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Abstract

Thermal processes account for a significant share of process cost and energy
consumption during the manufacturing of passivated emitter and rear (PERC)
and tunnel oxide passivated contacts (TOPCon) solar cells. This thesis
investigates high throughput approaches for the thermal processes diffusion
and/or oxidation in the manufacturing sequence of PERC and TOPCon solar
cells. This is achieved by increasing the number of wafers in the process
chamber by using wafer stacks with the wafer surfaces in direct contact rather
than classical quartz boats with several mm spacing. Compared to state-of-the-
art processing, the throughput can be drastically increased which makes the
manufacturing more cost-effective and sustainable.

For PERC solar cells, the high temperature stack oxidation (HiTSOx) approach
has been developed. This approach combines a shortened phosphorus
oxychloride (POCIs) diffusion with a stacked oxidation process. Here, the stack
oxidation generates the final emitter doping profile from the phosphorus
already incorporated in the silicon after the POCI; diffusion through dopant
redistribution and activation. Simultaneously a silicon dioxide surface
passivation layer forms on the wafer surface. With this approach, PERC solar
cells are fabricated that feature a similar energy conversion efficiency
compared to state-of-the-art processing with 22.2%. With HiTSOx, the cost of
ownership (COO) of the thermal processes is reduced by 44%, saving 50% of
the specific power consumption.

The oxide layer grown during the HiTSOXx process exhibits a high uniformity
of below 6% standard deviation over the surface of a 156.75 mm sized wafer.
This is a surprising result taking into account that the wafers are directly stacked
during the process. Therefore, a model describing the new oxidation process
was developed. Numerical simulation of the oxide growth and gas flow within
the gap between the stacked wafers reveal that the consumption of oxygen
creates a reduced local pressure in the wafer gap, forcing further oxygen to flow
into the wafer gap. The numerical simulation is verified by special experiments.
For TOPCon solar cells, a stacked boron diffusion process is developed. Prior
to the stack diffusion process, a borosilicate glass layer is deposited by
atmospheric chemical vapor deposition (APCVD) as a dopant source. The
above-described uniform surface oxidation in the wafer gap yields a
homogeneous doping result, despite a strong sensitivity of boron diffusion to
oxygen. In addition, the results indicate that the temperature uniformity in the
wafer stack is of high importance. Using stack diffusion, TOPCon solar cells
with energy conversion efficiency above 23% are fabricated only slightly below
the references fabricated with the classical process. Further, the COO of the
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doping process is reduced by 19 to 25%, depending on the borosilicate glass
deposition technology, and specific energy consumption by up to 55%,
enabling a more sustainable solar cell manufacturing.




Zusammenfassung

Thermische Prozesse machen einen erheblichen Anteil der Prozesskosten und
des Energieverbrauchs bei der Herstellung von passivierten Emitter und Rear
(PERC) und Tunneloxid passivierte Kontakte (TOPCon) Solarzellen aus. In
dieser Arbeit werden Hochdurchsatz-Ansétze fur die thermischen Prozesse
Diffusion und/oder Oxidation in der Herstellungskette von PERC und TOPCon
Solarzellen untersucht. Dies wird erreicht, indem die Anzahl der Wafer in der
Prozesskammer durch die Verwendung von Waferstapeln, mit direktem
Oberflachenkontakt der Wafer, erhéht wird. Im Vergleich zum Stand der
Technik mit mehreren mm Abstand, kann der Durchsatz so drastisch erhght
werden, was die Herstellung kostengiinstiger und nachhaltiger macht.

Fir PERC-Solarzellen wurde der Ansatz der Hochtemperatur Stapeloxidation
(HITSOx) entwickelt. Dieser kombiniert eine verkurzte Phosphoroxychlorid
(POCIs) Diffusion mit einer gestapelten Oxidation. Die Stapeloxidation erzeugt
dabei durch Umverteilung und Aktivierung das finale Emitter Dotierstoff Profil
aus dem Phosphor, der sich nach der POCI; Diffusion bereits im Silicium
befindet. Gleichzeitig bildet sich eine Siliciumdioxid Oberflachenpassivierung
auf der Waferoberflache. Mit diesem Ansatz kénnen PERC-Solarzellen mit
dem gleichen Wirkungsgrad wie mit dem Stand der Technik von 22.2%
hergestellt werden. Dabei kdnnen die Betriebskosten (COQ) um 44% bei einer
spezifischen Stromeinsparung von 50% reduziert werden.

Die mit dem HiTSOx Ansatz gewachsene Oxidschicht weist dabei eine
Homogenitét von unter 6% Standardabweichung Uber die Oberflache eines
156.75 mm groRen Wafers auf. Dies ist ein Uberraschendes Ergebnis, wenn
man bedenkt, dass die Wafer wahrend des Prozesses direkt
aufeinandergestapelt werden. Numerische Simulation des Oxidwachstums und
der Gasstromung im Spalt zwischen den gestapelten Wafern zeigt, dass der
Verbrauch von Sauerstoff zu einem lokal reduzierten Druck im Waferspalt
flihrt, der dafur sorgt, dass weiterer Sauerstoff aus der Umgebung in den Spalt
gesogen wird. Die numerische Simulation wird durch spezielle Experimente
verifiziert.

Fir TOPCon Solarzellen wird ein gestapelter Bordiffusionsprozess entwickelt.
Dabei wird vor der Stapeldiffusion eine Borsilikatglas-Schicht als
Dotierstoffquelle mittels atmospharischer chemischer Gasphasenabscheidung
(APCVD) abgeschieden. Die oben beschriebene gleichméRige Oberflachen-
oxidation im Waferspalt fiihrt zu einem homogenen Dotierergebnis, trotz einer
starken Empfindlichkeit der Bordiffusion gegeniiber Sauerstoff. Dariiber
hinaus zeigen die Ergebnisse, dass die TemperaturgleichmaRigkeit im
Waferstapel von groRer Bedeutung ist. Mittels Stapeldiffusion konnten so
TOPCon Solarzellen mit Wirkungsgraden iber 23% hergestellt werden, die nur
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geringfiigig unter den mit dem klassischen Verfahren hergestellten Referenzen
liegen. Zudem konnen die Betriebskosten um 19-25%, abhéngig von der
Technologie der Borsilikatglas-Abscheidung, sowie der spezifische Energie-
verbrauch um bis zu 55% reduziert werden, was eine nachhaltigere Solarzellen-
Herstellung ermdglicht.
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1 Introduction

1.1 Motivation

The world climate changes. The Paris Agreement from 2015, signed by 195
countries, aims at keeping the worldwide temperature rise below 2°C compared
to the pre-industrial temperature [1] and therefore slowing down the climate
change. Further, the world energy demand, mainly covered by finite fossil and
nuclear energy, is increasing due to growing population and the electrification
of the transportation and heat sector. In addition, rising energy costs, for
example due to the war in the Ukraine, mean that an affordable and independent
energy supply is becoming increasingly important.

To reach the climate goals and cover the needs of a growing world population,
a huge increase in the installed capacity of renewable energies is necessary. The
suns solar radiation emits an almost infinite flow of energy to the earth.
Photovoltaic (PV) modules offer a direct way for the conversion of the sunlight
into electrical energy. The sun radiates 1367 W/m? to the earth, whereas around
1000 W/m? arrives at the earth’s surface, resulting in approximately 7,000
times the needed annual global energy [2]. This shows the enormous potential
of PV and due to steadily decreasing costs, PV plays a major role in many
energy scenarios [3]. The German government aims for 80% renewable until
2030 [4], which means that till 2030 215 GWp and then till 2040 400 GWp of
PV have to be installed according to the Renewable energy law EEG 2023 (at
the moment 67 GWop are installed) [3]. To reach these goals, the production
costs for renewable energies have to be further decreased. One way to reduce
the costs of PV is to increase the energy conversion efficiency #. Another
possibility is the reduction of the production cost and/or energy/resource
consumption, e.g. by increasing the production tool throughput [5].

At the beginning of this thesis in 2020, the passivated emitter and rear cell
PERC was dominant in the PV industry [6], currently the tunnel oxide
passivated contact (TOPCon) cells structure gains more and more interest in
the PV industry and is seen as the future working horse in PV production. In
the solar cell manufacturing of PERC or TOPCon solar cells, thermal processes
like diffusion and oxidation account for 11% of the cost of ownership (in case
of PERC). In these processes, the silicon wafers are typically placed vertically
in quartz boats in dedicated slots with several mm distance to each other.
Stacking of the wafers, as proposed already in 2009/2011 [7, 8], features the
potential of a drastic throughput increase for these processes, since the distance
between the wafers is minimized.

This work presents the process development and characterization of high
throughput, low energy, production of PERC solar cells, increasing the
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throughput of the diffusion/oxidation process by stacking of the wafers.
Further, the findings are transferred to TOPCon solar cells to develop a high
throughput approach for this future solar cell structure.

1.2  Thesis Outline

This dissertation is written as a cumulative thesis. The chapters 4 to 6, except
the “Critical Discussion and Additional Information” section, have been
published identically in peer-reviewed journals. Figure 1-1 visualizes the
investigated topics in the chapters 4 to 6.

Chapter 2 describes the fundamentals for the understanding of this thesis.
Here, the working principle of solar cells and models to describe their
characteristics are described. Further, charge carrier generation and
recombination are introduced. As a further part, a detailed inside into diffusion
with properties of boron and phosphorus diffusion is explained, as well as
thermal oxidation of silicon.

Chapter 3 shows the technologies and characterization methods used in this
work. The solar cell concepts PERC and TOPCon and their fabrication are
explained as well as the technology for the doping process with phosphorus or

Phosphorus Stack Oxidation O, Diffusion Mechanism in Boron Stack Diffusion
State-of-the-art Solar Cell Gap between Stacked Wafers Next Generation Solar Cell

Figure 1-1 Scientific and technological aspects that are addressed in this work:
On the left, stack oxidation processes with pre-doped wafers for the
PERC solar cell emitter formation and passivation (chapter 4), in the
middle, detailed investigation of the oxygen transport mechanism
into the gap between wafers (chapter 5), and on the right, transfer to
the next generation solar cell (TOPCon) with pre-deposited boro-
silicate glass (BSG) layers for the boron emitter formation
(chapter 6).
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boron, respectively. Further, a short overview is given regarding numerical
simulations.

Chapter 4 addresses the development of a high throughput approach for PERC
solar cells “High Temperature Stack Oxidation” (HiTSOx), which combines a
diffusion process containing only the deposition phase, subsequent phosphor-
silicate glass (PSG) removal and then a stacked oxidation process for
simultaneous dopant drive-in and thermal oxide passivation. This chapter
investigates process combinations of diffusion and stack oxidation and their
influence on emitter uniformity, doping profile, oxide growth uniformity,
emitter recombination as well as solar cell parameters.

Chapter 5 presents numerical simulations using COMSOL Multiphysics
investigating the oxygen transport mechanism into the gap between stacked
wafers of the HiTSOx approach. These simulations are compared to
experimental results for the validation. As the gap height is an important
parameter, a measurement technique for the determination of the effective gap
height is presented.

Chapter 6 shows a high throughput stack diffusion approach using pre-
deposited atmospheric pressure chemical vapor deposition (APCVD) BSG
layers for the emitter formation of the next generation solar cell TOPCon
devices. This chapter deals with the process development for homogeneous
doping over the entire wafer surface. Further, cost of ownership calculation
shows the sustainability and cost reduction of this promising process approach.

At the end, Chapter 7 presents an overall summary of the investigations in this
thesis as well as an outlook for future work.






2 Fundamentals

This chapter describes the fundamentals/physics this thesis is based on. First,
the working principle of solar cells is described in section 2.1. This includes
(intrinsic) semiconductor physics, doping of semiconductors and the formation
of the pn-junction. Then, the electrical characteristics of solar cells like open-
circuit voltage, short-circuit current density, fill factor, and energy conversion
efficiency are described, followed by the recombination mechanism in solar
cells. Section 2.2 then describes the diffusion laws and mechanisms of
phosphorus and boron. Thermal oxidation laws and mechanisms for the
formation of silicon dioxide and influencing factors are described in the last
section 2.3.

2.1  Working Principle of Solar Cells
2.1.1 Metals, Semiconductors, and Isolators

Solids are classified in metals (conductor), semiconductors and isolators. The
classification derived from the conductivity of the material, which scales with
the amount of free charge carrier. The parameter for the classification is the
bandgap Eg, the energy distance between upper boundary of the valence Ev and
the lower boundary of the conduction band Ec, which reads

Eg = Ec — Ey. (21)
Figure 2-1 illustrates the energy bands for metal, semiconductor, and isolator.
For metals, the bandgap is Ec <0 eV which results in a high density of free
electrons and thus high conductivity. Different semiconductors have bandgaps

between 0 < Eg < 3 eV. The bandgap represents the energy which is needed to
excite an electron from the valence band to the conduction band. For silicon at

Metal Semiconductor Isolator
E E E
_ £, 4k
24 Z . 0<AEz=3eV AEg AE;>3eV  AE,
AEG<0 V77 1 E,
7

Figure 2-1 Schematic illustration of the energy bands of metal, semiconductor
und isolator. AEc represents the bandgap, Ec the lower boundary of
the conduction band and Ev the upper boundary of the valence band.
Adapted from [2].



6 2 Fundamentals

room temperature (25°C) the bandgap is Eg = 1.12 eV [9]. At low temperatures,
semiconductors are isolators as well, whereas at elevated temperature they are
conductors. Increasing the temperature results in increased occupation of states
in the conduction band by electrons. For isolators, the bandgap is Ec > 3 eV
[2]. Here, the bandgap is much larger than thermal energy keT (with the
Boltzmann constant kg) so that even for high temperature, only few free
electrons are available in the conduction band.

In semiconductors, temperatures T > 0 K transfer electrons from the valence
band to the conduction band, where they are free charge carriers. The states
remaining in the valence band are the so-called defect electrons or holes. Holes
are as well mobile in the valence band as the electrons are mobile in the
conduction band. The charge carrier density follows from the Fermi distribution
under the assumption that the energy difference E-Er at room temperature is
much higher than the thermal energy kgT, the charge carrier density of electrons
n and holes p reads

n = N exp (Ez;fc)
= e ()

with the effective densities of state Nc and Ny of electrons in the conduction
band and holes in the valence band, respectively. The temperature dependent
intrinsic charge carrier density n; is the product of p and n which then reads

E
n? =np = NNy exp (—kB—GT) (2.3)

The Fermi energy of intrinsic semiconductors can be calculated with n = p from
equation (2.2) which then reads

(22)

_ EgrBy | keT (N
Ep= "2+ 55 in (1Y), (2.4)

2.1.2 Dopants in Semiconductors

Semiconductors have low conductivity, but one can influence the conductivity
by introducing impurity atoms into the semiconductor crystal. This is the so-
called doping. Silicon as a semiconductor has 4 valence electrons. By
introducing atoms from the fifth group of the periodic table (e.g. phosphorus),
one further electron is introduced into the lattice. Since one further electron is
introduced, atoms from the fifth group are called donor atoms. Using atoms
from the third group of the periodic table introduces 3 electrons and therefore
one electron less than silicon, increasing the number of holes as acceptor atoms.
Typically, dopant concentrations are much higher than the intrinsic charge
carrier density. Therefore, for doped semiconductors at T > 0 K we find n = Np
(concentration of donors) and p = Na (concentration of acceptors). Despite the
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dopants, for doped semiconductors in the dark, niZ = np is still valid. Dependent
of the doping type, the Fermi energy Er shifts towards the conduction or valence
band, as illustrated by Figure 2-2, and can be calculated by

Er=Ec—kgTIn (x—g) for n-type doping,

¥ (25)
Ep=Ey+kgTln (N—") for p-type doping.
A
n-Semiconductor p-Semiconductor
E
EC Emmm e e e e == = [
ELIIIIIIIIN
AEg
EF
---------- E
E A
| 777777 7

Figure 2-2 Schematic illustration of n- and p-doped semiconductors and their
energy states. Ep is the energy level of the donor states. Ea is the
energy level of acceptor states.

2.1.3 pn-Junction

For the extraction of electrons and holes generated by illumination, a pn-
junction is used. This means, bringing p- and n-doped semiconductors in direct
contact to each other. The area in between is the so-called space charge region
(SCR), without free charge carriers. Figure 2-3 illustrates the connection
between n- and p-doped semiconductor in the dark and illuminated case. In the
dark, the electrons flow into the p-doped region and the holes into the n-doped
region, leaving fixed space charges, forming the space charge region. The SCR
generates a potential difference, the diffusion voltage Vp, which reads
Vp =20 in (M), (2.6)

2
q ng

with the elementary charge q.

When illuminating the semiconductor, photons with energies higher than Eg
can excite electrons, shifting them from the valence band to the conduction
band. The density of electrons and holes change in the illuminated case,
therefore the electron density in the dark is denoted as no and the density for
holes in the dark as po., whereas under illumination as n and p are used. One
can derive n and p from the density in the dark and the excess charge carrier
densities 4n and Ap:
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n=ng+An and p=p,+Ap. 2.7)

Due to the increased density of electrons and holes under illumination, one
Fermi energy is no longer sufficient to describe the occupation of states by
electrons and holes and therefore, quasi Fermi energies for electrons Er, and
holes Erp are introduced, as illustrated in Figure 2-3. For illuminated
semiconductors, the pn product reads

np = nf exp (%)=nf exp (%) (2.8)
The difference in the quasi Fermi energies gV, corresponds to the open-circuit
voltage Vo, the potential difference between the p- and n-region.

n-doped p-doped n-doped p-doped

Figure 2-3 Schematic illustration of a pn-junction in the dark on the left side
(redrawn from [2]) and illuminated at the right side. In the dark, the
charge carriers exchange over the SCR, resulting in the diffusion
voltage Vo. In the illuminated case, the Fermi level splits into quasi
Fermi levels for electrons Ern and holes Erp. The difference yields
the open-circuit voltage Voc.

2.1.4 Two-Diode Model and Electrical Characteristics

In principle, silicon solar cells in the dark are large area diodes with n- and p-
doped regions. Their current-voltage (J-V) characteristics under illumination
can be described by the ideal diode equation which reads

JWV) = Jon = Jo [exp (74) = 1] (29)

with the photogenerated current density Jon generated by the irradiated light, Jo
the dark saturation current density, and n; as the ideality factor of the diode
(n; = 1 for an ideal pn-junction). Here, the electric current is normalized to the
area J=I/A. Here, Jo: accounts for recombination losses in the silicon bulk and
the rear surface Jop and the highly doped emitter Jge.

For a real solar cell, more loss mechanisms occur which cannot be described
by a single diode, therefore a second diode is introduced for a more realistic
description. This so-called two-diode model accounts for non-ideal
recombination mechanisms, e.g. in the space charge region by the dark
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saturation current density of the second diode Jo2. The two-diode model then
reads

JV)=Jph—Jox [exp (M) - 1] —Joz [exp (M) - 1] - V%Rs, (2.10)

n,kgT nykgT

with the dark saturation current densities Jo for bulk and emitter
recombination, Jo, for the space charge region and other non-ideal
recombination, ny =1 and n; =2 as the ideality factors for the diodes [10].
Further, R, as the parallel resistance and Rs as the series resistance are taken
into account in the two-diode model, as it can be seen in the equivalent circuit
in Figure 2-4.
From the JV characteristic, four main parameters to describe a solar cell can be
extracted. The short-circuit current density Jsc, the open-circuit voltage Vi, the
fill factor FF and the energy conversion efficiency #.
The Jsc is the maximum current which can be generated by the solar cell and
correlates to the photogenerated current density Jpn and can be extracted in short
circuit condition, reads

]sc =](V = 0) =]ph' (211)
The maximum voltage of the solar cell can be extracted at open-circuit
conditions. For the one-diode model from eq. (2.9), the open-circuit voltage Voc
reads

Ve = "2—Tzn (j—+ 1). (2.12)
The energy conversion efficiency # of a solar cell is defined as the ratio between
the maximum power at the maximum power point Pwvpp, Where the solar cell

A
']Ul ""UZ

' o)
Figure 2-4 Equivalent circuit of the ideal diode (black lines, equation (2.9)) as
well as for the two-diode model (black+blue lines, equation (2.10)).
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should be operated, and the power of the incident irradiation P;.. under standard
test conditions Pstc. The maximum power point is depicted in Figure 2-5. The
standard test conditions (STC) are defined with a power of the light intensity of
Pstc = 1000 W/m? at a solar spectrum of AM1.5G [Norm IEC-904-3] at a
temperature of 25°C:

— PMPP _]chocFF

(2.13)

The fill factor FF describes the ratio between maximum power point and the
maximal possible power, the product of Jsc and V. It therefore reads

Pirr Pirr

FF = Jmpp Vmpp

. 2.14
]SC VOC ( )
0.05 : ; . . .
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Figure 2-5 Illuminated J-V and resulting P-V curve. Marked is the maximum

power point MPP and the corresponding current Juwep and voltage
Vwmee. Further, Jsc and Voc are shown.

