, und thus an overestimation of p.. In this section we apply the method of rear
contact pitch variation for PERC cells using R}, values acquired by simulation with
Sentaurus Device. In addition we manufacture PERC-like test wafers to determine
pe using the transmission line method (TLM).

Experimental

For the PERC solar cells we use the process flow described in [3.1.1] The process
for the PERC-like TLM samples is very similar to the one of the PERC solar
cells. Until co-firing the only difference is an adapted LCO geometry for different
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5 Analysis and modeling of screen printed local Al contacts

TLM samples on one wafer. Each sample includes different contact line pitches
as indicated in Figure). In order to evaluate a dependency of the contact
resistivity on the contact line width, we process samples with LCO line widths of
28, 46, 64, 82 and 100 pm. The final contact, that is formed by the Al-Si alloying
process, is about 40 pm wider than the LCO line width according to scanning
electron microscopy (SEM) cross section images. After firing the contact lines are
protected with an etch resistant hot melt wax printed with inkjet and subsequently
separated from each other by a KOH Al-etch. After cleaning the different TLM
samples are cut out of the wafer. Figure/5.1] schematically compares the PERC
solar cells and the TLM samples.

a) b)

Ad fingers Ad fingers

n* emitter n* emitter
local BSF p-Si local BSF p-Si

screen printed Al locally etched screen printed Al

Figure 5.1: Schematic drawings of the investigated structures in this section: a) a PERC
solar cell; b) a PERC-like TLM sample with isolated rear aluminum contact fingers.

Determination of p. by varying the pitch of PERC solar cells

We vary the rear contact pitch p of PERC solar cells and measure the series
resistance Ry in dependence of the inverse metallization fraction 1/f according to

1
Rs - Rb = Pc ? + Rconst7 (5]-)

where R .. summarizes the series resistance contributions that do not depend
on the rear side metallization fraction (e.g. the front Ag finger grid). We need
to acquire the series resistance of the bulk R}, in order to determine the contact
resistivity p.. Using a triple-light-level [126] simulation with Sentaurus device,
we obtain the Ry, values at the maximum power point of the solar cell as shown
in Figure[5.2 The used simulation domain includes a fully contacted front side
and therefore neglects the resistance contributions caused by lateral current flows
through the emitter. However, this approach allows us to freely choose the rear
contact pitch and keep the simulation domain at a manageable size. Figure[s.2| also
compares the values obtained by simulation with those calculated according to the
analytical model of Plagwitz |125], which is based on the calculation of the spreading
resistance introduced by Gelmont et al. [127]. At pitches larger than 1500 pm the
simulated values strongly exceed the calculated values according to Plagwitz, which
were used in the analysis of Gatz et al. [123]. The values calculated according to
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Figure 5.2: Contribution of the silicon bulk to the total series resistance Ry, in dependence
of the contact line pitch as determined by Sentaurus Device simulation (blue), the model of
Plagwitz (red) and the model of Saint-Cast (green).

another analytical model introduced by Saint-Cast [77] (see equation[3.13)) almost
match the simulated values. A fit to the original data of Ref. [123], which includes
Ry, values according to the model of Plagwitz, strongly overestimates the specific
contact resistivity p. = (55 + 5) mQecm? as shown in Figure. Application of the
numerically obtained values for Ry, to equation leads to a correction of this
data with Ry — Ry, values following no clear trend. However, the corresponding
fit results in p. = (—9 £ 12) mQem?, indicating a smaller value of p.. Fig also
shows that evaluation with the Plagwitz model is only valid for small values of
1/ < 10. A linear fit to the contact pitch variation of this work yields a contact
resistivity of p. = (—0.9 £ 1.1) mQcm? as shown in Figure[5.4 Since the stated
value for the uncertainty of p. only accounts for the scattering of the data, we find
a line with maximum slope within the error bars of all data points to derive an
upper limit of p. < 5 mQcm?.

Determination of p. by TLM measurements

In addition to the measurements of PERC solar cells we measure the contact
resistivity p. in dependence of the contact line width applying the standard TLM at
samples as shown in Figure). Since the standard TLM evaluation assumes a thin
conductive layer instead of a bulk of finite thickness, we expect our measurements
to slightly overestimate the actual contact resistivity. The results for p. (see
Figure show a trend towards larger scattering for narrower contact lines, which
is probably due to the fact that the uncertainty of the contact line width translates
into a relatively larger uncertainty of the area of the aluminum-silicon interface.
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Figure 5.5: Specific contact resistivity p. in dependence of the contact line width after
firing as measured with the transmission line method (TLM). The plot shows a total of 61
measurements with 9-16 measurements per contact line width.
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5.2 Modeling of local Al-BSF depths of PERC(+) solar cells

Furthermore we observe differences of the median values of the distributions for p.
when moving from one tested contact line width to the next. However, these shifts
do not show any systematic behaviour, in contrast to the data reported by Urrejola
et al. [128], who observed an increase of p, from around 9 mQcm? to 17 mQcm?
when moving from an LCO width of 80 pum to 170 pm. With the median values
for the single line widths being around or smaller than 5 mQcm? and an overall
median value of 3mQcm? the estimation p, < 5mQem? as derived from the solar
cell analysis remains valid.

5.2 Modeling of local AI-BSF depths of PERC(+) solar cells

In this section we analyze and model the physical root cause of the different Al-BSF
depths obtained with Al fingers versus full-area Al layers [75] and investigate

the impact of different LCO line widths on the PERC and PERC+ solar cell
performance.

Experimental

As mentioned before, PERC+ solar cells follow the same process flow as the reference
PERC cells described in section [3.1.1] Therefore we just highlight the differences.
The first difference arises during deposition of the Al,O3/SiN, passivation layer
stack on the rear. For PERC we choose a SiN, capping layer thickness of 200 nm.
For PERC+ the same layer features a thickness of 80 nm to obtain improved anti-
reflection properties when illuminated from the rear [75]. During the LCO process
the PERC and PERC+ solar cells receive a line pattern of LCOs on the rear with a
contact line pitch p for the PERC and 1.5p for the PERC+ solar cells [75]. For both
solar cell types we apply different LCO line widths of 10, 35, 46, 100 and 150 pm
while keeping the pitch constant for each solar cell type. We screen print a full-area
Al layer for the PERC cells, whereas the PERC+ cells are printed with a 5 busbar
H-pattern with an Al finger opening width of 100 pm aligned to the LCOs. For
both solar cell types we use the same commercially available Al paste. We conclude
the process flow by firing both solar cell types with their respective optimal set
firing temperature T, which is minimally lower for PERC+ compared with PERC.

Impact of voids on the Al-BSF depth

As shown in Figure[5.6] we determine the structure of the Al-Si contacts by scanning
electron microscope (SEM) cross sections and assign the rear contacts to one of the
following categories: a) completely filled contact, b) partial void and ¢) complete
void. Refer to Figure[3.7] for a schematic drawing of a rectangular contact and its
geometrical quantities as used throughout this work.

In order to do investigate the impact of voids on the AI-BSF depth, we dissect
many PERC solar cells fabricated at SolarWorld Innovations (SWIN) technology
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5 Analysis and modeling of screen printed local Al contacts

Figure 5.6: Exemplary SEM cross section images of different contact types: a) filled contact,
b) partial void, ¢) complete void. In order to account for the 45° cleavage angle relative to
the contact lines the x-axis are compressed by a factor of 1/v/2. The specific images are
taken from PERC cells with an LCO width of 46 pm (a+c) and 100 pm (b). The scale of
image a) applies to all images.

center and measure the Al-BSF depth W+ in the middle of the contact using
SEM microscopy. We investigate 220 contacts and find 151 contacts including
voids (complete or partial void) and 69 filled contacts. As shown in Figure
contacts afflicted with voids exhibit significantly reduced BSF depths with a median
value of 1.8 pm compared to a median value of 2.5 pm for filled contacts. Also, the
spread of data is increased for the void-afflicted contacts. We also investigate 31
contacts of PERC solar cells and 31 contacts of PERC+ solar cells fabricated at
ISFH as shown in Figure[5.§f For PERC we find 3 filled contacts and 15 complete
voids. Similar to the analysis of the SWIN cells we find deeper maximum Al-BSFs
around 4-6 pm for filled contacts and partial voids compared to 2 pm for complete
voids. For PERC+ we do not find any complete voids and BSF depths between
4pm to 8 pum for the remaining 27 filled contacts and 4 partial voids. Figure[5.§|
is generated from Figure), but only considering contacts wider than 60 pm,
where the influence of the alloying process on the Al-BSF depth is small.