2.1.5 Recombination Mechanisms

Illumination of a semiconductor with a photon energy exceeding the bandgap
results in the excitation of electrons from the valence band to the conduction
band, as explained in section 2.1.1. One distinguishes between those excess
carriers, generated by the external illumination (An, Ap), and the electrons and
holes in thermal equilibrium without illumination (nw, pw). Under the
assumption of charge neutrality and the absence of trapping [11, 12] An = Ap is



2.1 Working Principle of Solar Cells 11

valid. In this case, the change of the excess carrier density An over time follows
from the continuity equation and reads
_ dAn(t)

G ~ UAn(t),nen, p) + V) = 5.5 (2.15)

where G is the generation rate, U the recombination rate dependent from the
excess carrier density An and the intrinsic carrier concentrations in thermal
equilibrium ng, pw. Further, current flow in and out of the volume element is
taken into account via Vj/q, where j is the flow of charge carriers.

In the following, different recombination mechanisms are explained. One can
distinguish between intrinsic recombination and extrinsic recombination.
Intrinsic recombination cannot be influenced because they are material
properties, whereas extrinsic recombination can be minimized during the solar
cell production.

2.1.5.1 Radiative Recombination

One of the intrinsic recombination mechanisms is the radiative recombination.
It is the inverse process of the band-to-band absorption of light, the carrier
generation. Here, an electron and a hole recombine emitting a photon with a
frequency v = Eg/h, with the Planck’s constant h [13]. The emitted photons have
the energy close to the bandgap Eq = 1.12 eV, resulting in wavelengths around
950 nm < A <1250 nm [13, 14]. The radiative recombination rate U.q reads

2= Brag " (np — nferr) (2.16)

with the radiative recombination coefficient By,g and the radiative lifetime zraq.

Urag =

2.1.5.2 Auger Recombination

The second intrinsic recombination mechanism is the Auger recombination. It
is the dominant intrinsic recombination mechanism, as silicon features an
indirect bandgap leading to weak radiative recombination. In this mechanism,
the energy released by the recombination of an electron hole pair is transmitted
to a third particle, which can be an electron or a hole. The energy is absorbed
by the third particle and released again by the emission of phonons, known as
thermalization, until the initial energy is reached. The recombination rate Uauger
of this three-particle mechanism with either electron-electron-hole or electron-
hole-hole, scales with their availability and reads
UAuger = ﬁzer = Ceen (Tl2 P— ntzh ' pth) + Cenn (n ' pz N - ptzh)' (2.17)

with the Auger lifetime zauger and the Auger coefficients Ceen and Cenn. The
Auger recombination is proportional to the square of the doping concentration
Unuger ¢ Naoping?, as follows from Eq (2.17). Therefore, Auger recombination
occurs especially in highly doped regions, as the emitter of a solar cell is. The
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most common empirical parametrization of the Auger recombination was
determined by Richter et al. [15], which was used at the beginning of this thesis.
Niewelt et al. [16] recently published a revised Auger parametrization.

2.1.5.3 Shockley-Read-Hall Recombination

Shockley-Read-Hall (SRH) recombination is an extrinsic recombination
mechanism occurring at point defects (lattice defects or metal impurities) in the
semiconductor. In a defect free semiconductor, this recombination would not
occur. Nevertheless, point defects form energy levels within the forbidden band
gap. There, recombination occurs via these intermediate defect energy levels.
The theory for this defect recombination was developed by Shockley, Read [17]
and Hall [18, 19]. SRH recombination occurs in the volume and the surface of
the semiconductor.

SRH Recombination in the Volume:

The SRH recombination rate in the volume reads
An Neven (np—nfer)
Tsr l/ah(ﬂ+n1)+1/¢re(P+P1)'
with the thermal velocity v, the defect density N; and the defect capture cross
sections for electrons o and holes on. The SRH carrier density reads

Usrn = (2.18)

E—E, E,—E,
Ny = Miefr exp( paee ) P1 = Miefr” exp( kBTt)' (219)

with the energy level of the defect E: and the energies of the conduction or
valence band Ey [20].

SRH Recombination at the Surface:
The SRH recombination at the surface occurs due to incompletely bonded
silicon, increasing the defect levels within the band gap. This then reads
— _ 2 Ec Dj¢ (Ey)
Usurf - Vth (np ni'e“) fEV 1/0'}1(nsurf+n1(Et))t"'lt/o'e(psurf"'pl(Et)) dEt’ (220)
with the surface density of defect states Dj, and the electron and hole surface
concentration Nsyrf and Psur.

2.2 Diffusion

For the fabrication of passivated emitter and rear (PERC) and tunnel oxide
passivated contact (TOPCon) solar cells, the formation of highly doped surface
layers is necessary. Those layers are formed during high-temperature tube
furnace diffusion processes. As it will be explained in section 3.1.1 and
section 3.1.2, PERC devices feature a phosphorus-doped emitter and TOPCon
devices a boron-doped emitter. The following section describes the physical
fundamentals of diffusion processes.
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2.2.1 Fick’s Law of Diffusion

In systems, where atoms in a solid are not distributed homogeneously, they
move from regions with higher concentration to regions with lower
concentration. This so-called diffusion happens until a thermal equilibrium is
reached whereas the diffusion is driven by the concentration gradient. The
particle flow is thereby often dependent on the temperature and the absolute
concentration of the particles themselves. Fick [21] describes the diffusion
process in a one-dimensional geometry by

J(x,t) = —p2ED, (2.21)
In Fick’s first law (2.21), the particle flux J is described at the location x at time
t by the gradient of the concentration N(x,t) multiplied by the diffusion
coefficient D. Here, the negative sign indicates the diffusion from regions with
higher concentration to regions with lower concentration.
Adding the continuity equation (conservation of mass)

IN(x,t) _ _ aJ(x,t) (2 22)
at ax '
to equation (2.21), Fick’s second law in the one-dimensional geometry reads
AN(x,t) _ J9AN(xE)
== D(N,T) = (2.23)

for a location-independent diffusion coefficient. The temperature dependent
diffusion coefficient D is often described by an Arrhenius relation [22]

D(T) =D, - exp (- ;i—AT) (2.24)

where T is the temperature, Do the maximum diffusivity extrapolated to infinite
temperature, and Ea the activation energy. Besides the temperature
dependence, a concentration dependence of the diffusion coefficient is
dependent on the specific diffusion species and mechanism [23-25].

Under the assumption that the diffusion coefficient is not concentration
dependent, two cases for the solution of the partial differential equation (2.23)
are possible. The constant-surface-concentration diffusion and the constant-
total-dopant-dose diffusion.

For the constant-surface-concentration diffusion, where the dopant source is
infinite, the concentration at the surface N; is assumed to be constant over the
entire process. The initial and boundary conditions in this case are

N(0,¢t) = Ng, (2.25)
N(x,0) =0, (2.26)
N(oo,t) = 0. (2.27)

This leads to the dopant concentration in the silicon which reads
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N(x,t) = Ng-erfc (#ﬁ)’ (2.28)
with erfc being the complementary error function and the diffusion length
L = /Dt of the dopants. For those diffusion processes, the dopants diffuse
deeper into the silicon crystal (depth x perpendicular to the surface) with
increasing time t, while the surface concentration N stays constant.

For the constant-total-dopant-dose diffusion, where the dopant source is
limited, the initial boundary conditions are as follows

N(x,0) = 0, (2.29)
Jo? N (x, t)dx = Qe (2.30)

where Qq: is the total dose of dopants.
The solution for equation (2.23) then reads

N(x,t) = «/% - exp (—4x—m). (2.31)

For those processes with finite dopant source the surface concentration Ns
decreases with increasing time because the total amount of dopants is limited
while the depth increases:

Ny = 2ot (2.32)

S Dt
2.2.2 Atomistic View of Diffusion

On the atomic view, several mechanisms lead to the movement of atoms. In the
following, the main diffusion mechanism for boron and phosphorus are
described and illustrated in Figure 2-6. Diffusion of impurities in a lattice are
described by a substitutional-interstitial (S-1) or a vacancy mechanism. For
interstitial diffusion, the interstitial can be either an impurity interstitial or an
interstitial silicon atom, which is a so-called self-interstitial [23, 26-32]. At
elevated temperature, the silicon lattice is vibrating which can cause vacancies
at the equilibrium lattice site. Therefore, a vacancy V can be created by a silicon
atom on a lattice site, which becomes interstitial. For detailed descriptions refer
to Ref. [23, 32, 33].

The Frank-Turnbull [34] mechanism is represented by the following equation

A+V o A, (2.33)

an interstitial impurity atom A; diffuses through the silicon lattice until it is
trapped by a vacancy V. The interstitial impurity atom then becomes a
substitutional impurity atom As, which is almost immobile. This diffusion
mechanism is vacancy controlled and therefore refers to vacancy-assisted
diffusion.



2.2 Diffusion 15
an & an @ oy an N
L 4 w5 1 Ry L 4 2 Ry L 4 Lo
- _ AN -
ah \ N B M, a
] [ [}
o o @ g A 4 4 2
B ) = - . = ( :W Substitutional silicon atom S
L O .—‘é } Li) O C) C) ‘/\7\) Interstitial silicon atom 1
= ;
a 3 /I‘ o o ah @ ' i.,/J Vacancy AY
w o w o - W = . . .
./’ @ substitutional impurity atom A,
P AT AT Y Py R
. "\/ o/ L \/‘ 4 v O . Interstitial impurity atom A
A ey an an o an
L4 & 7z @ w w L !
K7 1 Lattice place change
() O (‘1;' r() O Q) (7> 2 Interstilial mechanism
5 . 3 Frank-Turnbull mechanism FT™
any ah an an an, FN
i < A L L 4 L L 4 Vacuncy mechanism VM
@ oy ./’\] @ oy any am 5 Kick-out mechanism KOM
L Ny R Y R Ly @
Figure 2-6 Schematic overview of the atomic diffusion mechanisms for boron

and phosphorus diffusion. Adapted from [35].

The vacancy mechanism is represented by the following equation
(As—V)o A+, (2.34)

where (As-V) is a pair of a substitutional impurity and a vacancy. Here, As pairs
with the vacancy due to electrostatic forces, double and single negatively
charged vacancies (V> and V-) close to the vacancy. For the phosphorus
diffusion, the V> and V- play an important role, see section 2.2.3.

The kick-out mechanism [36, 37] is a self-interstitial diffusion mechanism,
represented by

Ao Ag+1, (2.35)

with a (self)interstitial silicon atom I. In this mechanism, an interstitial impurity
atom A; diffuses through the silicon lattice. Then, A; kicks out a silicon atom
from its lattice position and occupies it, becoming a substitutional impurity
atom As. At the same time a self-interstitial silicon atom | is created.

2.2.3 Properties of Phosphorus and Boron Diffusion in
Silicon

Section 2.2.2 describes the atomistic diffusion mechanism in general. The
following sections deals with the properties of phosphorus and boron diffusion
in silicon.

2.2.3.1 Phosphorus Diffusion

For the phosphorus diffusion in silicon, the following reactions are proposed
by Uematsu et al. [32]:
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(P=V)" ©P§+V?, (2.36)
P +V* o P§ + 3e, (2.37)
PP +V~ o P§ + 2e, (2.38)

PP o PF+1°+e, (2.39)
V2 +1% o @+ 2e, (2.40)
V 4+ od+e. (2.41)

Interstitial atoms have the index i, substitutional atoms the index s, vacancies
are assigned to V, and the silicon atoms are self-interstitials | or substitutional
®. The superscripts indicate the charge, neutrally charge with “°”, positively
charged with “*”” and negatively charged with “’. The vacancy mechanism for
phosphorus diffusion is shown in equation (2.36), where the nearest-neighbor
pair (P-V) in which Ps* becomes mobile through the Coulomb force from the
V2 [23, 32]. The Frank-Turnbull mechanism is shown by eq. (2.37) and
eq. (2.38), compare eq. (2.33). The kick-out mechanism is shown by eq. (2.39).
Finally, the generation and recombination of Frenkel pairs (I-V) is described by
eg. (2.40) and eq. (2.41).

Figure 2-7 shows the phosphorus concentration as a function of the depth
showing the characteristic kink-and-tail shape. The graph is taken from [32].
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Figure 2-7 Typical kink-and-tail diffusion profile for phosphorus in silicon as
phosphorus concentration in dependence of the depth. Further, the
concentration of silicon interstitials in dependence of the depth is
shown, as well as the dominating diffusion mechanism in the
different regions of the diffusion profile. Graph taken from [32].
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The diffusion profile can be separated in three regions, | to Ill. Those regions
can be described by the dominating diffusion mechanism and their phosphorus
diffusion coefficient [32]. In region I, the so-called kink region, the vacancy
mechanism via V2 dominates the phosphorus diffusion till a phosphorus
concentration of Cs > 1:10% cm. Then, in region I, the kickout mechanism
with self-interstitials dominates for phosphorus concentrations between
1-102 cm3> Cs>2:10%cm™. In region Ill, when the phosphorus con-
centration further drops, the kick-out mechanism with phosphorus interstitials
is the dominating diffusion mechanism. Here, in no region the Frank-Turnbull
mechanism dominates.

For the diffusion profile or doping profile of phosphorus exist differences
between electrically active and inactive phosphorus. Dependent of the
measurement technique, either the total phosphorus concentration can be
measured, e.g. by secondary ion mass spectrometry (SIMS), or the electrically
active phosphorus concentration, e.g. by electrochemical capacitance voltage
(ECV) measurement, see section 3.3.2. Figure 2-8 shows SIMS data by Solmi
et al. [38], showing the differences between active and inactive phosphorus in
a diffusion profile. Further, above a saturation phosphorus concentration Cea,
phosphorus atoms form SiP precipitates [39, 40], which are immobile and
electrically inactive. Those SiP precipitates result in high minority carrier
recombination [41] and their formation should be avoided. Below Csat,
phosphorus is electrically inactive but mobile until the equilibrium phosphorus
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Figure 2-8 SIMS measurement showing the phosphorus concentration as a

function of the depth. Shown is as well the carrier concentration.
Graph taken from [38].
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concentration n.. Up to this concentration, phosphorus acts as donors and
provides electrons. The inactive phosphorus area should also be avoid due to
increased recombination [41], nevertheless inactive phosphorus can influence
the contact formation by silver metallization [42]. The phosphorus
concentrations for both cs and ne are temperature dependent [38].

2.2.3.2 Boron Diffusion

For explanation of the boron diffusion in silicon, both the vacancy [26] and the
self-interstitial [27] mechanism were proposed by Fair et al. and Hu et al.,
respectively. Then, Mirabella et al. proposed the silicon self-interstitial as the
exclusive mechanism [31]. Uematsu et al. [32] describe the boron diffusion by
the following reactions

BY & B +1*, (2.42)

1

BY & By +1°+h. (2.43)
Here, B is a neutrally charged interstitial boron atom, Bs”is a negatively charge
substitutional boron atom, 1" and 1° are positive and neutrally charged self-
interstitials and h represents a hole. These reactions refer to the kick-out
mechanism, generating positively charged self-interstitials or self-interstitials
with a hole.

At high temperature and high boron concentration in the doping source, a boron
rich layer (BRL) [43-45], which consists of a SiB phase [46] may form. A BRL
is highly recombinative and lead to low surface passivation quality [47]. It can
also cause bulk lifetime degradation of the wafer [43]. Therefore, it is favorable
to remove or suppress the formation of BRLs. One way to remove a BRL is to
etch it wet-chemically after the diffusion process [47, 48]. Another possibility
is a subsequent thermal oxidation process at low temperature [46]. The
oxidation injects silicon self-interstitials [49] and enhances the boron diffusion
(oxidation-enhanced diffusion), increasing the depth of the doping profile [27].
Nevertheless, omitting the formation of a BRL or removal of a possible BRL
during the boron diffusion process is more favorable. Introducing oxygen
during the diffusion process, a so-called in-situ oxidation, prevents the
formation or removes a present BRL [50, 51]. Oxygen concentration plays an
important role in the boron diffusion process [51-53].

2.3  Thermal Oxidation

Thermal oxidation processes can be performed during diffusion processes, as
so called in-situ oxidation, or as a separate process, denoted as ex-situ
oxidation. During the thermal oxidation process, typically being performed at
elevated temperatures between 500 and 1100°C, silicon reacts with oxygen (dry
oxidation) or water vapor (wet oxidation) to silicon dioxide SiO,. In this work,
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only dry oxidation processes using oxygen are performed. During the process,
oxygen diffuses through the growing SiO, layer as molecules which are
neutrally charged [54, 55]. The oxygen molecules do not react with oxygen or
silicon atoms of the bulk SiO, layer [54], they dissociate at or near the
silicon/silicon dioxide interface forming SiO; [55, 56]. This layer (SiO-/silicon
dioxide/silicon oxide) is called oxide layer in this work.

2.3.1 The Deal-Grove Model

In 1965 Deal and Grove published a model for the growth of a thermal silicon
dioxide layer [57]. This model is based on physical laws where the oxidant
species shows an inward movement to the silicon/silicon oxide interface instead
of silicon moving outward to the surface/process atmosphere. Figure 2-9 shows
the three transport fluxes F1, F2 and Fs, describing the transport of the oxidant
species from the process atmosphere through the silicon dioxide to the silicon
wafer (for further information on the used equations refer to [57]):
e F1: The oxidant species is transported from the process atmosphere
towards the outer surface where it reacts or gets absorbed.
e [, The oxidant species diffuses across the already present oxide layer
towards the silicon surface.
e F3: Finally, the oxidant species reacts at the silicon surface to silicon
dioxide.
Following from the equations of F; to F3, the growth rate of a thermal silicon
dioxide layer with thickness d reads as follows

d _ ksC*/Ny _ B
dt (d) = 1+ky/h+ked/Dog  2d+A’ (2.44)
C, : :
Process SiO, Si
Atmosphere
Ccule do
Cy
CI
0 d X
F Fa Fs

Figure 2-9 Schematic illustration of the Deal-Grove model, redrawn from [57].
C* is the equilibrium concentration of the oxidant in the oxide, Co is
the concentration of the oxidant at the outer surface of the oxide, and
Ci is the concentration of the oxidant near the oxide-silicon interface.
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with the chemical reaction rate at the Si/SiO; interface ks, the equilibrium
concentration of the oxidant species C” in the oxide, the number of the absorbed
oxidant molecules in the oxide layer Ni, the gas-phase transport coefficient h,
and the effective diffusion coefficient of the oxidant Desr. Under the assumption
that the equilibrium concentration of the oxidant is related to the partial pressure
of the oxidant, Henry’s law reads

C*=K-p, (2.45)
with the Henry’s constant K, and the partial pressure of the oxidant in the gas
phase p.
Integrating equation (2.44) and resolving for the oxide thickness d yields it as
a function of the oxidation time

d= §<[1 + A;;;B]% - 1), (2.46)
with
A =2De(1/h + 1/ky), (2.47)
B = 2DecC" /Ny, (2.48)
= (d? + Ady) /B, (2.49)
+ =i (%) (250

Hereby, the oxide thickness at time t =0 is denoted with do and 7 is a time
correction factor. One can distinguish two different limiting cases. In the case
of thin oxide layers

(t +71) < A?/4B, (2.51)
from this follows therefore
d=B/A-(t+71). (2.52)

In literature B/A is denoted as linear rate constant.
In the other case for thick oxide layers and therefore long oxidation times

t>t and t> A%/4B, (2.53)
in this case
d? ~ Bt. (2.54)

Here, in the literature, B is denoted as parabolic rate constant. Overall, the Deal-
Grove model describes the thermal oxide growth as a linear-parabolic law.

2.3.2 The Massoud Model

For thin oxide layers (d < 50 nm), the Deal-Grove model is not accurate enough
in describing oxide growth, especially for thermal oxidation processes in
oxygen atmosphere [58, 59]. At the beginning of the thermal oxidation process
for thin layers, the oxide growth is accelerated, which differs from the Deal-
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Grove model. More accurate models are published by Han and Helms [60] with
a parallel oxidation mechanism or by Massoud et al. [58, 59] who extends the
Deal-Grove model by two further terms. In this work, the model and findings
from Massoud et al. are used. The adapted model from Massoud et al. then

reads

d B - -
(@ = ——+ Cre™ @) + Cyem WD), (2.55)

with the characteristic lengths L; and L, which decay exponentially with the
oxide thickness d, and the constants C; and C,. The first additional term decays
exponentially in the first~ 5-10 nm of oxide growth and then vanishes, whereas
the second additional term decays exponentially up to a thickness of = 25 nm.
After that, the growth rate becomes pure linear-parabolic as described by the
Deal-Grove model.

2.3.3 Factors Influencing Thermal Oxide Growth

There are several factors that affect thermal oxide growth like e.g. temperature,
crystal orientation, oxidizing species, dopant concentration, or oxidant partial
pressure. In the following, those factors are shortly explained. For further
insights refer to the given literature (see references below).

2.3.3.1 Temperature, Time, Crystal Orientation and Oxidizing Species

Figure 2-10 shows the oxide thickness as a function of time and temperature,
for oxidation in dry oxygen at atmospheric pressure. With increasing plateau
temperature, the oxide growth rate is increased [57, 58, 61, 62]. Increasing the
oxidation time increases the final oxide thickness. This holds true for both dry
as well as wet oxidation (water vapor H,O). Comparing dry and wet oxidation
shows a higher growth rate for the oxidation in the wet atmosphere [57]. For
the same oxidation time, this results in thicker oxide layers for oxidations in
water vapor compared to oxidation in oxygen. The reason for this is the higher
equilibrium concentration of H,O in SiO, which is 600 times higher for H,O
than for O, [57].

The oxidation is further dependent on the substrate orientation, e.g. (100) or
(111). Here, the oxidation rate is higher for the (111) orientation [58, 61],
especially the linear rate constant. When a Si-O bond is formed, the neighboring
bond is shielded and therefore not available for a chemical reaction [63]. Silicon
with a crystal orientation of (100) shows a lower number of available bonds
than silicon with (111) orientation.
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Figure 2-10  Temperature and time dependence of the thermal oxidation of silicon
in dry oxygen at atmospheric pressure. Taken from [57].

2.3.3.2 Dopant Concentration

Performing a thermal oxidation process with doped samples, such as samples
after the diffusion process, the oxide growth is influenced by the dopant
concentration at the Si/SiO; interface [62, 64, 65]. Highly doped samples
increase the reaction rate and therefore the linear rate constant B/A. Due to this,
the oxide growth rate in the case of thin layers is more influenced [64]. For
oxidation processes, where the growth is limited by the diffusion of oxygen to
the Si/SiO; interface, the dopant concentration has less influence on the
parabolic rate constant B [64]. In general, higher doping levels increase oxide
growth rates and therefore lead to thicker oxide layers, whereas the influence is
higher at lower temperature and for shorter oxidation times. Further, the
influence is higher for oxidation processes in water vapor than in dry oxygen
[64]. A reason for the higher oxidation rate is a increased surface area due to
phosphorus diffusion [62, 64], leading to an increased amount of bonds,
available for the reaction.

Further, a thermal oxidation process influences the concentration of boron and
phosphorus at the SiO-/Si interface. The oxidation leads to a redistribution of
the dopants close to the surface, see Figure 2-11. Grove et al. [66] explains this
behavior by the segregation coefficient m which reads

equilibrium concentration of impurity in the silicon
m= (2.56)

equilibrium concentration of impurity in the oxide




2.3 Thermal Oxidation 23

The segregation coefficient gives the ratio between the equilibrium
concentration of impurities at the interface, i.e., boron or phosphorus, in silicon
and in the oxide film. For boron m ~ 0.3, which means that the solubility of
boron is higher in the oxide than in silicon [66]. For phosphorus it is vice versa
with m~ 10 [66]. As schematically illustrated in Figure 2-11, boron doping
shows a dopant concentration decrease in silicon towards the interface, whereas
phosphorus shows a pile up of dopants.
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Figure 2-11  Schematic illustration of the segregation effect at the interface of
oxide (SiO2) and silicon due to thermal oxidation. On the left side,
the behavior of boron and on the left side for phosphorus is shown.
Redrawn from [66].

2.3.3.3 Oxygen Partial Pressure

The oxide thickness or rather the rate constants of thermal oxidation processes
is dependent on the oxidant partial pressure. Deal et al. [57] reports a partial
pressure dependence of the parabolic rate constant B, which is directly
proportional to the partial pressure according to the Henry’s law (eg. (2.45) and
eq. (2.48)). They further report a that the linear rate constant A does not depend
on the oxidant partial pressure [57]. The oxide thickness therefore shows a
linear (for relatively short oxidation times) or square-root (for relatively large
oxidation times) dependence from the oxidant partial pressure, according to
eg. (2.52) and eq. (2.54), respectively.

For oxide thicknesses dox < 50 nm, the Deal and Grove model is not accurate
[58, 59], therefore Massoud et al. report that the oxide has a partial pressure
dependence with the power of 0.8 with increasing power towards higher
temperature [58].






3 Technology and Characterization Methods

This section deals with the solar cell structures, technologies and
characterization methods that are used in this work. First, the passivated
emitter and rear cell (PERC) and the tunnel oxide passivated contact
(TOPCon) cell are introduced as the used solar cell concepts. Then, the tube
furnace diffusion technology using phosphorus oxychloride (POCI3z) and the
atmospheric pressure chemical vapor deposition (APCVD) for the deposition
of doped layers are introduced. Finally, the characterization tools and methods
are presented followed by the description of the simulation tool COMSOL
Multiphysics.

3.1 Solar Cell Concepts and Fabrication

3.1.1 Fabrication of PERC Devices

The passivated emitter and rear cell (PERC) introduced by Blakers et al. [67]
in 1989 is currently the mainstream technology in industry. This chapter gives
a short overview for this solar cell concept and the important aspects for this
work. Refer to the PERC technology review by Preu et al. [68] for detailed
explanations.

The baseline process sequence for the fabrication of PERC solar cells, a cross
section of which is shown in Figure 3-1 a), at Fraunhofer ISE is depicted in
Figure 3-1b). The processing starts with p-type Czochralski-grown as-cut
silicon (Cz-Si) wafers with an edge length | = 156.75 mm (M2 format). In an
alkaline texturing process, random pyramids are formed to reduce reflection
losses [69]. Then, a tube furnace diffusion process using phosphorus
oxychloride (POCIs) as a liquid dopant precursor forms the phosphorus (n-
doped) region, the so-called emitter, on both sides of the Si wafer [23]. More
details about the diffusion process are explained in sections 2.2 and 3.2. An
optional laser doping process, using the phosphorus silicate glass (PSG) layer
as a further dopant source [70-72], forms a local highly doped region
underneath the later printed front contacts. Now, a wet-chemical etching
removes the emitter on the rear side and the PSG layer on the front side. After
this, a wet-chemical cleaning step is performed, prior to the thermal oxidation
process [73-75], growing a thin silicon oxide SiO; as a passivation layer on the
front and rear side of the wafer. Subsequently, a passivation stack of
AIO,/SiO«Ny/SiNx is deposited on the rear side using plasma enhanced
chemical vapor deposition (PECVD). For the front side, again by PECVD, a
silicon nitride (SiNy) layer is deposited, which serves as surface passivation and
anti-reflection coating [76]. Now, an infrared laser process locally removes the
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a) b)
[ p-type Cz-Si (edge length 156.75 mm) ]
Alkaline texturing
POCI, diffusion
Ag front contact Optional laser diffusion
Rear emitter removal + PSG etching
Surface cleaning
Thermal oxidation
PECVD rear passivation ]
PECVD front passivation ]
Al rear contact AlOJ/SION,/SiN, Local laser contact opening on rear side ]
]
]
]

SiN,

p-type Thermal SiO, Phosphorus emitter

silicon Local Al-BSF

Screen-printing on front and rear side
Contact firing
Current-voltage measurement + LECO

Figure 3-1 a) Schematic passivated emitter and rear cell (PERC) cross section

without selective emitter.

b) Baseline process flow for the fabrication of PERC solar cells at

Fraunhofer ISE [68].
rear passivation stack to form a dot-shaped local contact opening (LCO) [77].
Then, the metal contacts are applied using screen-printing of a silver (Ag)
containing paste in a finger and busbar layout on the front side and an aluminum
containing metal paste on the rear side, printed on the whole area but excluding
the wafer edges. As a final processing step, a contact firing step in a conveyor
belt furnace is performed [78] which forms the electrical contact. On the rear,
the aluminum paste alloys into the silicon where the passivation was locally
ablated, forming the local aluminum back surface field (Al-BSF). On the front
side, the silver paste etches through the passivation, forming the contact.
Further, the firing step releases hydrogen from the passivation layers, lowering
the charge carrier recombination due to saturating defects on the surface and
volume [79, 80]. For quality control and sorting, current-voltage measurements
are performed in an industrial inline cell tester, including a laser-enhanced
contact optimization (LECO) process [81].

3.1.2 Fabrication of iTOPCon Solar Cells

The tunnel oxide passivated contact (TOPCon) solar cell on n-type material was
introduced by Feldmann et al. [82]. According to forecasts such as e.g., the
International Technology Roadmap for Photovoltaics (ITRPV) [5], TOPCon
solar cells will gain a considerably high market share over the next years. In
general TOPCon solar cells are considered as one of the two possible follow up
solar cell architectures to PERC, next to silicon hetero-junction. This chapter
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gives a short overview over the fabrication of industrial TOPCon solar cells
(iTOPCon).

The fabrication baseline process for iTOPCon solar cell, its cross section
depicted in Figure 3-2 a), is depicted in Figure 3-2 b), used in this work. The
fabrication starts with n-type as-cut Cz-Si in M2 format. After alkaline
texturing, the boron emitter is formed in a tube furnace process using boron
tribromide (BBr3) as liquid dopant precursor. Now, the rear side boron silicate
glass (BSG) as well as the boron emitter is removed in a wet-chemical single
side process. On the front side the BSG and emitter are being kept intact. After
surface cleaning, a tube furnace process grows a thin tunnel oxide followed by
a low-pressure chemical vapor deposition (LPCVD) process forming a
phosphorus-doped amorphous-silicon (a-Si(n)) layer on both wafer sides. After
this deposition, a single side etch (SSE) using atmospheric pressure dry etching
[84] removes the a-Si(n) layer on the front side of the wafer. The BSG layer on
the front serves as an etch barrier during the SSE [84], followed by a BSG etch
process and a wet-chemical surface cleaning step. In a tube furnace, the a-Si(n)
layer is now annealed for crystallization prior to the front side passivation. For
this, a thin low-temperature thermal oxide of 1-2 nm is grown in a tube furnace,
followed by plasma enhanced chemical vapor deposition (PECVD) in a tube
furnace process, where a stack of aluminum oxide (AlOy) and silicon nitride
(SiNy) is deposited. For the rear side passivation, a SiN layer is deposited by
PECVD. Afterwards, the metallization for contacting is performed by screen-
printing a silver (Ag) grid on the rear side as well as a silver-aluminum (AgAl)

a) b)
n-type Cz-Si (edge length 156.75 mm)
Alkaline texturing
BBr,diffusion
Rear emitter removal (BSG remains on front)
Screen printed AgAl contact SiN, Surface cleaning
AlO, Tunnel oxide + LPCVD a-Si(n) deposition
. p* emitter Single side etch on front
n-type Cz-5i S P’taf“ ( BSG etch + cleaning )
s T-Si0,
W\ n* poly-Si Anneal
\ / SiN:H Front side passivation
Screen printed Ag contact PECVD rear passivation
Screen-printing on front (AgAl) and rear side (Ag)
[ Contact firing
[ Current-voltage measurement + LECO ]

Figure 3-2 a) Schematic industrial tunnel oxide passivated contact (iTOPCon)
solar cell cross section, adapted from [83].
b) Baseline process flow for the fabrication of iTOPCon solar cells at
Fraunhofer ISE.
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on front side. Then, the contacts are formed in an industrial conveyor belt
furnace. As a final step, current-voltage measurements which yield the solar
cell performance are performed, including a LECO process [81, 83].

3.2  Diffusion technology
3.2.1 Gas phase diffusion

For the diffusion process in this work, commercially available, industrial
horizontal quartz tube furnaces are used. For the phosphorus diffusion, a quartz
tube furnace from centrotherm international is used, whereas for the boron
diffusion a furnace from Tempress is used. Dependent from the diffusing
species and technology (atmospheric pressure (AP) or low pressure (LP)
diffusion [85]), the gas in- and outlet is place on a different position. Figure 3-3
schematically shows the cross section of a tube furnace. The silicon wafers are
placed in a quartz boat, each in a dedicated slot containing up to 1,600 wafers
per boat. This quartz boat is transported into the tube by the paddle.

For the phosphorus diffusion process, nitrogen (N2) bubbles through liquid
phosphorus oxychloride (POCIs). This No-POCI; enters the heated quartz tube
(5 individual heating zones) together with oxygen (O.), reacting with each other
forming phosphorus pentoxide (P2Os) and chlorine (Cl).

4 POCl; (g) +3 0, (g) = 2P,05 (I) + 6 Cl, (g). (3.1)

The Cl; creates volatile metal compounds and cleans the silicon surface and the

tube furnace [9]. In a second reaction step, the P,Os reacts with the silicon (Si)
wafer to amorphous silicon dioxide (SiO2) containing phosphorus atoms (P).
2P,05 (1) +58Si(s) » 5Si0, (s) + 4 P (s). 3.2)

This phosphorus containing amorphous silicon dioxide is called

phosphosilicate glass (PSG). At the same time, O, oxidizes silicon at the
interface to SiO; acting as a diffusion barrier

Si (s) + 0, (g) - Si0, (s). (3.3)

Heating zones
\ \ \ \

Wﬂf” {?:2’2”’.»;’.’..{” .4{..:/:.’/’.9’.9’?’/ .fé’.f’é”’ W:W/ /,/:?”':ff’ %,

Gas inlet Wafers

Quartz tube —

S
\\m\

Quartz boat —

—— 7, o /
Zi /yyfwmgmyzf R 0 %7////

Isolation Gas outlet Paddle

Figure 3-3 Schematic cross section of the diffusion furnace,
adapted from [35].
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This thermally grown SiO, mixes with P.Os reading

xSi0, +y P,05 — x (Si0,) 'y (P,05), (3.4)
also forming the PSG layer. The PSG is a mixture of thermally grown SiO. and
P,Os [86]. Between the PSG layer and the Si surface, a SiO; layer is present
[87-89].
The state-of-the-art diffusion process consists of a PSG deposition phase
where N>-POCI; enters the tube at moderate temperature between
700°C < Tgeposition < 800°C. The deposition phase is followed by a drive-in
phase at elevated temperature using in-situ oxidation in oxygen atmosphere
[90-92]. The PSG layer serves as a dopant source during the ramp up and the
drive-in phase. Phosphorus from the PSG layer diffuses into the silicon wafer
and diffuses there with the described mechanism in section 2.2.3.1. For strong
in-situ oxidation, the growing SiO; layer retards the in-diffusion of phosphorus
[93].
For the boron diffusion, two liquid precursors are typically used. Boron
tribromide (BBr3) and boron chloride (BCls), whereas BBr; has been the
dominating precursor [5]. BCI; will gain more and more market share over the
next couple years [5]. In this work, BBrs is used as the liquid dopant precursor.
Boron diffusion is a complex oxidation-diffusion process, whereas the dopant
source deposition and the diffusion into the silicon proceed at the same time
[94]. As a first reaction, BBrs reacts with the oxygen from the process
atmosphere forming boric oxide (B20s3) and bromine (Br.),

4 BBr; (g) + 30, (g) » 2B,0; (1) + 6 Br, (g). (3.5
The B,O3 then condenses at the silicon surface. At the same time, the oxygen
reacts with the silicon, forming silicon dioxide (SiO,),
Si (s) + 0, (g) - Si0, (s). (3.6)
Now, B20s and SiO, mingle and form a borosilicate glass (BSG), serving as the
dopant source. In the BSG layer, B,Os reacts with the silicon and forms further
Si0O; and releases elemental boron (B),
2B,05 (1) +3Si(s) » 3Si0, (s) + 4B (s). (3.7)
In-situ oxidation is also known for boron diffusion, enhancing the diffusion of
boron into silicon [27]. It is used for the suppression of boron-rich layers (BRL)

[43-45, 52] and for the reduction of the surface concentration [51] due to the
segregation, compare section 2.3.3.2.

3.2.2 Stack diffusion and oxidation

Stacking of wafers has been a known method already early in the PV industry,
e.g. for the edge isolation of stacked wafers in a plasma process [95]. To the
authors knowledge, stacked processes for the emitter formation have been
applied in the industry as well. Patents on stacking of wafers during oxidation
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[7] and diffusion [8] were granted and currently held by Fraunhofer ISE. In the
following, the relevant patents are briefly summarized.

Breuer et al. [7] proposed stacking of wafers during thermal oxidation. The
oxide layer should be used as passivation or masking layer or for preparation
for an emitter etch back. The application for material gettering processes is also
state, here, the grown oxide layer is removed afterwards. The authors state that
free standing and stacked samples feature the same oxide thickness after the
process. Further, the oxide growth is independent from the wafer position in the
stack and the surface morphology of the neighboring wafer. Finally, they
fabricated PERC solar cells with a stack oxidation process, where they grow a
thermal oxide in a stack, remove the oxide on the front and use the rear side
oxide as a diffusion barrier in the subsequent POCI; diffusion and later as a part
of the passivation layer. They observe no difference between wafers stacked in
the oxidation or free standing.

Blendin et al. [96] proposed a two-stage process (without wafer stacks) where
a first doping profile is formed using POCI3 (batch) or other phosphorus sources
like H3PO4 by spray-on, spin-on, or other methods, and a subsequent first
temperature process (inline). Then, the phosphorus source (PSG) is removed in
HF and then, phosphorus precipitates and other electrically inactive phosphorus
is wet-chemically removed without etching the major part of the diffused
emitter. Prior to the PSG removal, laser doping is possible. In a second
temperature process, the final doping profile is formed. Stacking of wafers is
also not used in this second process.

In this work, especially in section 4 and 5, a combination of the approaches
described by Breuer et al. and Blendin et al. are investigated. The HiTSOx
approach uses an only deposition POCI; diffusion, removes the PSG layer but
uses the electrically inactive phosphorus to form the final doping profile in a
stack oxidation process. The growing oxide layer is then used as front and rear
side passivation layer. Laser doping on “only deposition” emitter and PSG is
investigated in detail in the dissertation work from Julian Weber [97] in
combination with the stack oxidation process from this work, to heal the laser
damage in the crystal. To the authors knowledge, no publications on the
diffusion mechanisms of this HiTSOx approach or the oxygen transport
mechanism in the gap between stacked wafers were published before the work
described in this thesis.

Horzel et al. [8] proposed a stack diffusion process, where a dopant source is
pre-deposited on single wafers. Dependent from the source, a pre-treatment by
a temperature step forms a first doping profile, e.g. for liquid dopant sources.
After this pre-treatment, the wafers are stacked, and the final doping profile is
formed in a temperature process.
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Fichtner et al. published a co-diffusion approach for multi-crystalline p-type
PERT solar cells [98, 99] using APCVD deposited PSG and BSG layers,
forming a phosphorus emitter on the front side and a boron back-surface field
on the rear side in a wafer stack configuration.

In this work, in section 6, the approaches described by Horzel et al. and
Fichtner et al. are adapted for boron emitter diffusion using pre-deposited
APCVD BSG layers. State-of-the-art doping profiles for TOPCon solar cells
feature a junction depth in the range of 0.8 um [51, 100, 101]. This requires
high temperatures above 1000°C, much higher compared to the approach
described by Fichtner et al.. To the author’s knowledge, no publications are
available regarding stacked boron emitter diffusion processes for TOPCon solar
cells.

3.2.3 Atmospheric pressure chemical vapor deposition

For the deposition of BSG layers as a dopant source, the atmospheric pressure
chemical vapor deposition (APCVD) system in Freudenstadt, Germany at
SCHMID Group is used in this work. This system can deposit doped (boron
and phosphorus, borosilicate glass (BSG) and phosphosilicate glass PSG layers,
respectively) and undoped silicon oxide (SiOy) layers. In contrast to plasma
enhanced chemical vapor deposition (PECVD), working at vacuum, the
APCVD technology is working at atmospheric pressure. The APCVD system,
shown schematically in Figure 3-4, uses silane (SiH.), phosphine (PHs, for PSG
deposition), diborane (B;Hs, for BSG deposition), oxygen (O2) and nitrogen

Reactor B.Hs & SiH,
or

PH, / SiH, .

N, NJ'N, N

202 F\lzoz 2
|

. Deposited layers
— «— Si wafer

‘

—
| |

Figure 3-4 Schematic illustration of the atmospheric pressure chemical vapor
deposition (APCVD) system.
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(N2). In the process, N acts as a separator for the process gases to ensure that
the reaction happens directly on the Si wafer. Furthermore, the N, separator
should protect the chamber from contamination. The silicon wafer is
transported on a conveyor belt and heated up from the bottom. The process
temperature ranges from 400°C < Tapcvp < 700°C depending on the deposited
layer. In the APCVD system several process chambers allow the deposition of
different layer stack system, e.g. BSG/SiOx in a single run through the system.
The gas flows of PH; and B;Hs during deposition allow the control of the
doping content of the PSG and BSG layers, respectively [102, 103].

3.3 Characterization Techniques
3.3.1 Emitter Sheet Resistance Measurements

In this chapter, the emitter sheet resistance measurement techniques used in this
work are briefly explained. For further explanation refer to the book of Schroder
[104].