The difference in BSF depth between filled contacts and voids is also represented
by the images Figure) and Figure[5.6c). It is even often observed within a
single contact cross section as in Figure/5.6b), where areas with an Al-Si eutectic
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Figure 5.7: Al-BSF depth in the middle of a

contact for PERC solar cells fabricated at Solar- Figure 5.8: Maximum Al-BSF depths
World in dependence of the presence of a void. of 31 PERC (black) and 31 PERC+

The overall number of contacts is 220, which (red) contacts. The plot is generated
split into 151 void-afflicted contacts and 69 filled from Figure), but only considering
contacts. contacts wider than 60 pm.

underneath feature a deeper BSF compared to open Si surfaces. However, from
Figure[5.7 and Figure[5.§ we read that even contacts afflicted with voids feature a
nonzero BSF depth, which agrees well to the findings of Ref. [108,113].

This observation is important in order to determine the point in time, when
void formation occurs. Obviously, at some point during the cool down ramp of
the firing process, when the crystallization of Si at the Si surface just begins, all
silicon surfaces at the LCOs are still in contact with the Al-Si melt. The impact
of the presence of voids on the BSF depth suggests that void formation occurs
during this recrystallization process. At the time the Al-Si melt loses contact with
the Si surface the recrystallization of Si at the corresponding surface is stopped
causing the observed shallower Al-BSFs. The loss of contact is probably caused by
an un-wetting process of the Al-Si melt as proposed in section[5.3|

Modeling of local Al-BSF depths

We measure the maximal Al-BSF depth W+ of a contact in dependence of the
final contact width a using SEM cross section images. The result is shown in
Figure[5.9h). In case of PERC, we find Al-BSF depths of 4-6 pm for contacts wider
than 80 pm. The Al-BSF depth strongly decreases for narrow contacts and we only
find around 1pm depth for contacts with a width of 45 pm. For PERC+ solar
cells, we observe significantly deeper Al-BSFs especially in the currently relevant
range for industrial production between 40 pm and 90 pm with a maximum value of
7.7nm. For the narrowest contacts of 30 pm width, we still find an AlI-BSF depth
of 3m.
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5 Analysis and modeling of screen printed local Al contacts

In order to apply the model by Miiller et al. [102] presented in section[3.4.2] we
carry out time dependent temperature measurements of solar cells during firing and
determine the peak firing temperature to Tpeax = 760 °C and the firing duration
to taring = 4.5's for both, PERC and PERC+. From Ref. [99] we read a solubility
of Si in Al of F' = 25% at a temperature of 760 °C. Furthermore, we measure the
thickness of the screen printed Al-layer to d = 30 pm. As mentioned above we
expect void formation to be an overlying effect that leads to shallower BSFs and is
not covered by the model. We therefore use different symbols in Figure) to
indicate the different contact types and only consider filled contacts for the fits. For
a fit to the PERC data we use the model as described in section[3.4.2 and find good
agreement for a choice of fit parameters of A = 60 pm and vg;ss = 3.8 pm/s. The
determined value for A agrees well to the A = 70 pm reported in Ref. [102]. The
value for vgiss is more than twice as high compared to vgss = 1.6 pm/s as reported in
Ref. [102]. This is most probably due to the difference in measured firing duration
thring Detween 4.5s (this work) and 10s (Ref. [102]). From equation we note,
that we obtain identical BSF depths for every choice of constant vgiss - thring-
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Figure 5.9: a) Maximal BSF depth at a contact in dependence of the final contact width
for PERC (black) and PERC+ (red). The solid lines represent fits of the corresponding
contact formation model (see text) to the data. b) Maximal contact height in dependence of
the contact width. The lines represent calculated values that make use of the fit parameters
determined in a). The symbols in both graphs indicate the type of the contact: filled contacts
(closed symbols), partial voids (semi-filled symbols) and complete voids (open symbols).

For PERC+ solar cells the Al fingers confine the diffusion of Si and we choose to
modify the model described in section[3.4.2] We define a new Al mass per contact
base area

mar AAl-fingerPAl
= 5.2
A a 9 ( )

68



5.2 Modeling of local Al-BSF depths of PERC(+) solar cells

where Aai_finger = 3900 pm? is the measured cross sectional area of an Al finger.
Equation[5.2] replaces equation[3.19 of the original model and consequently removes
A as a fit parameter. With the only remaining fit parameter set to vgiss = 1.6 um/s ,
we find good agreement of the modified model and the PERC+ data. In particular
the model well describes the observed optimum BSF depth at a contact width of
50 pm. The difference between model and experimental data for very wide PERC+
contacts of 150 pm is probably due to inhomogeneities within the LCO area. For
these contacts we frequently observe areas with neither eutectic nor AI-BSF in the
middle of the LCO area. The fit results indicate that the obtained different Al-BSF
depths for PERC and PERC+ can be described by the different Al mass printed
to the rear side of the solar cells.

Figurep.9b) shows the measured maximum contact height /4 in dependence of
the final contact width. It is observed that PERC+ Al contacts achieve heights
between 5-15pm, whereas the PERC contacts are almost twice as high with values
between 15 and 30 pm. Furthermore, there is a clear trend towards higher contacts
for narrower lines for both solar cell concepts. We further extend the original
BSF-formation model to calculate contact heights. In analogy to equation[3.17] we
can calculate the height of the contact

o ma E
h_ApSi(].—E)' (5:3)

for all cases, where cg;(taring) reaches at least the eutectic concentration (and thus
the BSF depth W+ is non-zero). Please note, that this approach includes no
additional fitting and, in case of PERC, only re-uses the previously obtained value
for A. The calculated values for h are clearly below the measured values. However,
the slope of both data sets is reasonably well described. The discrepancy between
experimental and modeled contact height indicates that experimentally more Si
is dissolved in the Al paste than required for eutectic and Al-BSF formation as
predicted by the model. From Figure) we also note, that voids almost only
occur for contacts with a height of 20 pm and above. This relation is described by
a model for void formation presented in section [5.3]

From Figure) we observe clustered data points, where each cluster represents
a group of contacts with the same LCO width. We also observe, that the PERC
clusters are shifted towards wider contacts, when compared to the PERC+ data.
For example, application of an LCO width of 10 pm results in PERC contacts
with an average final contact width a of 39 pm, whereas the corresponding PERC+
contacts exhibit an average width of 27 um. From the measured heights we are
able to understand the differences in final contact width at identical LCO width:
Due to the smaller Al-volume printed on the rear side of the PERC+ cells the
Si concentration saturates faster, leading to a faster decline of the Si dissolution
process when compared to PERC. Therefore PERC+ contacts are on average
6 pm shallower for a given LCO width (compare Figure[5.9p). Assuming that the
dissolution of Si is naturally not a directed but an isotropic process, we would
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5 Analysis and modeling of screen printed local Al contacts

expect a difference in contact widening of 6 pm between PERC and PERC+ for
both contact edges. The expected offset in contact width of 12 pm agrees well to
our data, where the average final contact widths range from 49 pm to 162 pm for
PERC and 37 pm to 150 pm for PERC+.