3.3.1.1 Inductive Sheet Resistance Measurement

The inductive sheet resistance measurement is a method to determine the
emitter sheet resistance Rshe contactlessly and non-destructively [105]. It is
based on an electromagnetic resonant circuit, whereby the eddy-current
technique always measures the total resistance of the wafer. This method is
typically used for the process control of the emitter diffusion process by
measuring each wafer in the process. For this, two measurements are necessary.
The first measurement is performed prior to the diffusion process which yields
the sheet resistance of the bulk Rsp. With a simultaneous capacitive thickness
W measurement, the specific base resistivity p, can be calculated by

Po = Repp " W. (3.8)
With the second measurement after the diffusion process, which measures the
total sheet resistance Rshwota, including base and emitter sheet resistance. The
measurement after diffusion can be seen as a parallel connection of the emitter
with the bulk, which yields

1 1 1

= +f- . 3.9
Rsh,total Rsh,b f Rsh,e ( )

The parameter f represents double side diffusion (f=2) or single side diffusion
(f=1). The reduction of the bulk region thickness due to the diffusion of dopants
is neglected because the junction depth is much smaller than the wafer
thickness. Also, a potential change in the wafer sheet resistance Rsnp, for
example due to annihilation of thermal donors [106, 107], is not considered. To
calculate Rshe, Solving equation (3.9) yields
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Rsh,b ) Rsh,total

RSh'e f Rsh,b _Rsh,total ' (3.10)
In this work a MX153-RT system by E+H Metrology GmbH [108] is used. For
a spatially resolved Rsne in traces, the wafer sample is placed on a conveyor
belt, as depicted schematically in Figure 3-5. For a higher spatially resolution
the four-point probe (4pp) measurement can be used, compare section 3.3.1.2.
For the correct determination of Rsh e, the sample should not contain thermal
donors during the measurement of Rsp, as stated above. Otherwise, the thermal
donors are annihilated during the diffusion process and falsify the results of the
Rsne calculation. For a precise calculation, the thermal donors should be
annihilated prior to the diffusion process [107].

(ww«=
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Schematic of the inductive sheet resistance measurement with three
sensors on 156,75 mm wafer. By movement of the wafer a spatially
resolved measurement in traces is possible as depicted.

Figure 3-5
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3.3.1.2 Four-Point Probe Measurement

The four-point probe measurement was proposed to measure the earth’s
resistivity in 1916 by Wenner [109]. In 1954, the method was adopted for
semiconductors by Valdes [110]. In contrast to the inductive sheet resistance
measurement in the previous section 3.3.1.1, the four-point probe (4PP)
measurement is a destructive method. For the 4PP measurement, four pins
contact the wafer surface in a collinear arrangement with pin distance a, as
depicted in Figure 3-6. A defined current | is injected into the sample through
the outer pins, while the voltage drop V is measured through the inner pins.
With the Ohm’s law and a correction factor /In2, Rsh e reads

oV

Rsh,e - ET .
The 4PP method eliminates arising errors from contact or line resistance by
itself. Further, the 4PP method obtains the Rqn e directly because the pn-junction
or rather the depletion regions acts as a rectifier. Due to this, most of the current
flows through the emitter and therefore, the current flow through the base can
be neglected. By moving the pin arrangement over the wafer surface in x- and
y-direction, a spatially resolved Rsnhe can be measured. In this work, a FPP-
SCAN system by pv-tools GmbH [111] with typically equidistant maps of
10x10 or 20x20 positions are used.
The distance of 10 mm to the wafer edge in all directions was kept to avoid
influences of the edges.
In the remaining work, the emitter sheet resistance Rgsne is denoted as Rsp.

(3.11)

2 p-Type Silicon Wafer =

Figure 3-6 Schematic of the four-point probe measurement setup. Four pins
with distance a contact the sample and inject a defined current
through the outer pins and measure the voltage drop through the
inner pins.
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3.3.2 Electrochemical Capacitance Voltage Measurement

For the development of diffusion and thermal oxidation processes, the
knowledge of the electrically active doping profile N(d), the charge carrier
concentration dependent from the depth, is of high interest. For the
determination of the charge carrier profile, the electrochemical capacitance
voltage (ECV) measurement technique is used [104, 112-114] with a CVP21
system by WEP [115].

The ECV measurement is a destructive method, due to the iterative
measurement procedure. First, the charge carrier concentration is measured,
followed by anodic etching the semiconductor with ammonium bifluoride
(NHsHF,). The measurement setup is schematically shown in Figure 3-7. For
the measurement, the sample is fixed by spring-loaded contacts. The sealing
ring with area A and a correction factor fa yields the measurement area A
according to the following equation

A=Ay * fa (3.12)
For saw-damage etched surfaces, fa is typically 1.0 <fa < 1.1 and for textured
surfaces 1.6 <fa < 1.7 [113]. In this work, the doping profiles adapt fa to match
the locally determined sheet resistance Rs, at the ECV spot [116, 117].
The electrochemical cell is filled with the electrolyte NH4sHF,. As a counter
electrode for the etch process, a carbon (C) electrode is used. For the IV
measurement, a platinum (Pt) electrode is used. Further, a reference electrode

-~

/
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C SCE Pt
[t \ ettt | SEEEEETRERRE ” Spring-loaded
Back Contact
. /7 Electrolyte
Window Sealing Ring
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Figure 3-7 Schematic illustration of the ECV measurement setup.
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a saturated calomel (SCE) electrode is used. The pump mixes the electrolyte to
prevent bubbling at the measurement area.

For the etching, a constant potential relative to the SCE and an etching current
I from the carbon electrode is used. With the current, silicon (Si) is oxidized to
Si** which is etched electrochemically by the electrolyte.

How the depth dependent doping profile is determined is explained in the
following. The ECV determines the surface concentration of the charge
carriers. The depletion zone on the surface has the width Wy, which reads

W, = [uicte (313)

with the vacuum permittivity &, the permittivity of the sample &, the
elementary charge g, the charge carrier concentration N and the energy
difference of the Fermi-energy and the interference energy @o. With Wgy, and the
measurement area A, the capacity C reads
£o&rA
= W (3.14)

The charge carrier concentration N is calculated using equation (3.13) and
equation (3.14) [114]

-z
a(Y2)' (3.15)

2
£0€rqA av

N =

The depth d is calculated by

d = Wy, + Weren, (3.16)

using the etch depth Wech Which is the integration of the dissolution current lgiss
over time t

M t
Wetch = ZFAp fO lgissdt, (3.17)

with the molar mass of the sample M, the dissolution valency z (number of
charge carrier to dissolve a sample atom), the Faraday constant F and the
density of the sample p.

3.3.3 Quasi Steady-State Photoconductance

For the determination of the emitter dark saturation current density joe as a
characteristic value, the quasi steady-state photoconductance (QSSPC)
measurement is used. In this work, the WCT-120 system from Sinton
Instruments [118] is used. Figure 3-8 depicts a schematic of the QSSPC
measurement setup.
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.Flash Lamp

/
Chuck

Figure 3-8 Schematic illustration of the QSSPC measurement setup.

Caoil

For the measurement, a light with decreasing intensity flashes the sample and
creates free charge carriers in the sample. A measurement coil detects the time-
dependent change in conductivity Ac(t) by inductive coupling. Under the
assumption of charge neutrality An = Ap, the mean excess carrier density An(t)
can be calculated by
Ao (t)

qW (n+ip)
The thickness of the sample W, the elementary charge g and the injection and
doping dependent mobility of electrons p, and holes p, are considered. With
the reference cell, the time-dependent intensity of the flash is directly measured
and converted into the generation rate G(t). With the continuity equation and
the assumption of effective lifetimes (U = fe—’;f ) and uniform carrier

concentration across the sample (%v;’:o), compare section 2.1.5, yields the
effective lifetime zss which reads

An(t) = (3.18)

An(t
Terr(AN) = ﬁgm)n(t) : (3.19)
dt

The effective lifetime includes bulk carrier lifetime zux and surface carrier
lifetime zourf, SEE

t_ 1,1 (3.20)

Teff Tbulk  Tsurf
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Here, the bulk lifetime wmuk includes intrinsic Auger recombination and
Shockley-Read-Hall recombination. The dark saturation current density Jo can
be determined using

1 d fe
Jo= ;qwm("'—‘éﬂ) ! (321)

with the ambipolar diffusion coefficient Damp. In this work, Jo or rather the
emitter dark saturation current density joe is determined using the procedure by
Kimmerle et al. [119].

3.3.4 Capacitive Thickness Measurement

The capacitive thickness measurement is a widely used technique to measure
the wafer thickness. This measurement is included in the measurement setup of
the inductive sheet resistance measurement (MX153-RT by E+H Metrology
GmbH [108]), explained in section 3.3.1.1. The measurement is based on
capacitive distance measurements. The capacity C changes with the distance to
the electrode d and reads

C= % (3.22)
with the permittivity ¢ of the dielectric between the electrodes and the area of
the electrodes A. For the distance measurement, ¢ and A are assumed as
constant.
Two capacitive sensors are placed in a defined distance drx, measuring the
distance to the wafer from the top diwp and the bottom dootom, as illustrated in
Figure 3-9. The thickness of the wafer then reads

dwater = dfix — (dtop + dbottom)- (3-23)

Capacitive sensor

k.
top df ix

Si

dbottom

Figure 3-9 Schematic measurement setup for the capacitive thickness measure-
ment of silicon wafers.
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3.3.5 Ellipsometry

For the characterization of thin films, the contactless ellipsometry technique is
used in this work. The ellipsometry measures the change in polarization of the
reflected light from the wafer surface. In this work, ellipsometry is used to
measure the thickness of thermal silicon dioxide layers. For further information
refer to Schroder [104].

Figure 3-10 shows schematically the measurement technique. Typically,
unpolarized monochromatic light from a laser is linearly polarized by a
polarizer, followed by a compensator which changes the linearly polarized light
into elliptically polarized light. Then the light is reflected by the sample to the
analyzer. The aim is to minimize the detector signal by restricting the
compensator to one angle and adjusting the angle of the polarizer and the
analyzer for the determination of the ellipsometric angles y and 4. The ratio of
the reflection coefficients R, (parallel) and Rs (vertical) is given by

R, .
== tan(¥)e/. (3.24)

s

Linearly
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Linearly

]
Elliptically | polarized

polarized J

Figure 3-10  Schematic illustration of the ellipsometer technique. Taken from
[104].

Here, tan(y) represents the amplitude and 4 the phase. By mathematical models
and iterative techniques, the optical properties like refractive index n or the
layer thickness d can be determined. In this work, a laser-ellipsometer
SE400adv PV system by SENTECH Instruments GmbH [120] and a spectral-
ellipsometer M-2000 by J.A.Woollam [121] are used.
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3.4 Numerical Simulation

In this work, numerical simulation regarding the oxygen transport in gaps
between stacked wafers are performed. In general, numerical simulations are
carried out in four steps [122]:
1. Defining boundary conditions (e.g. symmetries, inlets and outlets),
and the physical equations.
2. Defining the geometry and the mesh which discretizes the geometry.
3. Selecting the simulation environment. In this work, COMSOL
Multiphysics 5.6 and 6.0 is used.
4. Performing the simulation and evaluate the data. Comparing with
experimental results. Refine the simulation model until a meaningful
model describe the experimental results.

For the simulation of gas transport in gaps of stacked wafers, details in
section 5, the thin film flow module of COMSOL Multiphysics is used due to
the sufficiently small gap thickness h compared to the lateral dimension of the
geometry L. Further, the curvature of the gap can be neglected when h/L<<1.
Here, under this assumptions, the Reynolds equation can be applied, which
reads [123]

5 () + Ve (phvay) =0, (3.25)

with the film thickness h, the density p, and the average velocity vay.
For gas flows, which are isothermal, the ideal gas law can be used:

RT
Pa=73,P (3.26)

with the constant temperature T, the molar mass M, and the universal gas
constant R. The absolute pressure pa is defined as

Pa = Pref * Pt (3.27)
with the reference pressure prer and the pressure which is developed by the thin
film flow ps.

By combining equation (3.25) and (3.26) and dividing by M/RT results the
modified Reynolds equation which reads

a
2 (pah) + 9, - (hpavay) = 0. (3.28)

This relation is used, together with the chemical reaction to simulate the oxygen
flow in wafer gaps in section 5. For more details of the gas flow and the
chemical reaction module refer to the COMSOL User guide [123, 124].
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4.1 Abstract

This work investigates the High Temperature Stack Oxidation (HiTSOX)
approach for the fabrication of passivated emitter and rear cells (PERC). This
approach features a combination of phosphorus oxychloride (POCIs3) diffusion
shortened to the phosphosilicate glass (PSG) deposition phase as well as high
temperature thermal oxidation using stacked wafers. During the latter thermal
oxidation, the incorporated phosphorus is redistributed and diffuses deeper into
the silicon wafer. The simultaneously growing thermal dioxide serves as a
passivation layer. Due to the use of stacked wafers, the throughput of the
HiTSOx approach is three times higher in comparison to state-of-the-art
oxidation at moderate temperature. Applying a busbarless metallization layout,
a median energy conversion efficiency of 7=22.2% is achieved for the
HiTSOx approach, being similar to the performance of the reference group with
state-of-the-art PERC processing also with 7= 22.2%. Despite stacking of the
wafers during the thermal oxidation, an excellent homogeneity of the oxide
layer thickness of £1 nm over the wafer surface is found, while the passivation
quality features dark saturation current densities joe as low as
joe = (30 % 3) fA/cm? at emitter sheet resistances R = (199 * 6) Q/sq.

4.2 Introduction

The passivated emitter and rear cell (PERC) [67, 68] is the dominating
technology in the global market and its market share will remain high in the
next years [6]. Additionally, a significant increase in the production tool
throughput is predicted with up to 12,000 wafers per hour for thermal processes
[6]. The process sequence for PERC solar cells usually contains two high
temperature steps, the emitter formation in a tube furnace from a gas phase
using phosphorus oxychloride (POCIs) as liquid dopant precursor and the
subsequent thermal oxidation or annealing, also in a tube furnace, serving
mostly for surface passivation [68]. Thereby, diffusion and oxidation processes
account for 11% of the total PERC cell production cost [126]. Years ago, the
diffusion process at atmospheric pressure (AP) was replaced by low pressure
(LP) processing to increase the throughput to typically 1,200 wafer per process
[85, 127, 128]. Now, further increasing the production tool throughput is of
high interest while maintaining high conversion efficiencies enabling a
significant reduction of the cost of ownership (COO).

In this work, we implement the combination of shortened LP POCI; diffusion
with a high temperature thermal oxidation using horizontally stacked wafers
into the PERC solar cell sequence. This High Temperature Stack Oxidation
(HITSOx) approach combines the emitter drive-in and partial surface
passivation with silicon dioxide SiO; in one single high temperature process.
We examine several combinations of diffusion and oxidation processes, where
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we perform detailed investigations on the sheet resistance and oxide layer
thickness as well as the achievable emitter dark saturation current density joe.

Finally, we fabricate PERC solar cells with the HiTSOx approach to
demonstrate its potential.

4.3

The High Temperature Stack Oxidation (HITSOXx)
Approach

The HiTSOx approach, as first outlined in Ref. [126] and schematically shown
in Figure 4-1, reduces the state-of-the-art diffusion process that consists of a
PSG deposition phase and a subsequent in-situ oxidation and drive-in at
elevated temperature to only the PSG deposition phase. During this PSG
deposition step, phosphorus dopants already diffuse into the silicon bulk.
Instead of the in-situ oxidation and drive-in, the thermal budget for the further
in-diffusion of the incorporated phosphorus dopants is shifted to the later
thermal oxidation process. Prior to the thermal oxidation, laser doping to form
the selective emitter is possible. Then, diluted hydrofluoric acid (HF) removes
the PSG layer followed by wet-chemical cleaning of the surface. Subsequently,
the high temperature thermal oxidation process is performed with stacked
wafers, enabling an enormous potential load of more than 5,000 wafers per
tube. The high temperature stack oxidation process simultaneously redistributes
the incorporated phosphorus and ensures the further in-diffusion, as well as
electrically activates previously inactive phosphorus. Additionally, the growing
thermal dioxide layer provides the surface passivation of the emitter within the

- = State-of-the-art diffusion = = Diffusion , deposition only”
State-of-the-art oxidation Stack oxidation
QU T Drive-in
1200 wafers rooToTT o ! === ==,
~ ! o, \ ~ = = = = =
o ! ! o
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Figure 4-1 Schematic temperature-time process flow for the state-of-the-art

diffusion and oxidation process at moderate temperature with their
respective gases (left) as well as the HiTSOx approach (right) with

the adapted diffusion process “deposition only” and the stack
oxidation process.
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same process. In comparison to the conventionally used thermal oxidation at
moderate temperature between 600°C and 800°C [68, 129, 130], the high
temperature 850°C < T < 900°C of the stack oxidation process is necessary for
the further in-diffusion and the redistribution of the dopants.

Using the HiTSOx approach for the emitter formation and passivation in PERC
solar cells enables a reduction of the COO by 44% for the thermal processes,
mostly due to a 1.8 and 3.2 times higher throughput for diffusion and oxidation,
respectively, as reported in Ref. [126]. At the same time, the specific power
consumption of the thermal processes reduces by approximately 50% [126].

4.4  Experimental Sample Preparation
4.4.1 Solar Cells

In this work, we fabricated two types of PERC devices using the process
sequences depicted in Figure 4-2. Group 1 represents the fabrication following
the HiTSOx approach, whereas group 2 represents the reference process at
Fraunhofer ISE according to Ref. [68]. For both groups, p-type (boron-doped)
Czochralski-grown silicon wafers (Cz-Si) in M2 format (resistivity
pb~ 0.8 Qcm) serve as starting material. After alkaline texturing, the emitter
diffusion takes place in a tube furnace using POCI; as liquid dopant precursor.

-type Cz-Si
Alkaline texturing

AP POCl; diffusion
Chemical edge isolation + PSG etching

( Surface cleaning

( HiTSOx “Ox. 1" | Moderate temp. thermal oxidation

( PECVD rear passivation

[ PECVD front passivation “adapted” I PECVD front passivation “standard”

[ Local laser contact opening on rear

[ Aluminum screen printing on rear

[

[

[

[

Silver screen printing on front
Contact firing
Regeneration

IV measurement

Figure 4-2 Process flow for the fabrication of PERC solar cells: Group 1
represents the HiTSOx PERC approach with LP POCI3
diffusion (only deposition phase) and high temperature stack
oxidation, whereas Group 2 represents the reference PERC
solar cell with moderate temperature thermal oxidation.
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For group 1, the LP POCI; technology is used. In this LP POCIs diffusion only
the PSG deposition phase Tpsg = 805°C is performed, as described in Section 2.
For group 2 the atmospheric pressure (AP) POCI; technology is used. This
process includes drive-in and in-situ oxidation at elevated temperature after the
PSG deposition phase [68, 129, 131, 132]. Now, for both groups a wet-chemical
inline process removes the rear emitter followed by PSG removal from the front
surface. Then, a wet-chemical cleaning step oxidizes a very shallow part of the
emitter surface. The resulting grown oxide is removed in diluted HF prior to
the thermal oxidation processes. For the HiTSOx approach in group 1, the
thermal oxidation process “Ox. 17 is performed while the wafers are stacked on
top of each other with their surfaces in direct contact. For group 2, a moderate
temperature thermal oxidation [68, 129] is performed in a conventional quartz
boat. For the passivation of the rear side, a plasma-enhanced chemical vapor
deposition (PECVD) tube furnace process deposits a stack layer system
containing aluminium oxide (AlOy) and silicon nitride (SiNy). The SiN front
side passivation layer is also deposited in a PECVD tube furnace. Here, for
group 2, we apply a thickness of dsinx =~ 75 nm, whereas for group 1, a reduced
thickness is applied to maintain low reflection, as the thermal oxide thickness
of the HiTSOx approach is a bit higher compared to moderate temperature
oxidation. The following process steps are equal for both groups. Prior to the
metallization, the rear side passivation is locally ablated in a dot pattern using
an infrared laser process. Now, the full-area aluminium rear metallization is
applied by screen-printing. On the front side, a busbarless silver grid with 120
fingers (finger width Wsinger = 30 pm) is printed using commercially available
screen-printing paste. After metallization, the contact firing is performed in a
fast-firing belt furnace. As the final step, boron-oxygen regeneration [133] is
performed. The current-voltage characteristics are then measured using an
industrial cell tester.

4.4.2 Characterization Samples

Besides the solar cells, we fabricate test samples to further characterize the
diffusion and oxidation processes. For the characterization of the SiO; layer,
again p-type Cz-Si wafers serve as starting material. Here, we use samples
featuring a saw-damage etched (SDE) surface. A variation in the diffusion
process is performed by changing the PSG deposition set temperature Tpsc
(795°C < Tpsg < 805°C), see Table 4-1a). A wet chemical process then
removes the PSG layers on both sides similar to the solar cell process. The
subsequent stack oxidation process takes place with another variation of
process parameters (“Ox. 1”-“Ox.4”), as shown in Table 4-1b). One
important parameter for this process is the furnace plateau set temperature Tox.
Ramp up occurs in N, atmosphere and once Tox is reached, the N, atmosphere
continues for the time tny during the pre-anneal. Subsequently, oxygen is
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Table 4-1 a) PSG deposition temperature Tesc and target sheet resistance
after diffusion for the LP POCI3 diffusion processes containing
only the deposition phase. b) Process parameters for the stack
oxidation processes.

a)

Deposition set  Target sheet

temperature resistance
Tesc / °C Rsh / (©/sq)
805 140
800 150
798 160
795 170
b)
Process Furnace plateau set Pre N2-anneal duration Oxygen content
temperature Tox tn2 during drive-in
Stack ox. “Ox. 17 T1 t 100%
Stack ox. “Ox. 2” T1 t1 50%
Stack ox. “Ox.3” T2=T1+20K t1 50%
Stack ox. “Ox. 4” T1 to=t1 +4 min 100%

introduced to the atmosphere and the process continues at Toy for the oxidation,
followed by a change back to N, atmosphere and ramp down. The plateau
temperature Tox is around the typical temperature of a POClI; diffusion drive-in
phase [132]. After this process, the test samples are characterized by
ellipsometry mappings with 25 measurement points over the wafer surface to
obtain the thickness of the grown thermal dioxide.

For the characterization of the emitter recombination properties, symmetrical
lifetime samples are fabricated. Here, alkaline textured n-type Cz-Si wafers
(resistivity pp = 6 Qcm) are used and follow the same procedure as the samples
for the SiO; characterization. Besides the stacked wafers, the oxidation process
includes free standing reference wafers. Additionally, after the stack oxidation,
the samples are passivated with both sided SiNy:H in the PECVD tube furnace
applying one thickness-adapted process for all combinations. The activation of
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the passivation is done in a fast-firing oven, prior to the quasi-steady state
photoconductance (QSSPC) measurement to determine the effective minority
carrier lifetime at five measurement spots over the sample. Then, the emitter
dark saturation current density jo. is obtained by the procedure described in Ref.
[119].

In addition, we fabricate alkaline textured p-type wafers until after thermal
oxidation. Four-point probe (4pp) mappings in a 10 x 10 matrix then yield the
sheet resistance distribution over the wafer surface. After oxide removal in HF,
electrochemical capacitance-voltage (ECV) measurements [134] give the
charge carrier profile in the wafer centre. Here, the surface enlargement factor
fecv is adjusted such that the sheet resistance calculated from the profile
matches the measured sheet resistance Rsn close to the ECV measurement spot
[113, 117].

45 Results and Discussion
4.5.1 Uniformity of the Emitter Sheet Resistance

One important parameter for emitter development is the homogeneity of the
doping process across the wafer surface. Table 4-2 shows the results of the 4pp
measurement in a 10x10 matrix over the surface and the uniformity (relative
standard deviation orsh) Of the investigated HiTSOx combinations and the
homogeneous emitter reference process from the base line process at
Fraunhofer ISE [68]. The measurements are performed after the thermal
oxidation process, which is a moderate temperature thermal oxidation in case
of the reference processes. The mean sheet resistance is Rsn = 92.3 Q/sq with a
relative standard deviation of orsn = 4.1% for the reference process. For the
HiTSOx approaches the mean sheet resistance for Tpsg = 805°C and the
oxidation process “Ox. 1” is Rsy =130.7 Q/sq with a much lower relative
standard deviation of orsh=1.7%. All HiTSOx processes show relative
standard deviations below ogrsh < 3%. Please note that the HITSOx approach
applies LP POCI; diffusion technology in half pitch configuration (2.38 mm
wafer distance in the process boat), while the reference AP POCI; diffusion
process uses full pitch (4.72 mm). We also investigated the sheet resistance
distribution in a stack of 120 wafers oxidized in the oxidation process “Ox. 17,
which yields a relative standard deviation below 2% for all 120 wafers. Thus,
our HiTSOx approach enables the formation of phosphorus diffused emitters
with high uniformity over the wafer surface as well as over the wafer stack.
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Table 4-2 Emitter sheet resistance and uniformity (relative standard
deviation orsn) as well as dark saturation current density and oxide
thicknesses for the investigated HiTSOx process combinations
and the reference process.

POCIs Oxidation Emitter sheet Emitter Dark saturation ~ Oxide
diffusion resistance uniformity current density  thickness

Rsh / (€/sq) orsh /% joe ! (FAJCM?) dox/ nm

Tesc =805°C  “Ox. 17 130.7 17 48.7+1.4 185+0.6
Tesg =805°C  “Ox.2” 123.8 1.8 56.7+25 141+06
Tesc =805°C  “Ox. 3” 117.6 13 53227 13.7+0.8
Tpsc = 805°C  “Ox.4” 142.6 21 48.0+15 17.6+0.5
Tpsec = 800°C  “Ox. 1” 147.2 1.9 40.3+2.1 17.4+04
Tpsc = 800°C  “Ox.2” 147.2 1.6 47.7+£2.0 13.9+0.5
Tesg =800°C  “Ox. 3” 131.8 17 47.2+4.6 13.2+0.6
Tpsc = 800°C  “Ox.4” 155.1 2.8 37.0+29 16.5+04
Tpsc =798°C  “Ox.1” 163.3 1.6 386+138 17.1+05
Tpsc = 798°C  “Ox.2” 161.7 2.2 30.2+26 13.0+0.5
Tesg =798°C  “Ox. 3” 144.4 15 41.8+2.4 12.7+0.6
Tpsc = 798°C  “Ox.4” 173.1 2.2 369+1.6 16.0+0.4
Tpse = 795°C  “Ox. 1” 185.1 2.3 324+10 159+05
Tpse = 795°C  “Ox.2” 175.8 2.0 339+26 12.0+04
Tpse = 795°C  “Ox. 3” 164.3 2.0 351+1.0 12.1+0.5
Tpsc = 795°C  “Ox.4” 199.0 2.8 30.0+25 147+0.5
Ref. Ref. 92.3 4.1 57.1+3.1 -

4.5.2 Phosphorus Doping Profiles

Figure 4-3 (left) shows the respective active charge carrier concentration
profiles for the different applied PSG deposition temperatures Tps in
combination with oxidation process “Ox. 1”.



4.5 Results and Discussion

49

o 1E20
=
v
N
=
c
S
2
©
T 1E19
jJ}
o
c
(o]
v
g
g
() o,
S 1E18 | Tpsg = 805°C £y Revapp 4
© O The = 800°C At
(@] [:]
@ A Ty =798°C 5% 156 0s5q
§ Tpsg = 795°C 189 Q/sq
with "Ox. 1"
"1y . . . , &,
000 005 010 015 020 025 030
Depth x/ um
. 2E20
o 1E20 a -
@ (u]
5 0o
2 1E20] A2AR
= 2 @G
S ETN Ba
= Sy 0OA
© £ ,AA BA
=] R ‘(AAA o 4
g TE19F Mndp G2, 0.00 0.02 0.04 7
g g O . .
o m
© 137 Q/fsq Hq{ 8,
g 128 Q/sq %8,
S 8o A,
S 1ersk ¥ A, |
© — 0, H
k- Tocg = 805°C with £ A
v "Ox. 1" % A
2 o "Ox 2"
< A "Ox. 3"
"Ox. 4"
’]E'I7 1 1 1 1 1
000 005 010 015 020 025 030
Depth x/ pm

Figure 4-3

Active charge carrier concentration as a function of the depth

determined by ECV including a closer insight to the surface in the
inset. Further, the sheet resistance near the measurement spot
determined by four-point probe measurement Rshpp is depicted. On
the left-hand side, the charge carrier concentration profiles for the
different deposition temperatures in combination with “Ox. 1 are
shown. The right-hand side shows the charge carrier concentration
profiles of the highest deposition temperature Tpsc = 805°C in
combination with the stack oxidation processes “Ox. 1” to “Ox. 4”.
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The charge carrier concentration profiles show that increasing Tpse increases
the surface concentration Ns and the depth x. The lowest deposition temperature
Tpse = 795°C in combination with “Ox. 17 leads to the lowest surface
concentration Ns=7.5-10°cm® and lowest depth x~200nm (at an
extrapolated dopant concentration N = 10'” cm). Increasing to the highest
deposition temperature Tpsg = 805°C increases the surface concentration to
Ns = 1.5-10?° cm and increases the depth of the doping profile to x = 230 nm.
The right-hand side in Figure 4-3 shows the charge carrier concentration
profiles of the diffusion at Tpse = 805°C combined with the four different stack
oxidation processes. The profiles differ in the surface concentration
9.2:10° cm® < Ny < 1.5:10° cm® and the depth 210 nm <x <270 nm. The
processes “Ox. 17 and “Ox. 2” lead to almost similar surface concentrations,
but “Ox. 2” features a slightly lower Rsn due to a slightly deeper profile. It seems
that the lower oxygen concentration in the atmosphere for “Ox. 2” retards the
oxidation of the highly doped surface enabling a stronger in-diffusion of
phosphorus into the wafer since less phosphorus is bound in the oxide layer.
The increased temperature in “Ox. 3” leads to further increase of the profile
depth, while Ns reduces in comparison to process “Ox. 2” with same oxygen
concentration. Process “Ox. 4” features an increased time of the pre-anneal in
N2 in comparison to “Ox. 1” and therefore also a prolonged total plateau time.
This increases the depth of the charge carrier concentration profile as well,
while Ns is decreased. The prolonged pre N2-anneal duration allows the surface
near phosphorus doping to diffuse away from the surface before oxidation
starts, leading to lower Ns. In conclusion, we identify suited parameters to adjust
the doping profile resulting from the HiTSOx approach such as plateau
temperature, allocation of the plateau times or the atmosphere composition in
the process chamber. In Ref. [126], laser doping from the PSG layers fabricated
by an “only PSG deposition” POClI; diffusion already showed high suitability
for LDSE application, due to possible activation if inactive phosphorus, but this
is subject of further investigations.

4.5.3 Uniformity of the Thermal Oxide Layer Thickness

During high temperature stack oxidation processes, the redistribution of
dopants and the growth of a thermal oxide takes place simultaneously. The
grown silicon oxide SiO, subsequently serves as a passivation layer in the
fabrication process for PERC solar cell. Figure 4-4 depicts the oxide
thicknesses characterized on the test sample structure described in Section 3.2.
The measurement is done by laser ellipsometry with 25 measurement points
across the surface of a planar SDE wafer. Here, for reasons of clarity, only the
results for Tesg = 805°C and Tpsg = 795°C are depicted, further results are
given in Table 4-2. The results for Tpsg = 800°C and Tess = 798°C lie in
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Figure 4-4 Thermal oxide thickness for the combination of Tesec = 805°C or
Trse = 795°C with the stack oxidation processes “Ox. 1”7 — “Ox. 47,
measured by laser ellipsometry with 25 measurement points over the
wafer surface. Each symbol represents the average value over one
wafer with the error bars representing the standard deviation for this
wafer.
between the shown data for Tpsg = 805°C and Tesg = 795°C for all HiTSOx
processes.
The diffusion process with the highest deposition temperature Tpsg = 805°C in
combination with “Ox. 1” featuring the highest surface concentration (see
Figure 4-3 left), results in a mean oxide thickness of dox = (18.5 £ 0.1) nm over
the wafer stack. Reducing the oxygen concentration in the atmosphere to 50%
(“Ox. 2”), reduces the mean oxide thickness to dox = (14.1 £ 0.1) nm, which
agrees well with the expected square-root thickness dependence on the oxygen
concentration [57]. With increased temperature T, in the same atmosphere with
50% oxygen (“Ox.3”), the mean oxide thickness decreases slightly to
dox = (13.7 £ 0.1) nm. Here, literature would predict higher oxide thicknesses
due to increased plateau temperature [57, 59, 61, 62]. However, during the heat-
up and the first phase on the plateau in N the phosphorus dopants redistribute
and the surface concentration decreases, as apparent from Figure 4-3 right.
Thus, we assume that the oxidation “Ox.3” starts at lower surface
concentration values compared to “Ox. 2”. The reduced surface doping reduces

Oxide thickness dg, / nm
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the oxide growth rates [64, 65]. Similarly, increasing the time on the first
plateau phase in N2 in “Ox. 4”, in comparison to “Ox. 17, decreases the surface
concentration (see Figure 4-3 right) and thus the mean oxide thickness, in this
case to dox = (17.6 £ 0.1) nm across the wafer stack. Reducing the deposition
temperature Tpsg from 805 to 795°C and therefore reducing the surface
concentration, leads to a reduction of the oxide growth rate, as expected from
literature [64]. The mean oxide thickness decreases from (18.5 +0.1) nm to
dox = (15.9 £ 0.1) nm for the oxidation processes “Ox. 1. The impact of the
different stack oxidation processes is almost similar for both PSG deposition
temperatures.

The uniformity over a single wafer is very high with a standard deviation in the
range of o< +1 nm.

In conclusion, stacking wafers results in high homogeneity of thermal oxide
growth over the wafer surface. This might be related to the high consumption
of oxygen in the wafer gaps during oxidation and therefore a pressure gradient
which sustains further oxygen supply from the surrounding atmosphere in the
quartz tube into the wafer gaps.

45.4 Emitter Recombination

For the evaluation of the passivation quality of the HiTSOx approach,
symmetrical lifetime samples are fabricated as described in Section 3.2. The
thermal oxide grown in the wafer stack remains on the surface and serves as a
passivation layer, as mentioned earlier. The joe values determined from the
procedure described in section 3.2, for all combinations of the different
diffusion processes and thermal (stack) oxidation processes as well as the
reference process (AP diffusion for homogeneous emitter and low temperature
oxidation) are depicted in Figure 4-5 as a function of the respective sheet
resistance measured on sister p-type wafers with 4pp (see also Table 4-2).

For the HITSOX approach, significant differences in the Rq, are present after the
diffusion processes. In general, the recombination parameter jo. correlates with
the sheet resistance, as expected from Auger recombination. Also visible in the
trend line in Figure 4-5. The deposition with the highest temperature
Trse = 805°C, and therefore highest surface concentration results in the highest
Joe. With decreasing Tess the joe decreases as well as expected.

With “Ox. 3” and “Ox. 4” the joe is mostly below the shown trend line due to
reduced surface concentration [135-137], compare Figure 4-3 right-hand side.
For Tesg =805°C and Tesg = 800°C, the oxidation processes “Ox. 1” and
“Ox. 27, which show almost similar doping profiles with the same surface
concentration as apparent in Figure 4-3 on the right-hand side, show not
expected differences in joe. “Ox. 1” results in lower joe below the trend line,
while “Ox. 2” exceed the trend. These difference in joe Might be related to the
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Figure 4-5 Emitter dark saturation current density joe after SiO2/SiNx
passivation and firing as a function of the sheet resistance for the
combination of Tese = 805°C — Tesg =795°C with “Ox. 17 —
“Ox. 4” in stacks (open symbols) as well as free-standing reference
samples (full symbols) from the oxidation process “Ox. 1. The data
represent average values of 5 QSSPC measurements per wafer for
joe assigned to the average value of the 10x10 4pp map of p-type
reference wafers. The x- and y-error bars represent the standard
deviation, the black line an exponential fit of the data (except
reference).

quality of the silicon dioxide passivation which is grown in different oxygen
concentrations in the process, compare Table 4-1 b).

With decreasing deposition temperatures and increasing Rsh, the impact of the
different stack oxidation processes is less pronounced. This might be related to
the lower level of surface concentration with Ns<1-102°cm for these
processes, where the dependence of the surface recombination on Ns is weaker
[135-137]. The lowest value of joe=(30%3)fA/cm? is obtained at
Rsh = (199 % 6) Q/sq for Tesg = 795°C in combination with “Ox. 4”.
Comparing free-standing samples with stacked samples shows, that no negative
influence on joe can be observed by stacking the wafers. The sheet resistance
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decreases if the sample is free-standing in comparison to stacked, but at the
same time joe increases as well due to higher Auger recombination.

The reference process yields joe = (57 + 3) fA/cm?at Rey = (88 + 2) Q/sq which
is in this case optimized for homogeneous emitter formation. The difference to
the HiTSOx approach might be related to the time when the thermal passivation
takes place. In the reference process the passivation with thermal SiO, takes
place after the formation of the doping profile is finalized. The low temperature
oxidation hardly influences the doping profile. In the HiTSOx approach the
passivation and the finalization of the doping profile takes place at the same
time. Thus, the doping concentration at the surface, where the SiO, grows
changes continuously during the oxidation process.

4.5.5 Solar Cell Results

The combination of Tpsg=805°C and “Ox.1”, resulting in
Reh=(131%2) Q/sq while joe= (49 +1) fA/cm? is chosen for the
demonstration of the HiTSOx-approach on PERC solar cells. The solar cell
manufacturing follows the procedure shown in Figure 4-2 and the solar cell
results are presented in Table 4-3. The reference process using AP POCI;
diffusion for emitter formation yields a peak energy conversion efficiency of
n = 22.3%, closely followed by the HiTSOx approach reaching a peak energy
conversion efficiency of 7=22.2%. The main difference is the open-circuit
voltage Vo by 3 mV but the HiTSOx approach yields a slightly increased fill
factor FF and short-circuit current js.. Comparing median results, the reference
process reaches 7=22.2% with Vo =679 mV while the HiITSOx approach
results in 77=22.2% with Vo = 676 mV. Thus, this first implementation of
HiTSOx-approach already reaches similar high energy conversion efficiencies

Table 4-3  Current-Voltage characteristics of PERC solar cell fabricated by the
HiTSOx approach as well as for the reference process. Shown are the
median and the best cell for each group. The measurements are
performed with an industrial cell tester after boron-oxygen
regeneration.

Process Jsc/ (MA/cm?) Voo / mV FF/% nl%

Reference 40.3 679 81.0 22.2
Median

HiTSOx 40.5 676 81.2 22.2

Reference 40.4 679 81.2 22.3
Best

HIiTSOx 40.5 676 81.2 22.2
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compared to the reference process. Further optimization of the emitter using the
HiTSOx approach to reduce the Vo loss is the subject of future research.

4.6  Summary

In this work, we fabricate PERC solar cells and test samples with the High
Temperature Stacked Oxidation (HiTSOX) approach, that applies a shortened
LP POCI; diffusion increasing the throughput by a factor of 1.8 and high
temperature oxidation of stacked wafers which increases the throughput by a
factor of 3.2. This enables a potential throughput of more than 5000 wafers per
thermal oxidation process and simultaneous drive-in of phosphorus dopants and
thermal-oxide passivation of the surface while the COO can be reduced by 44%
and the specific power consumption by approximately 50%. With this
approach, we reach homogeneous doping over the wafer with sheet resistance
standard deviations below orsh = 2% over the wafer and below orsh = 2% from
wafer-to-wafer over a stack of 120 wafers. By varying the PSG deposition
temperature and the subsequent variation in the high temperature stack
oxidation process, possible parameters to tune the doping profiles are identified
and expected correlations with the oxide layer thickness confirmed. The
average thickness of the grown oxides is found to be 12 nm < dox <19 nm
(depending on the process combination). Despite stacking of the wafers, the
HiTSOx approach yields an excellent homogeneity of the oxide layer thickness
with a standard deviation cox =0.1 % over the wafer-surface and below
oox = 0.1% from wafer-to-wafer within the stack. The incorporated phosphorus
at the silicon wafer surface is successfully redistributed by the thermal
oxidation process, yielding surface concentration values down to 7.5-10%° cm,
The emitter dark saturation current density joe on textured surfaces with
SiO2/SiNx passivation varies between 30 fA/cm? < joo < 57 fA/cm?  for
199 Q/sq > Rsn > 124 Q/sq. Besides the final surface doping concentration, the
oxygen concentration in the process seems to affect the surface passivation
quality which needs to be further investigated. PERC solar cells fabricated with
the HIiTSOx approach exhibit a peak energy conversion efficiency
of 7 =22.2%. The median efficiency of this group is also 7= 22.2% which is
similar in comparison to the reference group with a conventional moderate
oxidation. In conclusion, the HITSOx approach enables solar cell processing
with uniform emitter formation and passivation with suitable recombination
properties as well as similar energy conversion efficiency in comparison to
reference PERC cells but with a strongly increased throughput.
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4.8 Critical Discussion and Additional Information

In this chapter, the high temperature stack oxidation HiTSOx approach is
presented. HiTSOx adapts the process flow for PERC without the need of
further processes. Thereby, HiTSOX is a sustainable approach, which reduces
the specific power consumption of the diffusion and oxidation by ~50% and the
COO by 44% (more details on this COO calculation can be found in [126]).
Using the HiTSOx approach yields promising solar cell results, on an energy
conversion efficiency level of 7=222% similar to the state-of-the-art
reference process. The HiTSOx cells feature a 3 mV lower Vo but slightly
increased fill factor FF.

One important point not discussed so far is the impact of wafer stacking on the
pseudo fill factor pFF which reflects the potential FF without series resistance
losses. The pFF of the HiITSOx approach and the reference group of the above
described batch is shown in Figure 4-6. The HiTSOx approach vyields
pFF = (83.2 £ 0.1)% while the reference process yields pFF = (83.4 + 0.1)%.
The small loss in pFF might be related to micro scratches on the texture or
broken pyramid tips due to stacking of the wafers. In this work, stacking is done
manually, optimized automated handling could solve this pFF issue.
Nevertheless, HITSOx is a more sustainable approach with reduced COO at
similar energy conversion efficiency what makes the HiTSOx approach
suitable for the PV industry.

Similar to the PERC reference process, the HiITSOXx process sequence includes
a short cleaning step after chemical edge isolation, prior to the stack oxidation.
This cleaning step using, e.g. ozone Os, or nitric acid HNOgs, followed by
hydrofluoric acid HF to remove the grown oxide, influences the final emitter
sheet resistance, as investigated in the bachelor thesis of Fabian Braun under
the supervision of the author [138]. The rather flat profile with a high surface
concentration present after the PSG deposition process (see [126]) leads to a
high sensitivity of the final sheet resistance to the surface treatment before the
oxidation. This influence is related to the surface etching during wet chemical
cleaning and depends on the cleaning sequence and parameters.