In order to measure the resulting silicon concentrations directly we carry out
energy-dispersive x-ray spectroscopy (EDX) mappings. Figure shows the silicon
signal of a PERC and PERC+ rear contact in yellow color. Figurel5.11|shows a line
scan in the Al layer of the PERC contact of Figure) and reveals a gradient in
the silicon concentration from (15 + 3)% directly above the contact to (4 +2)% in
a distance of 300 pm. These values are very similar to those reported in Ref. [100].

Figure 5.10: EDX images displaying the color coded silicon signal of an Al contact of a
PERC (a) and a PERC+ (b) solar cell. In contrast to PERC the PERC+ cells shows silicon
precipitations in the Al paste with a grain size of up to 5 pm.

The model assumes that the whole silicon in the Al paste beyond the solubility
of 12% migrates to the Al-Si interface, which is obviously not the case due to the
strong non-equilibrium conditions during cooldown. According to equation the
measured offset in concentration of 3% already explains around 4 pm of the offset in
height as shown in F igure) as it represents silicon dissolved from the wafer, but
not contributing to the AI-BSF formation. As shown in Figure) the PERC+
cells possess grains with a diameter of up to 5 pm of almost pure silicon (¢ > 97%)
in the Al paste. In the remaining volume we determine a silicon concentration of
(15 £+ 3)%, matching the value for the near-contact concentration of the PERC
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Figure 5.11: EDX-measured silicon concentration of the Al-layer of Figure).The
vertical dashed line indicates the edge of the contact. The red line indicates the 12% eutectic
concentration as assumed by the model as well as the fit result A = 60 pm.

cells. The averaged Si concentration over the hole cross section of the Al-finger
is (31 £5)%. Apparently, in case of PERC+ the higher Si concentration during
the firing process leads to "spontaneous" recrystallization inside the Al-finger. We
speculate that this process occurs at elevated temperatures, where diffusion is still
enabled and allows the silicon to move to the locations of crystallization and form
the observed grains. At lower temperatures during the cooldown ramp diffusion
might be suppressed leading to silicon precipitating at its current position and
causing the homogeneous 15% concentration in the Al-paste for both, PERC and
PERC+ solar cells. For comparison we use the fit results and equation to
calculate values for cg;i(tging) of 17% and 21% for the PERC and PERC+ contact,
respectively.

IV results

The efficiencies of the PERC and PERC+ cells of this study as measured on a
brass chuck are shown in Figure[5.12] The PERC solar cells achieve best efficiencies
up to 21.2% for a contact width of 81 pm. For narrower contact lines the efficiency
strongly decreases to values around 19.5% at 49 um width due to increased rear
contact recombination caused by shallow Al-BSF depths. In contrast, the PERC+
cells allow for deep Al-BSFs and hence low contact recombination even for narrow
contact lines. This leads to a best efficiency of 21.1% at a contact line width of
48 nm. The lower efficiencies of PERC+ cells with very wide contacts above 100 pm
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5 Analysis and modeling of screen printed local Al contacts

are partly caused by an imperfect alignment of the screen printed Al fingers to the
LCOs.
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Figure 5.12: Energy conversion efficiencies of PERC (black) and PERC+ (red) solar cells
for different widths of the line shaped local rear contacts. The values represent in-house
measurements on a brass chuck for both solar cell types.

PERC cell manufacturers generally prefer narrow contact lines due to fewer laser
spots and thus higher throughput of the LCO process. For PERC cells applying full
area screen printing it is therefore necessary to trade throughput versus improved
contact properties. This work demonstrates that bifacial PERC+ cells — in addition
to the advantages of bifaciality and reduced Al paste consumption — can potentially
combine a high throughput LCO process with low Al contact recombination by
achieving narrow Al contact lines with deep Al-BSFs.

5.3 Void formation modeled by surface energy minimization

So far, the Kirkendall effect [114] has been proposed as root cause for the formation
of voids in local Al-Si contacts. The Kirkendall effect describes the interdiffusion
of two solid metals with different diffusion coefficients into each other. In such
a system a net diffusion of lattice vacancies from the material with the lower
diffusion coefficient into the material with the higher diffusion coefficient occurs.
These vacancies can accumulate and form the so-called Kirkendall-pores [130]. This
mechanism of void formation would start from the beginning of the firing process
and hence during cool down there would be no Al-Si melt being in contact with
the silicon interface and hence no Al-BSF could epitaxially re-grow. However, from
section [5.2| we learned that voids generally exhibit shallow Al-BSFs and therefore
void formation probably occurs during AI-BSF growth. Additionally, a mechanism
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5.3 Void formation modeled by surface energy minimization

based on vacancy interdiffusion of solids is not applicable to our system, where one
participant is the liquid Al-Si melt. Both circumstances contradict the Kirkendall
effect to be the root cause of void formation. Hence, this section introduces a new
model of void formation that is based on surface energy minimization of the liquid
Al-Si melt (which will be called the Al melt in the following).

The surface energy o of a body can be considered as the "energy required to
create one unit of surface area" and thus allows assigning an energy E to a certain
surface area A:

E =cA. (5.4)

In case of liquids, o is often called surface tension. We schematically draw a contact
for different points in time during firing as shown in Figure[5.13] During the time
steps t1—t4 the Al melts and dissolves silicon from the wafer surface increasing the
Si concentration in the Al melt. At t; BSF growth has just started. At this point
we allow for two possible configurations of the Al melt: the filled contact where
the Al melt is in contact with the silicon surface and a complete void where the Al
melt is located in-between the Al particles and their surface consisting primarily
of aluminum oxide [131,132]. So far, there are little experimental indications on
where the Al melt is located in case of a void. It appears reasonable to assume
that during cool down some of the Al melt is transported back to the inside of
the aluminum oxide shells, where it originated from. The additional material,
however, which results from the dissolution of Si might wet the outside of the
aluminum oxide shells. In order to indicate this potential wetting from the outside
we schematically draw the Al melt continuously in-between the aluminum oxide
shells. From the SEM images in Fig. 1, however, we notice that the screen printed
paste is not a compact layer after firing. Grofer et al. |[133] identified a comparably
dense interfacial layer at the surface of the Al paste layer facing the void. This
interfacial layer probably contributes to the disposition of the Al melt, although it
only exhibits a thickness of 25 nm.

From Figure5.13 we are now able to state the total surface energy of both
configurations at the time t5. In case of the filled contact, we obtain

Fy = ogi a1Asi + oa1Aa + 0w Ash + Osh a1 Ash Al (5.5)

with ogi a1, 0a1, 0sh and og, a1 as the surface energies of the Si-Al interface, the Al
melt, the aluminum-oxide shells and the shell-Al interface, respectively. Accordingly,
Asi, Anr, Agn and Agy a1 are the surface areas of the Si trench, the Al melt, the
aluminum-oxide shells and the shell-Al interface. In case of voids we obtain

Ey = 05iAsi + omAl + oAl + oo a1 Al Al (5.6)

with og; as the surface energy of silicon. Dashes indicate that in the void configu-
ration the corresponding surface areas are in general different to the ones of the
filled contact configuration. From the two possible scenarios described above, the
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Al

AlO, shells

Opj

Figure 5.13: Schematic drawing of a contact at different points in time (¢y) during firing:
t; — before firing, to — Al melts, t3 — Si dissolution begins, t4 — Si dissolution continues, t5 —
two possible configurations of the Al melt shortly after BSF growth has started, {5 — contact
geometries after solidification. In case of a filled contact, the BSF growth continued before
solidification leading to a deeper BSF. The different colorings of the Al melt indicate different

Si concentrations.

t
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5.3 Void formation modeled by surface energy minimization

Al melt favors the configuration with the lower total surface energy. Therefore, we
calculate the difference

AE = Ey — By = (0gi — 0si,a1) Agi + 0aiAAa + 0w AAgy + 0gn st AAgy a1, (5.7)

where the surface areas marked with a delta denominate the difference between
the quantities with and without a dash but the same index. We neglect a potential
increase of the Al particle diameter due to wetting of the surface during firing and
instead assume a constant total surface area of the aluminum oxide shells, which
leads to AAg, = —AAg, a1 and reduces equation to:

AE = (0si — 0sia1)Asi + 0aiAAx + (0sh — Oan,a1) AAgn. (5.8)

The Al melt favors the filled contact configuration if AE > 0. Thus, it might
be instructional to discuss the signs of the different summands, before analyzing
geometrical effects. The second summand is the easiest to discuss. As a comparison
of the two configurations at 5 indicates the surface area of the Al melt is larger in
the void configuration due to the additional surface area at the bottom of the melt,
making AAx; as wells as the second summand in equation positive (surface
energies are always positive). To discuss the other contributions, we use Young’s
equation

0si — 08i,Al

cos © = (5.9)

OAl
which puts the stated surface energies in relation to the contact angle © that is
formed, e.g., when a droplet of liquid aluminum is located on a silicon surface.
From this equation we read, that in case of an acute angle ©® < 90°, the term in
brackets must be positive, or og;i > o0gi a1. Thus, in this case, wetting the surface
is favorable in terms of energy. Similarly, obtuse angles of © > 90° indicate that
wetting the surface is unfavorable. From SEM cross section images of partial
voids as shown in Figure), we read, that the angle at the Al-Si interface Og; a1
(compare Figure is always < 90° as can be seen for the eutectic layer at the
contact edge. From the same image we also observe acute contact angles of the Al
melt to the screen printed layer of aluminum oxide shells ©g, oj. Thus, both terms
in brackets in equation [5.8] are positive, indicating that the Al melt possesses a
tendency to wet both, the silicon surface and the aluminum-oxide shells. Finally, a
comparison of the two configuration at t5; indicates that AAg, is negative, as the
surface area of the aluminum-oxide shells that is not wetted, is smaller in the void
configuration. This concludes our analysis of signs, leaving the first two summands
in equation [5.8 with positive and the third summand with negative sign. Since we
only observe filled contacts in case of AE > 0, this means, that both, the wetting
of the silicon surface and the avoidance of Al melt surface, are the driving forces
towards the configuration of a filled contact. On the other hand, the tendency of
wetting the aluminum oxide shells functions as a driving force towards the void
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5 Analysis and modeling of screen printed local Al contacts

configuration. One might think of the aluminum oxide layer as a "sponge", which
has a strong tendency to be wetted by the Al melt due to its large surface area.
In order to analyze geometric effects in a simple way, we assume rectangular
shaped contacts:
Agi = (a + 2h)l (5.10)

with a as contact width, h as contact height (see Figure|5.13|) and [ as the length of
the contact line. Also, in a first approximation AAy; is considered to be the lower
Al surface in the void schematic at ¢5:

AAAl =al. (511)

As discussed above the Al melt does not fill the complete volume in-between the alu-
minum oxide shells in reality. This probably leads to a further surface enhancement
of the Al melt when comparing the filled contact and void configuration. This sur-
face enhancement should be proportional to the contact area: AAx; = (1 4 Senn)al.
However, as a first approximation we use equationf5.11] Finally, for the screen
printed layer of aluminum-oxide shells, we define a geometric ratio

dAsh
dVa

k(Var) = (5.12)

which includes the surface area dAg, of aluminum-oxide shells, that is wetted, when
a volume of Al melt dVy; from the filled contact configuration is added to the
aluminum-oxide shell layer. This wetting can in principle take place at the inside or
the outside of the aluminum oxide shells. In case of a large, perfectly homogeneous
layer k(Va1) = k should be constant. As the volume Vi, = ahl is known for the
filled contact configuration, equation [5.8] can now be written in its rectangular
geometry approximation:

AE = (USi — O'Si,Al)(CL + Qh)l + O'Alal + (Ush — 05h7A1)kahl. (513)

We use the abbreviations (o — ox A1) = Aoy and write equation for the
two-dimensional situation as depicted in Figurelb.13| by dividing equation by [:

AZE = (2A0g; — Aoghka)h + oaa + Aoga. (5.14)
which, for a given contact width a, is a function of the contact height h. From
literature, we read oa; = 0.865N/m for liquid aluminum at a temperature around
953K [134] and og; = 1.41N/m for a (100) surface and og; = 1.36 N/m for a
(111) surface of silicon [135]. We therefore use og; = 1.4N/m. We estimate a
contact angle of Og; o1 = 20°£10° from Figure), which translates into og; a1 =
0.58 N/m according to Young’s equation |5.9, This again yields Acog; = 0.82N/m
and leaves Aog,k as the only unknown parameter in equation [5.14] Figure|5.14
shows AFE/l as calculated by equation for a contact width a of 60 pm and
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Figure 5.14: Surface energy AE/l accord-
ing to equation for a contact width a of
60 pm in dependence of the contact height
h. The critical height h. is defined as the
height where the surface energy AE changes
from positive to negative values and hence
where voids are energetically more favorable
than filled contacts.

Figure 5.15: Critical height A according to
equation in dependence of the contact
width a. The data points represent measured
local contacts of PERC (black) and PERC+
(red) solar cells. The symbol shape indicates
the contact type: filled contacts (filled sym-
bols), partial voids (semi-filled symbols) and
complete voids (open symbols).

Aog,k = 0.107N/(m - pm) (the reason for this value will become apparent soon).
For small contact heights h, we see that AE/l > 0 and thus the filled contact
configuration is favored. With increasing height the energy AF/l decreases until
the void configuration is favored for AE/l < 0. Apparently, at a certain height, it is
more favorable for the Al melt, which is "stored" in the filled contact configuration,
to wet the aluminum-oxide shells of the Al paste and in turn release the silicon
surface. We call the height, where AF/l = 0 and hence neither of the configurations
is favored, the critical height h.. It can be calculated, when equation [5.14] equals
Zero:

—(oa1 + Aos;)

2AaoSi - AO’shk

The critical height h. is shown in Figure[5.15|as a function of the final contact width
a after firing. It strongly increases for narrow contact lines since then the contact
trenches act as a capillary tube. Figurel.15|also shows measured maximum contact
heights of local contacts in dependence of a, as determined from the variation of
LCO line widths of PERC and PERC+ solar cells described in section (compare
Figure). The symbol shape of the experimental data again indicates the type
of the local contact using the same categorization as in Figure[5.6] We observe,
that complete voids only emerge from contacts with a height above 20 pm. For a

he = (5.15)
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choice of Aog,k = 0.107N/(m - pm) as the only fit parameter, the critical height
as calculated from equation nicely separates the void afflicted PERC contacts
from the filled PERC contacts in the range between 40 pm and 90 pm, which is
the currently relevant range for industrial-type rear contacts. Please note that the
approximately 7 pm difference in contact height between voided and filled contacts
in Figure[5.15] is not due to the different AI-BSF depths, which account for only
2 m contact height difference as displayed in Figure[5.9] The physical reason, why
a void is formed, is, that for large contact heights in case of filled contacts only a
relatively small portion of the Al-Si melt wets the Si surface, whereas in the void
case a large portion of the Al-Si melt wets a large surface area of aluminum oxide
shells making this case energetically favorable.

Contacts with a width of more than 100 pm exhibit a very inhomogeneous
morphology and generally contain partial voids (compare Figure). We expect
our simplified rectangular geometry to be less accurate for these contacts. PERC+
contacts exhibit smaller heights compared to PERC and therefore we do not find
a single complete void among the 50 PERC+ contacts investigated. However,
we find a few partial voids for PERC+ which feature a thick eutectic layer and
BSF at the entire silicon surface. For PERC+ the volume of Al-Si melt Vy; is
comparable to PERC, but the amount of Al paste and thus aluminum oxide shells
is strongly reduced by one order of magnitude. Therefore in case of PERC+ it
might be possible, that the Al-Si melt can wet both, the entire silicon and the
entire aluminum-oxide shell surface, by only forming a small cavity in the middle
of the contact. Such an interstitial state between void and filled contact, however,
is not covered by this model.