In subsequent experiments the jo. values from the HiTSOx approach could be
further reduced from joe=(30+ 3) fA/cm? at R = (199 £6) (V/sq (see
Figure 4-5) down to joe = (12 + 2) fA/cm? at Rsn = (389 + 10) Q/sq, as presented
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Figure 4-6 Pseudo fill factor pFF of the HiITSOX approach and the reference
state-of-the-art PERC processing for the experiment described in
this section. The measurements are performed with an industrial
cell tester after boron-oxygen regeneration.

by the Author in a conference contribution [139]. With respect to the high sheet
resistance values, the introduction of a selective emitter structures is beneficial.
The suitability of the PSG deposition diffusion process of the HiTSOx approach
has been shown in a conference contribution of the Author in [126] and
compared to state-of-the-art selective emitter formation. Laser doping from the
PSG layer formed by the PSG deposition process with following stack
oxidation shows low specific contact resistance p. < 1 mQcm? (determined by
transfer length method TLM [104]) using lower laser pulse energy compared to
state-of-the-art processing. More details on the laser-doping investigations with
the HiTSOX approach are shown in the dissertation of Julian Weber [97].
Besides the HITSOx approach, the low temperature stack oxidation LoTSOXx
approach has been investigated. This approach is closer to the state-of-the-art
processing. It contains the regular diffusion process, already yielding the final
doping profile. The state-of-the-art low temperature thermal oxidation process
[129] after chemical etch isolation and cleaning for the surface passivation is
then performed using wafer stacks, as presented by the Author in a conference
contribution [139]. LoTSOXx yields as well similar solar cell energy conversion
efficiencies compared to state-of-the-art processing. Stacking the wafers in this
case, increases only the throughput of the thermal oxidation process.
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After the detailed analysis of the influence of the diffusion and stack oxidation
parameters on the thermal oxide growth, emitter properties, like doping
uniformity, recombination and doping profile, and the solar cells, it is of interest
to investigate the physical mechanism that leads to a homogeneous oxide layer
thickness over the entire wafer surface in the wafer stack. Therefore, in the
following chapter 5 a detailed look on the transport of oxygen into the wafer
gap and the influence of the gap height itself is taken. A stated transport
mechanism hypothesis is investigated by numerical simulation and validated
by experimental data. Additionally, further PERC solar cell results with
selective emitter structure are given, using the HiTSOx approach.
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5.1 Abstract

Stacking of wafers for thermal processing enables a strong increase of the
throughput and thus offers a high potential for cost reduction in solar cell
production. In previous studies, the high temperature stack oxidation (HiTSOx)
approach showed promising solar cell results and homogeneous thermal oxide
growth over the wafer surface within the stack. In this work, we investigate the
thermal oxide growth in the gap between stacked wafers where the wafer
surfaces touching each other. We perform finite element method (FEM)
simulation to identify the mechanism for the oxygen transport inside the gap
and compare the simulated layer thickness to experimental data. In this
simulation, the gap height is an important parameter. Therefore, we present a
gravimetric-density approach to experimentally determine the gap height.

Further, passivated emitter and rear (PERC) solar cells are fabricated using
the HiTSOx approach. A high open-circuit voltage of Vo = 694 mV confirms
the high quality of the surface passivation achieved in the stack oxidation.

5.2 Introduction

Over the last years, the passivated emitter and rear cell (PERC) structure [67,
68] dominated in the photovoltaic (PV) industry. Currently, new solar cell
structures like tunnel oxide passivated contact (TOPCon) [82] solar cells are
gaining more and more interest due to their higher energy conversion efficiency
potential. For both cell structures the thermal processes represent a relevant
share of the cell production costs and the specific energy consumption. Our
high temperature stack oxidation (HiTSOx) approach [141] addresses these
challenges and represents a cost and energy efficient way for the fabrication of
PERC devices. Similarly, for TOPCon cells we recently suggest boron-
diffusion scheme based on stacked wafers [142, 143]. In both cases, stacking
wafers with their surfaces touching each other during thermal (oxidation)
processes shows promising results and homogeneous oxide growth over the
wafer surface [126, 139, 141-143]. However, the physical mechanism leading
to the uniform oxide growth in the wafer stack is so far unclear. This work
investigates the oxide growth in the wafer gap by finite element method (FEM)
simulation with COMSOL Multiphysics 6.0 verified by experimental data for
the oxide layer thickness. Since the wafer gap height dss is a required
parameter for the numerical simulation, we present an approach for the
experimental determination of dgap. Finally, we present carrier lifetime and
solar cell results for the PERC fabrication process using the HiTSOx approach.
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5.3  Hypothesis

Thermal oxide growth consists of the oxidation of silicon by oxygen (O,):
Si+ 0, - Si0,. (5.1)

Stacking of wafers possibly retards the flow of the process gases in the thermal
oxidation process around the wafer surfaces. Nevertheless, homogeneous oxide
growth within a stack of wafers was observed in previous experiments [126,
139, 141, 144]. Figure 5-1 schematically shows our hypothesis which states that
the consumption of O, by equation (5.1) within the wafer gap dgap results in
lack of oxygen and therefore a local pressure pa that is lower than the ambient
reference pressure prs=1bar which in turn forces further O, from the
surrounding atmosphere into the wafer gap. As mentioned above, this
hypothesis has not been confirmed by simulations or experiments yet, which is
the main goal of this paper.

Pret

Si

— Y

Figure 5-1 Schematic illustration of the proposed mechanism for the oxide
growth within a gap between two wafers.

5.4  Determination of the Gap Height

One important parameter for the simulation of the silicon dioxide SiO, growth
in wafer gaps is the height of the gap itself.

In the following, we present an approach for the experimental determination of
the wafer gap height dgap.

We chose a gravimetric-density approach to determine the average gap height in
the wafer stack by assessing the effective mass density of the stack with respect to
the mass density of silicon psi. For n = 50 wafers we first determine the area of the
wafer surface Asuf by a CCD matrix camera system on 50 wafers. This yields an
average value of Aqrr = (23819+27) mm?,
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Then, a gravimetric measurement yields the mass of the stack Msax Of
n = 50 wafers with a measurement accuracy of +0.1%. Finally, we measure the
height of the wafer stack Hs.ck by means of a thickness gauge with a measurement
accuracy of +0.5%. Together with the density of silicon at room temperature
psi = 2.329 g/cm? [145] the average gap height within the stack reads

1 Mstac
dGap = 1. (Hstack - psi 'tAS:rf)' (52)

This approach yields an average gap height of deap = (4.7£1.0) um for saw-damage
etched (SDE) surface and deap = (6.2+0.9) um for alkaline textured (TXT) surface.
With those PV typical surface morphologies, homogeneous oxide growth over
the wafer surface for stacked wafers was observed in previous work [126, 139,
141-143]. We thus conclude that for a limitation of the oxide growth, and thus
non-uniform oxide layers, significantly smaller gap heights than stated above
are necessary. Therefore, we use a 100 mm Si wafer with chemical-mechanical
polished surfaces that we put on top of an M2 Cz-Si wafer with a smoother
surface due to a prolonged SDE process. For this setup, we expect a further
reduced gap height. Thickness gauge measurements of the stack height of the
M2 Cz-Si wafer with the polished 100 mm wafer on top, compared to
individual thickness measurements of these two wafers suggest a gap height
below 1 um, which is the resolution of the applied thickness gauge. Therefore,
this setup seems well suited to experimentally investigate the oxide layer
uniformity and investigate the stated hypothesis. Further experimental details
are described in section 5.5.2.

5.5 Experimental

The experimental setup section is divided in three parts, the simulation, the
experimental validation, and the solar cell fabrication.

5.5.1 Simulation

For the two-dimensional (2D) simulation, as schematically shown in Figure 5-2,
the COMSOL Multiphysics modules Computational Fluid Dynamics (CFD) and
the Chemical Reaction Engineering (CRE) are used. From the CFD module, the
Thin Film Flow (tff) interface is used. From the CRE module, the chemistry and the
transport of diluted species (tds) interfaces are used.

In the thermal oxidation process, the reaction from eq. (5.1) takes place. This
reaction is defined in chemistry as follows:

Si(ads) + 0,(g) — Si0,(ads). (5.3)

The surface species Si and SiO- is referred as (ads), O as gaseous species (g).
The surface reaction rate ro for the oxidation in chemistry is defined as:
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To, = ko2 " Co, * Go, (5.4)
where ko (in units of m%mol s) is the forward reaction rate constant, co is the molar
concentration of oxygen and Gy the number of available surface species. For a
<100> silicon surface a density of Go = 1.13-10° mol/m? [146] is used. In the tds
interface, the reaction rates of silicon Rs; and silicon dioxide Rsio2 are defined
as the negative surface reaction rate - rop and the positive surface reaction rate
roo, respectively. In this work, the reaction rate constant ko, for the thermal
oxidation of silicon is unknown. Therefore, ko2 is parameterized and compared
to the experimentally determined oxide thickness data in the uncovered
reference area on the wafer.

The tff interface is applied due to the much smaller gap height dgsp (few pm) in
comparison to the lateral dimension of the geometry (100 or 156 mm) [123]. In the
case of a gas flow, the Modified Reynolds equation is used which eliminates the
density from the equations by the ideal gas law [123]. Further, the tff is connected
to the chemistry interface by the absolute pressure pa within the gap which is
calculated by

Pa = Pref T Pfilm: (5.5)
where prr is the reference pressure outside the gap, defined as prer = 1 bar. The
pressure change in the thin film is defined as prim Which represents the pressure
change due to the reaction and the usage of oxygen, leading to negative values
for prm. At the start of the simulation (t=0s), the pressure change is
Prim = Po =0 Pa.

The tff and the tds interface are connected between a weak contribution node
which is defined as a flow of oxygen

Fo, = ;Loi *Mo; " pas (5.6)

where poz and Mo, denote the density and molar mass of oxygen, respectively.
In the literature, Deal and Grove report a square-root dependency of the oxide
thickness from the O, partial pressure p for relatively large times (t >> A%/4B
and t >> 1), whereas for relatively short oxidation times (t << A%/4B) they report
a linear dependency [57]. Here, A denotes the linear rate constant, B the
parabolic rate constant and z a time shift for dry oxides [57]. The temperature
of 9=900°C, as applied in this work, yields A%4B = 5.4 h [147]. Thus, for the
t = 2 h plateau time used here, a rather linear pressure dependency of the growth
rate is expected. Nevertheless, for thin oxide thickness dox < 50 nm [58, 59],
the Deal-Grove model is not accurate to estimate the oxide growth. Massoud
reports a partial pressure dependency of p®® with increasing power towards
higher temperatures [58]. In this study, we investigated different pressure
dependencies p” with y =1 for a linear dependency, y=0.8 as reported by
Massoud and a square-root dependency with y = 0.5 as reported by Deal and
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Grove for large process times. In this chapter, only the structure of the linear
model with y = 1 is shown, due to only slight adaptions in ro in eq. (5.4) for
the other models with y < 1.
The individual boundary conditions of the simulation model are illustrated in
Figure 5-2. Due to the symmetry of a round 100 mm wafer, only a quarter
(r =50 mm) of the wafer is simulated. O, flows through the plane (gray) and is
consumed according to eq. (5.3) and eq. (5.4). With the tds interface, which is
connected to the chemistry interface by the surface reaction rate roy, the
concentration of oxygen and therefore the silicon dioxide concentration Csioz is
calculated partially. The diffusion of oxygen through a growing SiO. layer for
the reaction is not considered, thus a full reaction limitation is assumed.
According to the definition of the rate constants A and B from literature, the
oxide growth is reaction-limited [57] for thin layers below 30 nm thickness,
which applies for this work. For thick layers, a limitation by the diffusion of
oxygen through the growing SiO, [57, 148] should be implemented. In this
study, the oxide thickness can be calculated by
_ ©si0p-Mg;

dox = —S—lpsm z, (5.7)
where Csio2 and Msioz denote the concentration and molar mass of silicon
dioxide, respectively.
The model calculates from the beginning of the thermal oxidation process
t = 0 suntil the end at t = 7200 s (2 hours) in a specified range {range(0,0.1,1),
range(1,1,100), range(100,10,7200)}. For the validation of the hypothesis from
tff
tds
chemistry

Global input

Temperature §=900°C
Reference pressure Prer= 1 bar
Silicon surface species G, Fos = ;’g ~Mgs - Pa
Gap height o o
Oxygen flux Fos

Rg; = =702
Initial input Rsioz = 102
Film pressure difference Priim— 0 Pa
Absolute pressure Pa=Prort Piim _ .
Silicon concentration g =G, Toz = Koz * Coz * Go

M
1
Si-bm!ndary
X (reaction boundary)
radius r = 50 mm
Figure 5-2 Schematic of the 2D simulation model with reactions and

boundary conditions.
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section 5.3, the wafer gap height deap sim. is varied to fit the experimental data.
The used mesh for the discretization of the model is checked for convergence
and can be seen in the appendix.

5.5.2 Experimental Validation

For the validation of the hypothesis introduced in section 5.3, experiments are
carried out. Figure 5-3 shows the process scheme for the oxide film
characterization samples. Two different materials are used: Group A features a p-
type 100 mm round silicon wafer with chemical-mechanical polished surfaces,
whereas for Group B Czochralski-grown silicon (Cz-Si) in M2 format (edge length
of 156.75 mm and a diameter of 210 mm) is used. For the Cz-Si wafers, a saw
damage etch (SDE) with a prolonged process time removes the saw damage and
~ 20 um of the Si bulk on each side, thereby flattening the surface of the wafer.
After a wet-chemical cleaning process, the wafers from both groups are stacked on
top of each other, starting with the M2 Cz-Si wafer and followed by the 100 mm
wafer placed on top of the last M2 wafer without any further wafer on top of the
100 mm wafer. Then, a thermal oxidation process in a tube furnace at 900°C for 2
hours under 100% oxygen grows a silicon dioxide layer. Ellipsometry
measurements using a spectral ellipsometer enable a spatially resolved line scan
through the wafer middle (x-axis in Figure 5-2) for the determination of the oxide
layer thickness using a Cauchy model.

[ p-type 100 mm round polished Si p-type M2 Cz-Si

Saw damage etch )

Cleaning
Ellipsometry measurement

Figure 5-3 Process scheme for the fabrication of samples for the
determination of the silicon oxide growth in the gap between
stacked wafers.

5.5.3 Solar Cell Fabrication

In this work, we fabricated PERC solar cells with the HiTSOx approach [126, 139,
141, 144] in Group 1 and with state-of-the-art fabrication in Group 2, as shown in
Figure 5-4. Both groups use p-type Czochralski-grown gallium-doped silicon (Cz-
Si:Ga) wafer material in M2 format (resistivity p, = 0.6 Qcm). After the alkaline
texturing, the emitter formation takes place in a tube furnace using phosphorus
oxychloride (POCIs). For Group 1, the low pressure (LP) POCI; technology is used,
where only the phosphosilicate glass (PSG) deposition step is used. For Group 2,
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Figure 5-4 Process scheme for the fabrication of PERC solar cells with the
high temperature stack oxidation HiTSOx approach with
selective emitter in group 1 and the state-of-the-art PERC
processing as a reference in group 2.

the atmospheric pressure (AP) technology is used, including PSG deposition and
drive-in with in-situ oxidation at elevated temperature. Group 1 includes laser-
doping after the diffusion process for the formation of a selective emitter, followed
by a low temperature thermal oxidation to cover the damaged area with silicon
dioxide for the following chemical etch isolation. Group 2 features a homogeneous
emitter. Then, for both groups a single side etch removes the rear PSG layer. A
chemical etch isolation is performed in an alkaline etch bath, followed by the PSG
removal on the front side in hydrofluoric acid. Now, the wafers are wet-chemically
cleaned prior to the stack oxidation process for Group 1 which features high
temperature 850°C < T<900°C as a plateau temperature [141], higher than the
conventionally used thermal oxidation process at moderate temperature between
600C < T<800°C as it is used for Group 2 [68, 129, 130]. For the rear side
passivation, a stack layer system of AlO,/SiOxNy/SiN; is deposited by plasma-
enhanced chemical vapor deposition (PECVD). For the front side passivation and
anti-reflection coating we deposit a “standard” SiNx:H with a thickness of
dsinx = 75 nm for Group 2 and a slightly thinner SiNx:H for Group 1 to maintain
low reflectance [141]. Now, the rear side passivation is locally (dot shape) opened
by a laser process. This is followed by the full-area aluminum rear side metallization
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applied by screen-printing. For the front side metallization, a 120 fingers silver grid
without busbars is also applied by screen-printing. Then, the contact firing is carried
out in a fast-firing furnace. As a final step, current-voltage measurements are
performed in an industrial cell tester after performing a laser-enhanced contact
optimization (LECO) [81].

In addition, we fabricated symmetrical carrier lifetime samples to determine the
emitter recombination properties. Here we use alkaline textured n-type Cz-Si
(resistivity pp~ 6 Qcm). After the diffusion process, the PSG layer is removed.
Prior to the thermal (stack) oxidation, the surface is wet-chemically cleaned similar
to the solar cell processing in Figure 5-4. Then, both sides are passivated with the
same PECVD SiNy:H layer as the solar cells have on the front side. For the
activation of the passivation, the samples are fired, prior to the quasi-steady state
photoconductance (QSSPC) measurement which yields the effective minority
carrier lifetime at five measurement spots over the sample. The emitter dark
saturation current density joe is then determined by the procedure described by
Kimmerle et al. [119].

5.6 Results and Discussion

5.6.1 Simulation and Experimental Validation

Figure 5-5 shows the oxide thicknesses of the simulation for y=1, y=0.8
and y = 0.5 dependent models and the measurement of the oxide thickness from
the experiment as a line scan over the wafer (x-axis in Figure 5-2), as described
in section 5.5.1 and 5.5.2. The performed oxidation process in the experiment
results in a thickness between 26.9 nm < dox < 27.8 nm, measured at the
uncovered areas on the M2 Cz-Si wafer, as predicted from literature models
[58, 59]. We adapted the reaction rate constant for oxygen ko in the simulation
model for large gap distance deapsim. =21000 um to reproduce the
experimentally determined oxide thickness in the uncovered area of the M2 Cz-
Si wafer, yielding koz = 0.001225 (m®%s-mol). Reducing the gap height in the
simulation shows for all models, that for gap heights dgapsim. >= 10 pm (not
shown in the graph) no significant influence on the oxide thickness over the
diagonal through the wafer middle is present. Further reducing dgap,sim.
increases the thickness gradient Adox from the edge to the wafer middle. For a
constant gap height, the simulation for the linear model y = 1 yields a factor v/2
higher thickness gradient compared to the y = 0.5 implementation, as expected
from the implementation. With this setup, both, experiment and simulations
show an oxide thickness drop towards the wafer middle. The gap height that
reproduces the experimental data is between 0.325 < dgap,sim. < 0.45 pm
depending on the applied pressure model.



68 5 Simulation of Oxide Growth in the Gap between Stacked Wafers

B Experiment

28.0 —— 1=1{0.5,0.8,1.0} dgypspm = 1000 pm 7]
- —7y=1.0 dGapISim_=O.45pm ]
y=0.8 dGapVSim_=O.4pm
275 m - y=05 dgyem =0.325pm 7
. Gap,Sim. . g
-
(-
\5 27.0 |
e}
[Vp]
(V2]
L 265 |
V4
Y
e
+
(<) L
S 26.0
x
@)
255
250 L | L | L | L | L | L

-7.5 -5.0 -2.5 0.0 2.5 5.0 7.5

Position x/ cm

Figure 5-5 Measured oxide thickness (symbols) as a function of the x
position over the 100 mm wafer (x = O represents wafer center) as
well as simulated oxide thickness as a function of the gap height
deap,sim. calculated with the y =1, y=0.8 and y = 0.5 dependent
models (lines). For deap,sim. = 1000 pum, the oxide thickness does
not depend on j.

As explained in section 5.4, an exact determination of the gap height was not
possible due to the resolution of the applied thickness gauge. Nevertheless, the
determined gap height below 1 pum is still consistent with the predictions from
the simulation.

Figure 5-6 shows the pressure change in the thin film psim in the wafer gap
for the investigated gap heights. Note that the pressure prim does not depend on
the exponent y. At high dgapsim o pressure change is visible. For
dgap,sim. = 0.45 pum, the pressure reduces from priim = 0 mbar at the edge of the
wafer, where the availability of oxygen seems to be infinite, to psiim = -61 mbar
in the wafer middle. At dgapsim. = 0.4 um, the pressure is further reduced to
Prim = -77 mbar, followed by psim=-117 mbar at dgapsim =0.325 um.



5.6 Results and Discussion 69

30 . I . I . I dGap,S\m = 1000 pm L
[ - dGap,S\m =0.45 pm
L Uoapsim = 0.4 pm ]
N cee =0.325 pm | 7]

N
(@]
!
|

Gap,Sim

4 N
o o o
T
|

oA WoN
O o o o
T T T

4 o
o o
I
|

Thin film pressure change py;,, / mbar
S
-

-120 L. I , I R R I , I ,
-7.5 -5.0 -2.5 0.0 25 5.0 7.5

Position x/ cm

Figure 5-6 Pressure change in the thin film in the wafer gap for different
dGap,Sim.

Comparing different dgap,sim. thus shows that reducing the gap height results in
a further increased pressure drop. This shows that the oxide growth forces the
oxygen from the surrounding atmosphere to the wafer gap, as anticipated by
our hypothesis.

Nevertheless, for PV typical surface morphology and therefore higher gap
heights in the range of several um (see section 5.4), the thermal oxide thickness
in the stack is not influenced, resulting in the observed homogeneous oxide
growth. The gap height of around 6 pm determined in this work for alkaline
textured surfaces (see section 5.4) is in this case not limiting the availability of
oxygen. Further work has to investigate which pressure dependence holds for
the investigated process. For the work presented here, it can be concluded that
irrespective of the chosen exponent v, the simulation results support the stated
hypothesis from section 5.3.
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5.6.2 Solar Cell Results

The solar cell manufacturing, as shown in Figure 5-4, yields the results in
Table 5-1. The HiTSOx approach shows high open-circuit voltage Vo up to
Voc =694 mV with a mean in Vo. =691 mV. For the reference processing
Voc = 688 mV are reached in median, mean and for the best cell. The increase
in Voc is partly related to the formation of a selective emitter structure for the
HiTSOx approach in comparison to the homogeneous emitter for the reference
processing. We do not expect any difference in Vo due to the different thickness
of the front side SiNy layer. Further, the short-circuit current density jsc is
slightly higher for the HiTSOx approach with up to js =41 mA/cm?2. The
HiTSOx approach shows a reduced fill factor FF of around 3%ass Which is
related to increased series resistance Rs due to a higher specific contact
resistance, as confirmed by transfer length method (TLM) measurements. We
dedicate this increased contact resistance to non-optimal process parameters in
this batch. Previous results for HiTSOx solar cells showed FFs above 81%
[141, 144] and a specific contact resistance below 1 mQcm? [139], confirming
the suitability of this approach for manufacturing PERC solar cells. HITSOx
cells of the present work also show slightly reduced pseudo fill factor pFF,
which might be related to microscopic damage of the texture on the wafer
surface due to the stacking and thus microscopic local shunts. The reduced FF
overcompensates the higher Vo and Js leading to an energy conversion
efficiency n of # =22.0% in mean or  =22.3% in median with a peak of
n = 22.4%. For the reference 5 = 22.8% are reached. Nevertheless, stacking the
wafers does not increase the reverse current density jry at -12 V, here a similarly
low level as for the reference group is achieved.

The symmetrical lifetime samples show very low emitter dark saturation
current density for the HiITSOx approach with jo. = (11.5 + 0.9) fA/cm? at an
emitter sheet resistance Ry 0f Rsh =~ 210 /sq determined with four-point probe
measurement after the stack oxidation process. The reference processing yields

Table 5-1 Current-voltage characteristics of PERC solar cells fabricated by
the HiTSOXx approach and with the reference process measured by
an industrial cell tester. Shown are the mean, median and best cells
for both groups.

Group Voc I mV jse ! FF/% pFF /% nl% Rs/Qcm?  jevat-12V/
(mA/cm?) (mA/cm?)
Mean HiTSOx 691 40.9 71.7 83.3 22.0 1.0 0.4
Reference 688 40.8 81.2 84.1 22.8 0.6 0.3
Median HiTSOx 692 40.9 78.5 83.3 22.3 0.9 0.4
Reference 688 40.8 81.2 84.1 228 0.6 0.4
HiTSOx 694 41.0 78.6 834 224 0.9 0.2

Best  Reference 688 40.9 81.3 84.1 228 05 0.2
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joe = (54.4 £ 3.5) fA/cm? at Rgn = 95 Q/sq. Thus, the higher Vo for the HITSOx
cells results from reduced emitter recombination.

5.7 Conclusion

In this work, we simulate the thermal oxide growth mechanism in the gap
between two wafers with their surfaces touching each other during thermal
oxidation, e.g. in the HiTSOx approach. We identified the wafer gap height as
important parameter for the simulation and therefore presented an approach for
the experimental determination of the gap height. The gravimetric-density
approach which yields wafer gap heights of dgap = (6.2+0.9) um for textured
surface and dgap = (4.7£1.0) um for saw-damage etched surface for typical
industrial type wafers.

According to our hypothesis for the oxygen transport in the wafer gap, the
reaction of oxygen with the silicon surface generates a pressure difference
which forces oxygen from the surrounding atmosphere into the wafer gap. This
hypothesis is tested using COMSOL Multiphysics 6.0. We find that behavior
forthey =1, y=0.8 and y = 0.5 pressure dependent models in good agreement
with the experimental results for the oxide layer thickness on special chemical-
mechanical polished Si surfaces which strongly reduce the gap height. The
simulated gap height is then in the range between 0.325 and 0.45 um. This
results in a pressure drop of -61 < prim <-117 mbar in the wafer center,
supporting our hypothesis. For a gap size exceeding approximately 3 um, as it
is for typically used surfaces in the PV manufacturing, a uniform oxide layer
thickness is predicted for M2 sized wafers, which agrees with published
experimental results for wafers with SDE surface.

For additionally fabricated HiTSOx PERC solar cells with selective emitter,
excellent open-circuit voltage of V. = 694 mV and short-circuit current density
of jsc=41mA/cm? are very promising, yielding an energy conversion
efficiency of 5 =22.4% while the reference processing yields 7 = 22.8%.
The main loss in the FF and pFF limiting the energy conversion efficiency
for the HiTSOx cells needs to be further investigated. The emitter dark
saturation current density joe shows as well promising low results of
joe = (11.5 £ 0.9) fA/cm? at Ry = 210 Q/sq.
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5.9 Appendix

The mesh convergence study in Figure 5-7 gives the theoretical value for an
infinitely fine mesh according to the Richardson extrapolation [149]. We used
the average oxide thickness dav,ox determined at the diagonal of the geometry.
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Figure 5-7 Mesh convergence study for the mesh used in this work.

5.10 Ciritical Discussion and Additional Information

In this section, a hypothesis for the oxygen transport mechanism into the gap
between stacked wafers in e.g., the HiTSOx approach, is presented. The
hypothesis states that the consumption of oxygen in the wafer gap during
thermal oxidation leads to a pressure gradient that forces further oxygen from
the surrounding atmosphere into the wafer gap. Numerical simulations using
COMSOL Multiphysics and experiments confirm the validity of the stated
hypothesis. Further, measurements of the gap height by a gravimetric-density
approach, together with the numerical simulation show that homogeneous
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oxide growth for PV typical surfaces, as observed in section 4, will not be
limited by the transport of oxygen itself. Further, fabricated PERC solar cells
with a selective laser-doped emitter structure feature high open-circuit voltages
of Voc = 694 mV. Nevertheless, the solar cell energy conversion efficiency is
limited due to high specific contact resistance in this batch.

Besides the gravimetric-density approach from section 5.4 , a second approach
using the capacitive thickness measurement, compare section 3.3.4, was
investigated. This method yields a spatial resolution of the wafer gap width over
the wafer surface, a question not addressed so far. The capacitive determination
of dgsp is based on two measurements. The first measurement is a single wafer
measurement of several wafers and yields dwarr for each wafer according to
eg. (3.23). The second measurement is performed with a stack of these wafers.
This measurement includes the gaps between the wafers and yields the stack
thickness dstack. Now, we calculate the thickness of the stack dsum expected if no
gaps were present based on the single wafer measurements for n wafers

dsum = Z?:l dWafer,n- (5.8)
The gap height deyp is then calculated by
_ dstack—Asum _ dstack_z?=1dWafer,n (59)

dGap - n-1 - n-1

Our measurement setup includes three tracks (left, middle, right) over one
wafer and by movement of the wafer through the sensor setup, a spatially line
resolution is possible, see Figure 3-5. Figure 5-8 shows the measurements for the
determination of the wafer gap for n = 3 wafers (the maximum possible amount of
wafers in our measurement setup) with saw-damage etched (SDE) surface. Here,
the difference between measured stack thickness ds.s and calculated stack
thickness ds,m (according to eq (5.8)) is visible, caused by gaps present between the
wafers. For those SDE wafers, desp is between 12.2 < dgsp < 25.1 pm for the three
wafers, calculated according to eq. (5.9).

Performing these measurements for textured (TXT) wafers reveals an increased
deap between 16.2 < dggp < 62.7 um, thus much higher values compared to “flat”
SDE surfaces. The larger gap for textured wafers compared to SDE surfaces is
consistent with the results from the gravimetric approach from section 5.4.
However, the gap height determined here is much higher. This might be related to
the limitation of the experimental setup to stacks of 2 or 3 wafers. The low weight
of the top wafers and the movement through the sensor setup might lead to larger
gaps than in stacks with more wafers. Nevertheless, the measurements reveal that
the gap height might be non-uniformly distributed over the wafer surface. This is
also a possible explanation for the non-symmetric shape for the oxide thickness in
the experimental data shown in Figure 5-5.
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Figure 5-8 Exemplary thickness measurements for three lines per wafer
using the capacitive distance method. Shown is the data for SDE
wafers. The difference between the red and blue curves shows
the gaps between the wafers.

At the beginning of this thesis in 2020, PERC solar cells are the working horse
in PV production and the PERC technology is still dominant. Over the next
years increasing market shares for next generation solar cell technologies are
expected [5]. TOPCon solar cells are widely seen as a next generation solar cell
technology, but right now, this technology still faces higher cost compared to
PERC. Therefore, based on the knowledge gained on stack oxidation and
transport of oxygen in the wafer gap, this work investigates a sustainable and
COO reducing high throughput approach suitable for industrial TOPCon solar
cells mass production in the next section 6.
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6.1 Abstract

The boron emitter formation for TOPCon solar cells faces higher cost compared
to the POCI; diffusion for PERC solar cells, due to the requirement of higher
temperature and longer process times. This work presents an alternative energy-
efficient and cost of ownership saving boron diffusion approach for TOPCon
solar cells, enabling a highly increased throughput compared to the typically
used gas phase diffusion. We use an APCVD BSG layer as the boron dopant
source and combine it with a subsequent thermal anneal in a quartz tube furnace
for dopant drive-in. Here, we either use a conventional single slot quartz boat
configuration, or, for highly increased throughput, a vertical wafer stack
configuration with the wafer surfaces in direct contact to each other. We show
that this approach yields an emitter doping profile comparable to the state-of-
the-art gas phase diffusion with a sufficient uniformity across the wafer area.
We further investigate the emitter dark saturation current densities joe as well
as the energy conversion efficiency of TOPCon solar cells fabricated for each
configuration and compare the results to those of a BBr; reference process.
These solar cells achieve energy conversion efficiencies exceeding 23% for the
stack diffusion approach. Additionally, we demonstrate a potential reduction of
both, the cost of ownership and the specific electricity consumption of the
presented approach.

6.2 Introduction

Passivated contacts on n-type monocrystalline silicon wafers are widely seen
as the forthcoming cell technology. Within this decade, this technology is
expected to gain a considerably high market share of the cell technology [5].
While the passivated emitter and rear (PERC) solar cell [67, 68] on p-type
monocrystalline-silicon is still the working horse in the photovoltaic (PV)
industry, the PV industry is currently looking for a cost-effective way to
transfer the tunnel oxide passivated contact (TOPCon) [82] solar cells into mass
production. In laboratory scale, already high energy conversion efficiencies are
reported [151, 152] and also in industrial manufacturing promising results are
published [153-155]. Nevertheless, the TOPCon process still faces high costs,
as apart from a significantly higher metallization cost [156], also boron
diffusion requires much higher temperatures and longer process times
compared to the POClIs-diffusion for PERC solar cells [156]. Recently, we
presented a high throughput boron emitter formation process [142] by means
of a pre-deposited doping source and a thermal diffusion using stacked wafers.
This work investigates this approach in more detail and presents a cost of
ownership (COO) analysis, details on the development of the stack diffusion
process, as well as independently confirmed solar cell results.
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6.3 Approach and Cost Calculation

The state-of-the-art emitter formation technique for TOPCon (on n-type
substrate) or other n-type solar cells is the tube furnace gas phase diffusion
using e.g. boron tribromide BBrs3 as liquid dopant source [5]. This process
includes a formation of the borosilicate glass (BSG) layer and a subsequent
drive-in phase at elevated temperatures. Typical load for this process is up to
1,600 wafers (up to M10 size) per process / per tube. Due to the higher
temperature and longer process time, the boron diffusion process induces
significantly higher processing cost compared to a POCIs-diffusion. The
recently presented high throughput approach [142] allows for a cost-effective
and energy-efficient boron emitter formation. This approach features a pre-
deposition of the BSG layer and an undoped capping layer of silicon oxide SiOx
by atmospheric pressure chemical vapor deposition (APCVD). Alternative
BSG deposition methods, such as a tube furnace process using BBr; are also
possible. The following thermal process required for the in-diffusion of boron
dopants into the silicon is performed in a stacked configuration to increase
throughput. In this stacked configuration, a theoretical limit (volume limit for
a typical tube furnace) of 10,000 wafers per process/tube enables an increase of
the throughput by a factor of 6.25 for M10 sized wafers. For the following cost
of ownership (COO) calculation, a conservative throughput of 6,000 wafer per
process/tube (factor 3.75) is assumed due to a possible mechanical limitation
by the weight of the wafers.

We calculated the specific COO (cost per wafer) for our state-of-the-art process
route for TOPCon solar cells with a BBr; diffusion, as well as for the high
throughput approach using APCVD layers and thermal stack diffusion
proposed in this paper. The calculations were conducted with the “SCost” COO
model [157], which is aligned to the SEMI standards E35 [158] and E10 [159].
The model input data is based on industrial equipment and process parameters
assuming M10 sized wafers. The results are depicted in cost split charts in
Figure 6-1. For the BSG pre-deposition we analyze two alternative processes.
As a first approach, the BSG/SiOx stack is deposited by APCVD, resulting in a
COO of 1.03 €ct/Wafer. As an alternative method, we calculated a BSG
deposition in a typical tube furnace process using BBr; with a load of
1,600 wafers per tube/process. The COO for this approach is 0.89 €ct/Wafer,
close to the cost estimated for the APCVD approach. For both presented
deposition methods the cost model applies the stack diffusion process for the
subsequent drive-in step. Here, we assume a load of 6,000 wafers per tube and
10 tubes per machine. For this amount of wafers and their higher load, an
adapted automation as well as increased mechanical strength of paddles is taken
into account by increasing the investment cost for the equipment (furnace +
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Figure 6-1 Cost of Ownership (COO) calculation for the high throughput approach of
BSG deposition (1%t and 2™ bar) in combination with a stack diffusion
process (3" bar) for M10 sized wafers. The sum of the total process is
shown in the 4™ and 5" bar and compared to the state-of-the-art BBrs
diffusion process in the 6™ bar. The colors represent different cost types,
see legend, including the cost of yield loss (CYL).

automation) by 30%. Further, the increased heat capacity due to the additional
wafers is considered by increasing the power consumption of the machine by
23%. This results in a COO of 0.84 €ct/Wafer for the thermal process alone.
The COO sum for the emitter formation with APCVD or BBr; BSG deposition
each followed by the stack diffusion process is 1.87 €ct/Wafer or
1.73 €ct/Wafer, respectively. Comparing this result with the state-of-the-art
BBr; diffusion (2.30 €ct/Wafer) shows a significant COO reduction of 19% or
25%, respectively.

Besides the COO, we calculate the specific power consumption (Wh/wafer) of
the different approaches, see Table 6-1. The heating of the M10 wafer itself to
the peak temperature only requires 3.3 Wh/wafer, calculated from the
temperature-dependent heat capacity of silicon. However, the BBr3 diffusion
exhibits a power consumption of 31 Wh/wafer, several times higher than the
energy required for heating up the wafers. Comparing the stack diffusion
process to the BBr; diffusion shows a reduction of the specific power



6.4 Experimental 79

Table 6-1 Estimated specific power consumption for the boron emitter formation.

Stack APCVD BBr;

BBrsreference | iecicion | BSG BSG

Specific power
consumption 31 11.9 19 9.5
(Wh/wafer)

consumption from 31 to 11.9 Wh/wafer and thus a 61% reduced energy
consumption. However, a fair comparison needs to include the power
consumption required for the dopant source deposition. The BBr; BSG
deposition in a tube furnace (1,600 wafer per tube/process) requires additional
9.5 Wh/wafer. Thus, a total specific power consumption reduction of 31% is
achieved for the combination of BBr; BSG deposition and stack diffusion. The
APCVD BSG deposition only requires 1.9 Wh/wafer, enabling a total specific
power consumption reduction of 55% compared to state-of-the-art emitter
formation. This shows that our approach with pre-deposited dopant source in
combination with a stack diffusion process is an energy- and cost-efficient
alternative route for boron emitter formation.

6.4 Experimental
6.4.1 Diffusion Process Development

The scheme for the development of the boron emitter formation with the earlier
described approach using pre-deposited APCVD layers and a subsequent
thermal diffusion process is shown in Figure 6-2. We use n-type phosphorus-
doped Czochralski-grown silicon (Cz-Si:P) wafers with M2 format and a base
resistivity of p, ~ 1 Qcm as the starting material. After saw damage etching
(SDE) and alkaline texturing of the wafers, the dopant source is deposited by
APCVD. Here, we deposit four different stack layer systems on one side of the
wafer. For the stack layer system L1, we deposited a BSG layer with a thickness
of dssc = 20 nm capped by an undoped silicon oxide SiOx layer with a thickness
of dsiox =20 nm. For the BSG deposition we use a ratio
Reors = @eore / Psiba (6.1)

for the gas flow of diborane B,Hg and silane SiHa, ¢gare and ¢sina, respectively,
of Reans = 0.215. This results in an expected boron concentration Cg within the
BSG layer of Cg =~ 6 wt% from comparison to literature data [102]. For L; - La,
we use a ratio of Reang = 0.136 for the BSG layer, resulting in an expected
concentration of Cg=4wt% implementing different thicknesses of
dssc = {20 nm, 40 nm, 60 nm}, each capped with a layer of dsiox =20 nm.
Then, an iterative process development is performed, containing thermal stack
diffusion, four-point probe (4pp) measurement to determine the emitter sheet
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Figure 6-2  Process scheme for the iterative thermal stack diffusion process deve-
lopment using different APCVD stack layers containing BSG with
different thicknesses and boron concentration, each capped with a 20 nm
thick SiOx layer.

resistance Rs,. For selected samples the BSG/SiOx layers are removed wet-
chemically prior to 4pp and electrochemical capacitance-voltage (ECV)
measurement [134] to determine the active charge carrier concentration as a
function of the depth. With this results, new parameters for the stack diffusion
process are selected.

6.4.2 Solar Cell Fabrication

The fabrication process for TOPCon solar cells is depicted in Figure 6-3, as
presented in Ref. [142]. For all groups, n-type phosphorus-doped Czochralski-
grown silicon (Cz-Si:P) wafers with M2 format and a base resistivity of
pp~ 1 Qcm serve as starting material. Group 1 represents the reference group
with boron tribromide BBr3 as liquid dopant precursor. Group 2 and 3 receive
an APCVD process on one side of the wafer with layer L, with a BSG layer of
dssc = 20 nm (Cs = 4 wt%) capped by a SiOy layer with dsio2 = 20 nm. For
group 2, the wafers are placed in dedicated slot each in a conventional quartz
boat (single slot configuration, 2.38 mm distance), whereas for group 3, the
wafers are stacked vertically in small groups of 4 wafers in one slot of the quartz
boat. Ref. [142] presents more details on the solar cell process.

Besides the solar cells, we fabricate test samples for the characterization of the
emitter sheet resistance Rsn by 4pp mappings and the dark saturation current
density joe by quasi steady state photoconductance decay (QSSPC)
measurements using the procedure from [119].
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Figure 6-3 Process scheme for the fabrication of TOPCon solar cells: Group 1 re-
presents the reference process with boron diffusion from boron tribromide
BBrs. Group 2 and 3 uses APCVD borosilicate glass BSG layers as a dopant
source with the in-diffusion process in single slot or stack configuration,
respectively. More details on the cell process are given in Ref. [142].

6.5 Results and Discussion

6.5.1 Diffusion Process Development

The development of a stack diffusion process for pre-deposited APCVD layers,
as described in section 6.4.1, starts with a diffusion process as schematically
shown in Figure 6-4. After loading the wafers in a special quartz boat for wafer
stacks [126], the temperature in the process tube is ramped up in a nitrogen (N>)
atmosphere to the plateau temperature Tpiaeas. ON the plateau, a first phase of
N for a time t, takes place before the atmosphere is switched to a mixture of
N2 and oxygen (O,) for a time tnzo02. In this second phase, a SiO- diffusion
barrier grows at the BSG/Si interface and oxidizes a possible boron-rich-layer
(BRL) [43-45, 52]. This N2/O, mixture is kept as the process atmosphere until
the wafers are unloaded from the tube furnace.
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Figure 6-4 Schematic illustration of the temperature-time profile of the stack diffusion
process with the respective gases of the process atmosphere.