As described in section [5.2] and indicated by Figure[5.13] we expect all contacts
to be initially filled during firing and void formation to occur at some point during
cool down. At this time the contact height actually decreases and the contact
growth itself cannot be the root cause of void formation. Instead the critical
height h. probably decreases during cool down. We speculate that the temperature
dependencies of the participating surface energies in equation[s.15 might cause this
change. Also, the geometry parameter k(Va;) might not be constant but dependent
of the Al volume V,;. The thermal contraction of the Al melt during cool down
thus possibly contributes to a decreasing h..

Comparison with fired PVD-AI contacts

The proposed model for void formation suggests that the aluminum oxide shells
provide the driving force towards the void configuration of the Al melt. Hence,
without these shells we expect a reduced amount of voids or no voids at all. In
order to test this assumption we prepare special samples, which use physical vapor
deposited (PVD) Al instead of screen printed Al on the rear side.

The samples are planar Cz-Si wafers with a 200 nm thick PECVD-SiN, deposited
on the rear side. Line shaped LCOs with a width of 64 pm are then used to locally
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ablate the SiN,. We deposit the PVD-Al on the rear side with a final layer thickness
of 20m. The three samples are fired at set peak temperatures of 870°C, 900°C
and 950 °C using the same firing profile as for PERC solar cells. We dissect the
samples for cross sectional SEM imaging.

Figure[5.16 shows exemplary panorama images — each consisting of different SEM
images — of the two samples fired at a temperature of 870 °C and 950°C. In case
of 870°C (Figure[5.16p) we observe a homogeneous Al layer of ~20 pm thickness
on top of the wafer. For higher temperatures the Al layer becomes increasingly
inhomogeneous and we measure local thicknesses between 5 pm and 50 pm for the
sample fired at 950 °C. The highest thickness is generally observed in the middle of
two contact lines (see Figure). These "hills" are visible with the naked eye as
droplet shaped structures arranged along lines in between the LCOs. Probably,
as temperature increases and the viscosity of the liquid Al decreases, the Al melt
starts to form droplets in order to reduce its surface and surface energy.

We observe several small voids within the PVD-ALI layer. These voids appear
to be different in nature when compared to the voids known from the contacts of
screen printed Al due to two observations:

1. The voids exhibit an oval or even spherical shape with a diameter of several
micrometers (see Figure. The voids of screen printed contacts are actually
channels with typically millimeters or centimeters in length [106], which is
the reason why the end of a void is generally not visible in SEM cross section
images.

2. Voids can be found within the Al-Si eutectic of a contact and in the Al layer
in the passivated unopened areas. From the SEM images it appears that the
voids favor areas where the Al layer is thick, which are the contacts and in
case of higher firing temperatures the areas in the middle of two contact lines
(see e.g. Figure). For screen printed Al voids are only observed in the
contact areas and not in the passivated areas.

Similar to the analysis of screen printed contacts, we categorize 67 contact cross
sections of the three samples and find 30 filled contacts and 37 contacts partially
afflicted by voids. Among these contacts, we do not find any "complete void" as
there is always some solid eutectic present in the volume of the Si trenches and
most of the Si surface is in contact with it. Figure5.18h)-c) shows measured widths
and heights of contacts of all three samples and compares them to the results of
screen printed Al contacts of PERC solar cells. For a peak firing temperature of
870°C, which is close to the peak firing temperature of PERC cells, the contact
widths and heights are comparable to those PERC contacts applying the same
LCO width. Both quantities increase with increasing firing temperature due to
the higher solubility of Si at elevated temperatures and therefore enhanced Si
dissolution. However, we do not observe a systematic trend of the contact type
in dependence of the width, height or firing temperature. The voids appear to be
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5 Analysis and modeling of screen printed local Al contacts
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Figure 5.16: Panorama SEM cross section images of two samples with PVD-AI after
firing. The displayed samples are fired at a temperature of 870°C(a) and 950°C(b). The
images indicate the increasingly inhomogeneous Al layer thickness in case of higher firing
temperatures and the postion of the largest voids found for both samples.
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5.3 Void formation modeled by surface energy minimization

Figure 5.17: Exemplary SEM cross section images of two PVD-AI contacts afflicted by
almost spherical voids (a+b). In contrast to the voids of screen printed Al contacts (c)
the "Al rear side" is easily visible. Images a) and b) are taken from the sample fired at a
temperature of 950 °C.

rather randomly distributed within the PVD-AI layer. In particular there is no
critical height that separates filled contacts from contacts with cavities.

We speculate that the root cause of void formation in case of PVD-AI is a
solidification process during cool down that begins at the surface of the Al melt.
The liquid Al melt within the resulting hull is possibly redistributed as thermal
contraction reduces the volume of the melt. As calculated in Ref. an Al-Si
alloy at eutectic concentration increases its volume by 10.2% during melting.

Void formation for PVD-Al and screen printed Al might have in parts a common
root cause. However, the comparison above shows that the presence of the aluminum
oxide shells in case of screen printed Al strongly enhances void formation for high
contacts as predicted by the model.
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5 Analysis and modeling of screen printed local Al contacts

Figure 5.18: Measured heights and widths of PVD-AI contacts (red) in comparison to
the results of screen printed Al contacts of PERC solar cells (black) from the previous
section. The symbols indicate the contact type: filled contacts (closed symbols), partial voids
(semi-filled symbols) and complete voids (open symbols). The results are shown for three

Max. contact height h [um]

S
o

w
o

N
o

-
o

e e e e e L A A e e e e
.a) .
- PVD-AI (870°C) E
i o |
- 8’08% 4
i O(; 'O © N
o & 0 o ° -
- ) ) o © ° J
[ v g 8]
© Cec

L % -
[ screen printed Al (PERC) ® ]
YT W WY T (NN SN T TR SN Y YT TR SR W N SN SN SN W
0 50 100 150

Final contact width a [um]

200

Max. contact height h [um]

N [N B
o o o
L L S S S S S B S S S B e B S S R

-
o

b)

screen printed Al (PERC)

PVD-AI (900°C)

©

L4 ©

o e 00
L}

&

TN TR N T TN T TN NN TN TN SO N [ T 1

@
® Seeen
]

TN TN [N N TN WY W NN TN WY W TN NN W SN S SN N 1

50 100 150

Final contact width a [um]

e e A S
0 r C) PVD-AI (950°C) 1
€ 3 . .
3 L o .
—_ °
< i ' |
= R © ]
o 3%0r o % ]
8 L '."o‘: ° i
b | @Og 3(,.‘; ]
o] - o ocodCe E
T 20f s @ ]
1<) L ° ]
5] 0% ©
. r © © 1
x L @ o® i
© © ® 0
= [ ‘ @ 1
10 | screen printed Al (PERC) o 1
T TR Y W NN WY TR WO SN NN TRNY TN W SN Y TN W N M
0 100 150 200

Final contact width a [um]

200

different firing temperatures of the PVD-Al samples: 870 °C(a), 900 °C(b), 950 °C(c).
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5.4 Chapter summary

5.4 Chapter summary

We processed PERC solar cells and PERC-like TLM samples in order to measure
the specific contact resistivity p. of line-shaped screen printed Al contacts via
contact pitch variation and TLM, respectively. A fit to the solar cell data yielded a
small value of p. = (—0.9 + 1.1) mQcm?, whereas the TLM measurements resulted
in a median value of 3mQcm?. We therefore derive an upper limit of p. < 5 mQcm?.
Miiller et al. [124] reported an absolute resistance per line of 0.46 Qcm, which —
using their contact width of 60 pm — corresponds to a contact resistivity of 3 mQcm?
and is in good accordance with our results. Using the upper limit of 5m{cm?
and a typical metallization fraction of f = 10% we estimate a small rear contact
resistance of R, = /s = 0.05 Qcm?, which contributes to a total series resistance of
R, = 0.7Qcm?. As demonstrated in the synergetic efficiency gain analysis (SEGA)
in chapter[6] which applies the determined upper limit, the 21.2%-efficient PERC
cells [6,/24] of this experiment only hold a potential of an absolute increase in
efficiency of 0.06% when completely avoiding the contact resistivity of the rear Al
contacts. Hence, it is presently not a dominant power loss mechanism.

We categorize local rear contacts into filled contact, partial voids and complete
voids and notice, that complete voids exhibit shallower BSFs around 2 pm compared
to filled contacts with BSF depths of 4 jym. A similar analysis of 220 PERC cells
fabricated at SolarWorld Innovations yields values of 1.8 pm and 2.5 pm, respectively.
We therefore identify void formation as an overlying effect occurring during BSF
growth. We measure the BSF depth of PERC and PERC+ solar cells and find
significantly deeper BSFs of up to 8 pm for PERC+ compared to 4 pm for PERC
at a contact width of 80 um. In order to model the different BSF depth we modify
an existing analytical model for PERC cells |[102] and take the limited Al mass of
the screen printed Al fingers of PERC+ into account. We find good agreement
between the models and their corresponding experimental data and thus show,
that the different BSF depths are a consequence of the different amounts of Al
taking part in the alloying process. We further extend the model of Ref. [102]
to calculate contacts heights without any further fitting. The calculated contact
heights underestimate the experimentally measured heights especially in case of
PERC. EDX measurements reveal that this discrepancy is explained by Si that is
experimentally dissolved, but not contributing to the AI-BSF formation as assumed
by the model. In addition, the EDX measurements show silicon grains of several
micrometers in diameter within the Al paste indicating a higher Si concentration
in the Al paste during firing and therefore additional crystallization within the Al
paste. From the measured heights, we observe that (complete) voids only emerge
from contacts with a height above 20 pm, disclosing a geometry dependence of
void formation. In accordance with the BSF analysis, we obtain highest PERC+
front side efficiencies of 21.1% at narrow contact lines of 48 pm width, whereas the
PERC cells achieve a maximum efficiency of 21.2% at a contact width of 81 pm.
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5 Analysis and modeling of screen printed local Al contacts

For narrow contact lines of 49 pm width the efficiency strongly decreases due to
increased rear contact recombination.

For the first time we show that the presence of voids inside local Al contacts is
dependent on the contact geometry. Furthermore, from the impact of voids on the
BSF depth, we conclude that void formation occurs during BSF growth in the liquid
Al-Si phase. Both findings contradict the Kirkendall effect [114] and the connected
void formation mechanism via lattice vacancy diffusion to be the physical root
cause for voids. We introduce a new physical model that describes void formation
as a consequence of surface energy minimization of the Al-Si melt. Using different
geometrical approximations, we demonstrate that such a mechanism is in particular
able to describe the experimentally observed critical height h.. h. is the height
where neither a filled contact nor a void is energetically favored. According to the
model, all contacts that are higher than the critical height should result in voids,
whereas smaller contacts should remain filled with Al-Si melt until solidification.
The physical reason is, that for large contact heights in case of filled contacts only
a relatively small portion of the Al-Si melt wets the Si surface whereas in the void
case a large portion of the Al-Si melt wets a large surface area of aluminum oxide
shells making this case energetically favorable. The shallower contacts of PERC+
cells thus explain, why void formation is almost completely suppressed for this
solar cell type. A comparison with test samples including fired contacts of PVD-Al
and thus no aluminum oxide shells shows that these shells are indeed responsible
for void formation as we do not find the characteristic large voids with several
millimeters or centimeters in length for those samples.
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Synergetic efficiency gain analysis of
21.2%-efficient industrial-type PERC solar cells

As the best industrial-type PERC cells achieve efficiencies of 22% and beyond, a
quantification of the impact of all power loss mechanisms is required to ensure that
future technological improvements reduce the dominating losses and hence provide
a high efficiency improvement. The Free Energy Loss Analysis (FELA) [136]
frequently used in solar cell analysis accounts for electrical power losses and
represents those as free energy dissipation rates. Therefore the total extracted
power P of a solar cell is the free energy generation rate (F,) minus the free energy
dissipation rates caused by recombination (F,) and transport of charge carriers
(F): o

P=F,—F —F. (6.1)

For a given working point of a solar cell, one is now able to calculate for example
the power loss F; for a specific recombination channel. However, the potential
in power gain by improving that recombination channel is higher than F; since
avoiding this loss will simultaneously increase the generated free energy

Fg = /V dV(EFC - Epv)g (62)

where ¢ is the generation rate in the cell volume V and Epc — Epy denotes the
splitting of the quasi-Fermi level of electrons and holes. The increase of free energy
generation is noted by the experimentalist primarily as an increase of the solar
cell’s open circuit voltage V;,. and thus also by change of the working point Vp.pp,.
Another approach to power loss analysis [137] uses analytic expressions to calculate
the current losses by recombination and imperfect optics. In order to acquire the
power losses these current losses are multiplied with the internal voltage of the
solar cell at the maximum power point (mpp). This approach, as well as the FELA,
does not account for the shift of the working point that goes along with avoiding a
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6 Synergetic efficiency gain analysis of 21.2%-efficient industrial-type PERC solar cells

loss. Correspondingly the calculated power losses underestimate the potential in
power gain and will not add up to the theoretical limit of around 29%. To access
the full potential power gains AP of each power loss mechanism, we apply the
synergetic efficiency gain analysis (SEGA) [138] to our 21.2%-efficient industrial
PERC solar cell [24]. The SEGA explains the efficiency gap between the cell under
investigation and an ideal cell. It treats optical, electrical and resistive losses on an
equal footing and makes these different losses directly comparable.

Numerical model

We model our 21.2%-efficient dual-printed 5 busbar (5BB) PERC solar cell (labeled
"group 3" in Ref. [24]) which is schematically shown in Figure[6.1p) by a 3-step
simulation sequence. Raytracing of a textured solar cell with SUNRAYS [139]
generates a 1-dimensional photogeneration profile. This profile is then used in a
2D Sentaurus device [140] simulation of a PERC solar cell with a non-textured
planar front surface. The unit cell is sketched in Figure). Finally, the I-V curve
resulting from the Sentaurus simulation is used for a grid simulation with LTSpice
IV [141] to include resistive losses of front fingers and busbars. All simulations
apply realistic input parameters that are either measured on test structures or are
taken from literature.

a) b)
_ pe=15mQemz  PIESHAOM o 56 400 0ms
Ag fingers P
n* emitter — %07
SiN, < ALO, B-doped Cz-Si Snp = 27107 cm/ Py =2 Qcm
AN local BSF
screen printed Al p.= 5 mQem? Sue=10 cmis

Figure 6.1: Schematic drawing of: a) the experimental 21.2% efficient PERC solar cell; b)
the unit cell used in Sentaurus Device to simulate the PERC solar cell.

The raytracing simulation applies a SiN,-coated random pyramid structure and
a rear side with a SiNy layer and an additional Al-layer on it. SUNRAYS provides
a Monte-Carlo approach to optical simulation and generates single rays which are
traced through the defined geometry. The Sentaurus simulation requires the width
of the local Al-contacts that we determine from SEM images. We simulate the rear
side Al contact pitch to be half of the front side pitch in order to keep the simulation
domain at a manageable size. Since the experimental ratio of front and rear side
pitch is not an integer, we scale the width of the rear contacts to match the actual
metalization fraction. All contacts are assumed to be planar. The SRV of the SiN,-
passivated front surface S, is adjusted to 3.6 -10% cm/s in a separate simulation of a
Joe test structure (compare Figure) that uses the measured phosphorus doping
profile to match the measured Jo, values of 100 fA /cm? of the emitter of our PERC
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cells [5]. Similarly, the SRV S, of the local rear contact is adjusted in a simulation
with a secondary ion mass spectroscopy (SIMS)-measured local aluminium doping
profile to match the recombination current of a contact with an effective SRV Seg of
about 300 cm/s (see sectionfd.1)). In this case we use S, = 2-107 cm/s [142]. For the
recombination at the Al;O3/SiNy rear side passivation we use the parameterization
by Black et al. [143] and adjust the interface defect density to a value that results
in a recombination current that corresponds a surface recombination velocity of
Sef = 10 cm/s, which is a typical value for our AlyO3/SiN passivation after firing
(see sectionfd.1]). The bulk material for the solar cell is the one labeled as "Cz 2 Qcm'
in Ref. [144]. Annealing under illumination deactivates the BO,-defects and results
in effective lifetimes of around 1ms at an injection level of An = 10*® cm?®. The
photoconductance measurement of the effective lifetime is fitted using 2 Shockley-
Read-Hall (SRH) defects at mid-bandgap and the resulting 7, and 7, values of
both defects are used in the Sentaurus simulation. The contact resistivity of the
front Ag finger to the silicon is set to 1.5 mQcm? as measured by TLM, whereas the
contact resistivity of the aluminum-silicon interface is 5mQcm? (see section[p.1). A
histogram for the distribution of the Ag finger cross sections is obtained by optical
profilometer measurements. Using a specific resistivity of 3 u€2cm, based on the
finger cross section distribution we calculate the distribution of the local finger line
resistances and apply these values to the SPICE simulation in order to account for
resistive losses due to non-ideal finger geometries. The resulting effective values of
the finger line resistance correspond well to electrical measurements of the finger
line resistance. Column 2 of Table[6.1] summarizes the input parameters applied for
the simulation. The simulated PERC cell matches the experimental I-V parameters
reasonably well as shown in Table[6.2]

Synergetic power gain analysis (SEGA)

We now perform different simulations, where each simulation applies one input
parameter set to an ideal or close to ideal value. The differences in efficiency of the
simulations to the initial (realistic) simulation quantifies the maximum efficiency
gain obtainable from the deactivation of the respective single loss channel. All
efficiency gains An in this section are given in %abs, however, to improve readability
we use % as an abbreviation. Column 3 of Tablel6.1] lists the ideal values of the
simulation parameters. The improvements in efficiency An for each loss mechanism
as resulting from our SEGA are shown in Figure[6.2] It shows that there is no
single large dominating loss in our PERC cell. Only two loss mechanisms have a
potential for an efficiency increase by more than 0.5%: This is front grid shadowing
(0.82%) and recombination in the emitter and its surface (0.72%). Without surprise
the first result agrees well to the quick linear approximation, that avoidance of
the 4% front grid shadowing increases the short circuit current Jy. by 4% and
therefore the efficiency by 4% - 21.2% = 0.82%. The total saturation current
density Jy of our PERC solar cell is around (2504+30) fA/cm? as determined by
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6 Synergetic efficiency gain analysis of 21.2%-efficient industrial-type PERC solar cells

Table 6.1: Input parameters of the numerical simulations of the 21.2%-efficient PERC solar
cell in comparison to the theoretically ideal parameters. (* = measured; # = adjusted to

match measured data)

Realistic input parameters of

21.2% PERC cell

Ideal input parameters

Finger & busbar line
resistance
Front contact resistance

Bulk & emitter sheet
resistance
Rear contact resistance

Pfinger = 3 llgcm*7
Pbusbar — 3pQCIn*
pe =1.5 mQem?*

pp =2 Qcm |144],
psh =70 /sq. [24]

pe =5 mQem? (see section

Pringer and Phusbar ~ 0
pe =0
pb =~ 0, psh =~ 0

pe =0

SiNy front surface
reflection
Rear surface reflection

Front grid shadowing

raytraced random pyramid SiNy

raytraced SiNy /Al layers

shadowing = 4% [24]

transmission 7' = 1
R,=1,A=1

shadowing = 0%

Ag contacts

Phosphorus emitter &
SiN, passivation

Silicon bulk
Rear Al-contact & Al-BSF

Al;,03/SiNy rear
passivation

Sy, =2-10"cm/s [142]

measured ECV dopant profile,

S, = 36000 cm/s™
SRH model

metal surface:

Sp=2-107 cm/s [142], Al-BSF

measured by SIMS

Sef = 10cm/s (see section

Sp=1lcm/s

TsrHu = 18, no Auger,
S, =1lcm/s

TSRH — 1s

metal surface:
Sn = lcm/s, BSF:
TsrH = 18, no Auger

Seﬂzo

Table 6.2: I-V parameters of the experimental 5BB PERC solar cell and the simulated
PERC cell. (* = independently confirmed by Fraunhofer ISE Callab)

n%]  Voe[mV] Jse[mA/cm?]  FF[%)
Experimental 5BB PERC solar cell [24]  21.22*  662.1 39.8 80.6
Numerical simulation of 5BB PERC cell  21.27 661.5 39.7 80.9
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a fit to the IV curve. Thus the emitter with its Jo. of 100 fA/cm? has also been
expected to dominate recombination losses and to imply a large potential for
power gains. The next three large contributors are 0.47% from the SiN, ARC
surface reflection, 0.46% from the bulk and emitter resistivity and 0.43% from
recombination at the local rear Al-contacts. The first one is also plausible since the
SiNy-coated random pyramid surface reflects about 2.4% of the incident photons
of a AM1.5G spectrum. Applying the same rule of thumb as for the shadowing
above yields 2.4% - 21.2% = 0.50%. The internal bulk & emitter resistance is the
largest contributor to the 0.8% power gain due to resistive losses. The contribution
of the front Ag-finger grid is considerably smaller because of the 5BB design
of the cell. In order to obtain the gain for the bulk & emitter resistance we
carry out a simulation of a triple-light-level measurement [126] of a solar cell
without front and rear contact resistances and the Ag-finger grid resistance. This
results in a measured voltage-dependent lumped series resistance for the bulk and
emitter Rspiem(V). Based on this result and the IV-curve of the basic 21.2%-
efficient, we can calculate the enhanced voltages V.. for an IV-curve of a solar
cell without the bulk & emitter resistance: Veyn = V 4+ Ryprem(V) - I. To gain
confidence in this result we can support our simulation with some quick analytic
calculations. The resistance of the finger grid is Rgiq = 0.17Qcm? as noted
from our SPICE simulation. Using analytic expressions for the resistance of the
emitter Ry, [46], the resistance of the bulk Ry, [77] and calculating the contact
resistances according to R. = p./f with f as the corresponding metallization
fractions (4% front side, 10% rear side) we find Rgiq = 0.17 Qcm?, Rep, = 0.15 Qem?,
Rpu = 0.17Qem?; Re ot = 0.04Qem?;) R pear = 0.05 Qem?. These resistances
add up to 0.58 Qcm?, which is close to the total series resistance of 0.62 Qcm? of
the 21.2% PERC cell that we measure with the fill factor method. Calculating the
relative contribution to the resistance and multiplying with the total resistive power
loss reproduces the results of the simulation with reasonable accuracy, for example
An = (0.17+0.15)/0.62-0.8% = 0.41% for the bulk & emitter contribution. Finally,
the recombination at the local Al-contacts with an effective SRV of 300 cm/s is, as
expected, the second largest contributor to recombination.

Apart from the single efficiency gains due to deactivation of specific power loss
mechanisms Figure shows two columns for each power loss category (resistance,
optics, recombination). The column labeled as "sum" sums up all the individual
power gains of the simulations of its category. The columns labeled as "all" in
the respective category represent additional simulations that apply simultaneous
deactivation of all the power losses of the corresponding category. Comparison
of the "sum" with the "all'-simulation allows the assessment of the impact of
nonlinearities or synergies in each category. Simultaneously avoiding all resistive
losses leads to an efficiency enhancement of 0.8%, which is equal to the sum. This
indicates that all individual resistances add to a total lumped resistance. The
sum of all optical gains is 1.6% and thus twice as large as all the resistive gains.
A simulation that avoids all the optical losses yields an efficiency gain of 1.7%.
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Figure 6.2: Absolute gains in efficiency An after deactivating single power loss mechanisms.
The entries labeled as "sum" sum up the An values for a category (i.e. resistance, optics,
recombination), whereas the entries labeled as "all" represent simulations with the corre-
sponding parameters set to their ideal values. The "ideal PERC solar cell" models the case
that all input parameters assume ideal values.

There is thus 0.1% synergetic efficiency enhancement due to effects such as the
open circuit voltage enhancement due to enhanced photogeneration. Summing up
the various individual recombination gains enhances the efficiency by 1.3%. The
separate simulation, that simultaneously applies all ideal values of Table (and
thus only contains unavoidable intrinsic bulk recombination), yields 4.3% efficiency
increase. The synergetic efficiency enhancement of the recombination losses is thus
3% which makes recombination the most important loss mechanism when compared
to optical and resistive efficiency losses. Finally, when all input parameters are
set to their ideal values, the resulting simulated efficiency is 28.5% and thus 7.3%
higher than the efficiency of the experimental 21.2% efficient PERC cell. The
sum of all individual losses account for 3.7% = 0.8% + 1.6% + 1.3% only. This
shows that the synergetic efficiency increase originating from the coupling of the
various recombination loss mechanisms is 3.6% and is thus as large as the sum of all
individual gains. The efficiency of our simulated ideal solar cell is still slightly lower
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than the theoretical limit of 28.8% [145] for a 180 pm thick bulk when considering
radiative and Auger recombination as the only loss mechanisms (without photon
recycling). This might be due to remaining extrinsic recombination that we allowed
in our "ideal" solar cell.

Conclusion

For the first time, we apply the simulation-based synergetic efficiency gain analysis
(SEGA) to industrial-type PERC solar cells. The SEGA allows assessment of the
full potential power gain by improving single power loss mechanisms. Furthermore,
it is able to treat resistive, optical and recombinative power losses in an equal
manner in terms of their power loss impact. Application of the SEGA to our
21.2%-efficient PERC solar cell shows that synergies of the recombination losses
are particularly strong and amount to 3%. They contribute largely to the efficiency
gap of 7.3% that our cell has with reference to an ideal cell. The SEGA shows
that the power loss due to recombination in the phosphorus-doped emitter and its
SiN-passivated surface currently limits the solar cell efficiency with a potential
power gain of 0.7%. Another power loss mechanism that allows for large efficiency
increases is the shadowing of the finger and busbars with a potential gain of 0.8%),
although the cell has a shadowing of only 4% due to its advanced 5BB-design.
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Summary

For the first time, we have investigated the impact of the rear surface roughness on
the electrical and optical properties of PERC solar cells with screen printed rear
metalization applying an AlyO3/SiN, or a SiO5/SiN, passivation layer stack. Using
lifetime test wafers we have measured generally smaller SRVs for higher polishing
removals of a previously textured surface. In case of AlyO3/SiN, we have found
SRVs below Spass = 20 cm/s even for small polishing removals of 5 pm. In contrast,
the SiO,/SiNy passivation layer stack requires polishing removals of 10 pm or more
to exhibit similar values. In accordance with the test wafer results Al,O3/SiN,-
passivated solar cells show a smaller dependence of the IQE in the infrared regime
on the rear surface roughness when compared to SiO,/SiN,. For Al,O3/SiNy we
have consequently found small effective SRVs at the rear below Sie.r = 100 cm/s
even for small polishing removals. Also from the IQE and reflectance measurements,
we have determined an increase of internal rear reflectance by 2%abs, which leads to
an increase in Ji. of 0.2mA /cm? at the most. The measured efficiency improvement
of 1%abs when comparing textured with planar rear surfaces is therefore primarily
caused by recombination and only secondarily by an improved light trapping. Based
on these findings, we have presented for the first time, a lean industrial-type PERC
process flow applying double-sided texturing, double sided POCI; diffusion and
subsequent single-sided polishing to remove the rear emitter and reduce surface
roughness. The polished PERC solar cells, which apply a polishing removal of
5nm, achieve efficiencies of up to 20.7% comparable to the reference PERC process
applying a rear protection layer instead of a polishing step. Using the same reference
PERC process, we have investigated industrially feasible cleaning sequences prior
to ALD-Al,O3/SiN, passivation. Using an industrial batch-type cleaning tool a
two-step sequence of pSC1, HF /HCI results in PERC cell efficiencies up to 20.4%,
which is comparable to PERC cells cleaned with a high quality laboratory-type
RCA. An even shorter one-step process of HF /O3 allows for an excellent rear surface
passivation with SRVs Sy, < 15cm/s and effective rear SRVs Syear < 50 cm/s as
measured on lifetime test samples and PERC solar cells, respectively, where both
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7 Summary

values are comparable to the RCA clean. However, in case of strongly nt-doped
surfaces such as the PERC front side, we have found that the HF /O3 process leads
to a roughening of the surface on a nanometer scale. The rough surface causes
an enhanced front surface recombination for PERC solar cells and thus leads to a
strong decrease in efficiency.

We have determined an upper limit of p. < 5mQcm? for the effective contact
resistivity of the screen printed local Al contacts to the Si bulk at the rear of the
PERC solar cells using TLM measurements as well as a rear contact pitch variation
of PERC cells. We have compared local Al contacts of bifacial PERC+ and PERC
solar cells and found significantly deeper BSFs in case of PERC+. At a contact
width of 60 pm we found BSF depths of around 8 pym and 4 pm for PERC+ and
PERC, respectively. We have extended an existing analytical model for calculation
of BSF depths in order to account for the limited Al-finger mass in case of PERC+.
The resulting model showed excellent agreement with the measured data indicating
that the deeper BSFs of PERC+ are indeed caused by the different amount of Al
printed to the rear side of the solar cells. A further extension of the analytical
model allowed for calculation of the contact heights, which again agreed well to
measured values. We have found evidence for a higher Si concentration of the Al
fingers compared to a full area Al layer, as the fingers incorporate grains of almost
pure silicon that are not observed for the closed layer. In accordance with the BSF
depth analysis we found high PERC+ efficiencies of up to 21.1% even for narrow
contacts of 48 ym in width, whereas PERC cells using a comparable contact width
only achieved 19.5% efficiency. We have categorized the rear contacts into three
different types, i.e. filled contact, partial void and complete void, and found that
complete voids are typically accompanied by shallower BSFs compared to filled
contacts. We have therefore concluded that void formation occurs during BSF
growth and thus in the liquid Al-Si phase. Furthermore, for the first time, we have
demonstrated a dependence of the void ratio on the contact geometry, i.e. the
contact height. As both observations concerning void formation contradict the
commonly used explanation including the Kirkendall effect, we have introduced
a new physical model that describes void formation as a consequence of surface
energy minimization of the Al-Si melt during firing. The model attributes the root
cause of void formation to the aluminum oxide shells incorporated in screen printed
Al and is in particular able to describe the experimental finding that voids only
originate from contacts that exceed a certain height. The model is supported by
measurements on test samples with fired PVD-AI contacts and, hence, no aluminum
oxide shells as these samples do not show the typical voids with several centimeters
in length.

For the first time, we have applied the synergetic efficiency gain analysis to an
industrial-type PERC solar cell. By doing so, we have identified the dominant
power loss mechanisms of our PERC cell with 21.2% efficiency, which was a record
efficiency at the time of publication. The analysis shows that avoiding recombination
offers the largest potential of 4.3%abs for a future efficiency improvement. This is

94



caused by the strong nonlinear coupling of the different recombination channels,
whereas resistive and optical losses (almost) sum up linearly. The single most
important power loss mechanisms are the recombination in the phosphorus-doped
emitter and its SiN,-passivated surface and front grid shadowing, which offer an
efficiency gain of 0.7%abs and 0.8%abs, respectively.
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