The aim of this development is a boron emitter comparable to the emitter
processed with the state-of-the-art BBrs diffusion process. This means an
emitter sheet resistance of Ry ~ 120 Q/sq, a depth of X ~ 1.1 um and a peak
concentration of Nmax = 1-10%° cm3. A first stack diffusion process results in
73 <Rsh < 82 Q/sq for different APCVD layers, see Figure 6-5. For the layers
L, - L4 with Cg = 4 wt% boron, the Rs, decreases with increasing thickness of
the BSG layer dgsc, as expected since a higher amount of boron is available.
Further, Nmax and x also increases with increasing dssc due to the higher total
boron dose as apparent in the charge carrier concentration profiles in
Figure 6-5. L; with Cg =6 wt% boron and dssc = 20 nm shows comparable
charge carrier concentration profile and R« as layer Ls with the lower boron
concentration of Cg = 4wt% but higher layer thickness of dgsec = 40 nm. This
shows that for our high throughput approach, APCVD BSG layers of only
dsse = 20 nm thickness and a low boron concentration of Cg =4 wt% are
sufficient to diffuse an adequate amount of boron into the wafer. This is
advantageous in terms of throughput and process consumable usage.
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Figure 6-5 Active charge carrier concentration profile as a function of the depth
measured by ECV on textured surface for the process development version
V1 for all four investigated APCVD layer systems. Also given are the sheet
resistances near the ECV measurement spot Rsn4pp in the wafer center .and
the standard deviation a4pp Of the whole wafer sheet resistance (same order
as in the legend). The profiles are scaled to match the locally measured sheet
resistance.

In further development steps, the APCVD boron emitter formation is further
optimized by adapting Tpiaeau, tn2 and tnzoz OF the stack diffusion process to
mimic the profile and sheet resistance of the reference BBrs; process. In
Figure 6-6 a), a 4pp map as a first result close to the desired Rsh is shown. We
reach Rsh=105.4 Q/sq with a high standard deviation of o =11.4 Q/sq.
Apparently, the process yields a non-uniform, radial Rs, distribution over the
wafer surface, showing a higher doping in the wafer middle, decreasing towards
the wafer edges. The development of the stack diffusion process showed that
the influence of the time and temperature when oxygen (O,) is introduced into
the process is of high importance for the uniformity of the doping. It is known
from the literature, that stacked wafers heat up more non-uniformly compared
to free-standing wafers [98]. This temperature non-uniformity might influence
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Figure 6-6 Sheet resistance distribution over the entire wafer surface measured by four-
point probe (4pp) in a 10x10 mapping on M2 sized wafers.
a) First development result close to the desired Rsh with non-uniform doping
over the surface.
b) Further developed Rsn results with uniform doping.
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the local growth of the SiO, interface layer acting as a diffusion barrier, which
in turn influences the homogeneity of the doping over the wafer surface.
Taking this into account, we adjusted the parameters for introducing oxygen to
the process and were able to reduce the relative standard deviation to o= 3.5%
(see Figure 6-6 b)), which is similar to the uniformity of the BBr; reference
process. Figure 6-7 shows the charge carrier concentration profiles from the
APCVD BSG stack diffusion and a reference BBrs-diffusion. We reach a
similar maximum peak concentration of Nmax = 1-10°cm™ and a slightly
deeper doping profile, resulting in a slightly lower sheet resistance compared
to the state-of-the-art emitter by BBrs-diffusion.

A APCVD stacked
B BBr; reference

1E19 |+

Ry oo = 113 QUsq

sh,4pp
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Rap,app = 119 €¥5q

Active charge carrier concentration N/ cm®

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Depth x/ pm

Figure 6-7 Active charge carrier concentration profile as a function of the depth
measured by ECV on textured surface for the APCVD stack diffusion
process development with the APCVD layer L2 with Cs = 4% boron and a
thickness of dsss =20 nm compared to the BBrs reference process. Both
measurements are performed in the wafer center, the profiles are scaled to
match the locally measured sheet resistance.

6.5.2 Solar Cell Fabrication

In this section, we introduce the APCVD technology into the TOPCon solar
cell manufacturing sequence, as shown in Figure 6-3. For the single slot as well
as the vertically stacked wafers, the same thermal diffusion process is
performed. The APCVD layers in this cell batch are from a different run than
the layers for the process development in section 6.4.1 and exhibit slightly
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changed boron content. Figure 6-8 shows the emitter dark saturation current
density joe as a function of the emitter sheet resistance Rs for the reference BBr3
diffusion process as well as for both configurations of the thermal diffusion
process with APCVD BSG layers. The sheet resistance is measured by four-
point probe (4pp) in a 10x 10 pattern over the wafer surface. The dark
saturation current density jo. is extracted from QSSPC data with 5
measurements per wafer. The reference BBrs process yields an emitter dark
saturation current density joe = (26 + 3) fA/cm? at an emitter sheet resistance
Rsh = (122.0 £ 5.0) Q/sq. For the APCVD single slot configuration the thermal
diffusion processes yields a slightly increased joe With joe = (32 + 4) fA/cm? at
a slightly decreased Rsn of Rsn = (112.3 + 6.5) Q/sq, while stacking shows a
stronger in-diffusion of the dopants with Rs = (97.5 £ 3.6) Q/sq resulting a
further increased joe = (36 + 5) fA/cm?. This increase of joe is only partly related
to the higher doping level and thus, increased Auger recombination. The reason
for the increased jo. for the stacked configuration compared to single slot is not
yet clear and needs to be further investigated.
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Figure 6-8 Average value and standard deviation of the emitter dark saturation current
density joe measured by QSSPC on five positions per wafer as a function of
the emitter sheet resistances Rsh after the diffusion process measured by
four-point probe (4pp) in a 10 x 10 pattern on one wafer per group.
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The difference in Ry, between single slot configuration and stacked samples is
explained by the earlier mentioned influence of the introduction of O; in
section 6.5.1. Our hypothesis states that for stacked samples, the oxygen gas
needs more time to reach the wafer surfaces which are in direct contact to each
other due to stacking. Therefore, the growth of the silicon dioxide SiO;
diffusion barrier is suppressed and thus, the in-diffusion of boron into the wafer
is prolonged compared to free standing samples. This results in a stronger
doping and decreased Rs for the stacked wafers compared to free standing
wafers in single slot configuration where O, can reach the wafer surface
directly.

The implementation of boron diffusion from APCVD BSG layers into solar cell
processing in combination with single slot and stacked configuration yields the
solar cell current voltage (IV) parameters shown in Figure 6-9 as box plots
measured by an industrial cell tester (grid touch unit for the 0BB front side
metallization and a non-reflective rear side chuck) after laser enhanced contact
optimization (LECO) [81, 160]. The reference sequence using BBrs diffusion
yields a median energy conversion efficiency of » = (22.6 + 0.2)% with a peak
energy conversion efficiency of 7 =22.9%. Here, open-circuit voltages
Voc =(695+2) mV are reached in median, peaking in V=698 mV.
Performing the boron diffusion with a APCVD BSG source in a subsequent
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Figure 6-9 IV parameters measured with an industrial cell tester for the three groups with
different emitter formation processes: the reference processing using BBrs3
diffusion, as well as BSG deposition by APCVD with subsequent thermal
diffusion process in single slot and stacked. The meaning of the box plots is
exemplary explained on the top right data set.
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thermal diffusion process in single slot configuration yields a median energy
conversion efficiency of # = (22.5 £ 0.1)% which is slightly lower than the
reference processing. This mainly results from a slightly reduced V. of
Voc = (693 £ 2) mV, compared to the reference. Here, also high peak energy
conversion efficiency of = 22.7% are reached.

Using stacked wafers with APCVD BSG layers results in a median energy
conversion efficiency of # = (21.9 + 0.3)% with decreased FF and a 10 mV
lower median Vo in comparison to the single slot configuration. Nevertheless,
high peak energy conversion efficiency of = 22.5% with a Voc = 694 mV are
reached for this group with a highly increased throughput potential. Further
investigations are necessary to identify the reason for the loss in Vo for the
stacked wafers compared to the single slot configuration. From the slight
increase in joe Shown in Figure 6-8, a reduction in Voc of only 1 to 2 mV is
expected. This holds for the best cell results but not for the median values. The
stack configuration exhibits a slightly reduced pseudo FF (pFF) of about
0.4%abs, Which might be related to defects induced by the manual vertical
stacking with 4 wafers in one slot. Table 6-2 shows calibrated IV measurements
of the best cells from each group measured at Fraunhofer ISE CalLab PVCells
using Pasan GridTouch unit with 30 wires on a golden, reflective chuck with a
full area rear side contact. These measurement shows Vo >= 700 mV for each
diffusion configuration resulting in energy conversion efficiencies 5 > 23%.
The reference processing yields n = 23.6%, followed by the APCVD in single
slot diffusion configuration with » = 23.3%. The APCVD in stack diffusion
configuration with highly increased throughput potential and cost- and energy-
efficient emitter formation yields # = 23.1%. Results for stacking of wafers
during thermal processing from [126, 139, 141, 144] showed no significant

Table 6-2  Calibrated 1V parameter of the best solar cells for the three groups with
different emitter formation processes measured by Fraunhofer ISE
CalLab PVCells using a Pasan GridTouch unit with 30 wires on a golden,
reflective chuck with a full area rear side contact.

Diffusion Calibrated IV parameter
Configuration Voo !/ MV | jic/ mA/cm? FF /% nl%
BBr; 705 40.9 81.6 23.6
Reference
AP.CVD BSG 702 40.8 81.4 23.3
Single Slot
APCVD BSG
Stacked 700 107 i 2
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negative influences on the doping and emitter dark saturation current density.
This shows that there is still potential to overcome the gap in Voc/# for the stack
diffusion approach, which will be addressed in future work.

6.6 Summary and Outlook

In this work, we present an approach for high throughput boron emitter
formation with pre-deposited BSG layers and stack diffusion for TOPCon solar
cells. Cost of ownership calculations show that this approach reduces the COO
for the boron emitter diffusion by 19% to 25%, compared to the reference gas
phase diffusion. Moreover, a reduction of the specific power consumption of
up to 55% enables an energy-efficient boron emitter formation. The process
development of the stack diffusion process shows that 20 nm thin and lowly
doped APCVD BSG layers are sufficient for the emitter formation, allowing a
more sustainable process consumable usage. Further, the development reveals
that a proper stack diffusion process with controlled temperature and oxygen
usage is necessary to reach uniform doping over the wafer surface. M2 sized
wafers from the stack diffusion process reach a sufficient uniformity of the
emitter sheet resistance with a relative standard deviation of o = 3.5% over the
wafer area. With this process, emitter dark saturation current densities of
joe = (36 = 5) fA/cm?at Ren = (97.5 * 3.6) C/sq for stacked samples are reached
slightly higher than for unstacked single slot wafers. With this approach, we
reach an efficiency of up to # = 23.1% (CalLab) for TOPCon solar cells with a
highly increased throughput potential. Our results still show a performance gap
compared to BBrs-diffused reference solar cells, which requires further
investigation. With further optimization of the thermal diffusion process for
these layers, further efficiency improvements will be possible.
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6.8 Critical Discussion and Addition Information

In this section, a stack diffusion process, using pre-deposited APCVD BSG as
dopant source, for the emitter formation of TOPCon solar cells is presented.
This stack diffusion approach requires an additional tool/process in the
fabrication sequence. Nevertheless, COO calculations show, that the pre-
deposited dopant source, using BBr; or APCVD, in combination with the stack
diffusion process for dopant drive-in, feature a COO reduction of 19% and
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25%, respectively. Additionally, specific power consumptions are estimated,
which yields a 31% and 55% reduction, respectively. Therefore, the stack
diffusion approach is successfully transferred to TOPCon solar cells, enabling
a sustainable, resource-saving emitter formation. The process development
shows a strong dependence of the emitter sheet resistance homogeneity from
the timing of oxygen introducing into the process during the stack diffusion
process. It is known that the diffusion of boron from BSG layers into the Si
wafer depends on the oxygen concentration in the process atmosphere since a
growing oxide layer interacts with the boron diffusion mechanism [52]. Since
section 5 showed that oxygen transport into the wafer gap leads to a
homogeneous oxide growth, the non-uniformities observed for the initial
processing conditions should not be related to local variations of the oxygen
partial pressure. The results of this work show that temperature ramps and
timing in combination with oxygen flow influences the sheet resistance
homogeneity. A possible explanation for this observation is a non-uniform
heating up of the wafers within the stack. Fichtner et al. [98] performed
numerical simulations for heating of wafer stacks and observed that the wafer
temperature in the center, in the center of a stack, lags behind the surrounding
temperature.

The solar cells fabricated by the APCVD stacked approach feature a difference
in FF of 0.6%ans, compared to the reference BBrs, which is related to a pFF
loss. Figure 6-10 shows the pFF of the reference BBr3, the APCVD single slot
and the APCVD stacked approaches, which is not discussed in detail so far.
Comparing the reference processing using BBr; with the APCVD single slot
approach, shows similar pFF with pFF=(83.1+£0.5% and
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Figure 6-10  Pseudo fill factor pFF of the APCVD single slot and stack approach
and the reference BBrs diffusion for the experiment described in this
section. The measurements are performed with an industrial cell
tester.
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pFF = (83.2 + 0.3)%, respectively. The APCVD stacked approach yields a pFF
of pFF = (82.4 £ 0.4)%. This pFF loss of 0.7%as compared to the single slot
reference is clearly related to stacking of the wafers and might be related to
micro scratches on the texture or broken pyramid tips due to stacking of the
wafers. In this batch, vertically stacking of the wafers in one dedicated slot of
the quartz boat is done manually, which potentially leads to surface damage.
Vertical stacking, as performed in section 6.4, combined with an optimized and
automated handling and a quartz boat, which is designed for wafer stacks, could
reduce or even eliminate the induced damage and the related losses in pFF.






7 Conclusion and Outlook

In this dissertation, high throughput approaches for diffusion and oxidation
processes for silicon solar cell manufacturing are investigated. The focus lies
on developing sustainable processes or process combinations which enable
higher throughputs and reduced energy consumption than state-of-the-art
processes at comparable energy conversion efficiency level. In the following
section 7.1, the main results are summarized, orienting at the topics presented
in section 1.2. After that, an outlook is given regarding future investigations.

7.1  Summary and Conclusion

The working horse in the PV industry at the beginning of this thesis is the PERC
solar cell. In the fabrication sequence of PERC solar cells, the high temperature
processes like diffusion and oxidation account for 11% of the total cost for
the solar cell manufacturing. Therefore, high throughput approaches are
investigated to reduce the cost of those high temperature processes. High
throughput is reached by increasing the wafer load in the process using wafer
stacks, where the wafer surfaces are touching each other. Starting from the
state-of-the-art fabrication process, the high temperature stack oxidation
HiTSOx approach is developed and investigated. It reduces the POCIs
diffusion process to the PSG deposition phase, increasing the throughput by a
factor of 1.8. During deposition, phosphorus diffuses into the wafer resulting
in a highly doped, shallow doping profile. Now, state-of-the art processes with
PSG and rear emitter removal and cleaning follow. The thermal oxidation
process is then adapted from a low temperature oxidation (no influence on the
doping profile) to a high temperature oxidation process with wafer stacks,
activating inactive and redistributing the incorporated phosphorus to the final
doping profile. Simultaneously, a thermal oxide is grown as a passivation layer.
The throughput of the thermal oxidation process is increased by a factor of 2.4.
With HiTSOx, the COO is reduced by 41% and a reduction of approximately
50% of the specific power consumption makes this a sustainable approach,
compared to state-of-the-art processing.

Different combination of POCI; deposition and stack oxidation and their
influence on emitter properties like sheet resistance homogeneity,
recombination, and doping profile, on oxide growth, and on solar cell
parameters are investigated. Homogeneous doping over the wafer surface and
a stack of 120 wafers with a standard deviation below orsh < 3% for each wafer
and combination is reached in comparison to orsh = 4% for the reference
processing. Increasing the temperature of the POCI; deposition process results
in higher surface concentration and depth, seen in the charge carrier
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concentration profile, leading to changes in the surface recombination. With
the deposition temperature, the total amount of available phosphorus is
controllable. By varying the thermal oxidation process, suited parameters to
adjust the doping profile resulting from the HiTSOx approach are identified.
With a higher plateau temperature, more phosphorus is activated and diffuses
deeper into the wafer, leading to an increase of the depth of the final doping,
while the surface concentration decreases. Increasing the plateau time in N
ambient before flushing the tube with oxygen leads to a further in-diffusion of
near surface phosphorus atoms before the oxidation process binds them in the
growing oxide. The grown thermal oxide during the stack oxidation shows
a very high uniformity over a single wafer with a standard deviation in the
range of o< + 6% for layer thicknesses of 12 < dox < 19 nm. The thickness of
the oxide is adjustable by the chosen stack oxidation process. The passivation
quality of the thermal oxide is evaluated by emitter dark saturation current
density test samples. Here, decreasing joe follows increasing emitter sheet
resistance, as expected from Auger recombination. Small differences due to
different stack oxidation processes are evident and explained by e.g. different
surface concentration levels, leading to changes in surface recombination. Low
joe-values down to joe = (12 + 2) fA/cm? are obtained at Ry, = (389 + 10) Q/sq,
despite of stacking the wafers. Further, free standing samples are compared to
stack samples, which shows that no negative influence of wafer stacking on
joe can be observed. Introducing the HiTSOx approach with homogeneous
emitter into PERC processing results in similar energy conversion efficiency
in comparison to state-of-the-art PERC processing.

Introducing a laser-doping process after the PSG deposition yields a selective
emitter structure. The diffusion process featuring only the PSG deposition
shows a high suitability for laser-doping due to a thin intermediate oxide layer.
This results in a promising peak Voc=694mV and jsc = 41 mA/cm? for
HiTSOx PERC devices with selective emitter. Non-optimal process parameters
in this batch increase the R and therefore affect the FF, which overcompensates
the gains in Voc and jsc. Nevertheless, selective emitter HiTSOXx solar cells with
high FF and low Rs have been shown in a separate batch which demonstrates
that selective emitter HiTSOXx solar cells have high potential for industrial
manufacturing.

In general, this work demonstrates that HiTSOx enables PERC solar cell
manufacturing with increased throughput and decreased power consumption
for a more sustainable PV production.

Homogeneous oxide growth in wafer gaps was observed and investigated
experimentally and by numerical simulation. The proposed hypothesis for the
O, transport mechanism in the wafer gaps states that the oxidation of silicon
to silicon dioxide SiO2 consumes O in the wafer gap. This results in a lack of
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oxygen and therefore a local pressure in the gap that is lower compared to
the surrounding atmosphere pressure, which in turn forces further oxygen into
the wafer gap. A special experimental setup with chemical-mechanical
polished wafer and pro-longed saw-damage etched wafers shows a thermal
oxide thickness decrease from the edges towards the middle of the wafer. A
gravimetric-density approach yields the gap height of dggp < 1 pum for this
special wafer setup. By numerical simulation applying different pressure
dependencies from literature, the thickness drop towards the wafer middle is
modelled. Agreement with the experimental data is observed for dga between
0.325 pm and 0.45 pum dependent on the pressure model. This corresponds to a
pressure drop of -61 < psim < -117 mbar in the wafer center, supporting the
stated hypothesis. For PV typical surface morphologies with wafer gaps
deap > 3 pm, the simulation shows that the oxide thickness is not influenced by the
wafer gap itself for wafer sizes up to 156.75 mm edge length. The availability of
oxygen for the thermal oxidation reaction is in this unlimited, explaining the
observed homogeneous oxide thicknesses for PV typical surface morphologies.

During this thesis TOPCon solar cells gained more and more interest as the
future solar cell structure in the PV industry. Thereby, industrial TOPCon solar
cells face higher cost for the emitter formation compared to PERC solar cells.
Therefore, an alternative cost-effective boron emitter formation using wafer
stacks is investigated. Here, a pre-deposited dopant source, an APCVD BSG
layer, is used. After the APCVD BSG deposition, the wafers are stacked and
then processed in a tube furnace for the dopant drive-in. The APCVD process
is optimized from a sustainability and cost view, using thin layers with a
sufficient low dopant concentration. In combination with a tube furnace
process, enabling a factor 3.75 higher throughput, 19% reduction in COO
is possible with an APCVD BSG source. Using a BBrs pre-grown BSG as
dopant source, 25% COO reduction is possible. Taking into account the
specific power consumption shows, that with APCVD BSG, a 55%
reduction is possible, compared to 31% reduction using BBrz BSG. As
mentioned above, thin and lowly doped APCVD layers are favored, due to their
sustainability. In this work, layers with dgsec =20 nm and Cg = 4 wt% with
dsio2 =20 nm as capping layer, result in a sufficient doping. The process
development revealed that the time and temperature when oxygen is
introduced into the process is of high importance for the emitter doping
uniformity. The nonuniformity of the wafer temperature, as known from
literature, might influence the local growth of silicon oxide interface layer. This
interface layer acts as a diffusion barrier and therefore influences the doping
over the wafer surface. By the adaption of the process parameters, the sheet
resistance uniformity of stacked wafers is improved from o=10.8% to
0=3.5%, comparable to state-of-the-art BBrs emitter formation. A first
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implementation into solar cell fabrication yields boron emitter with a 38.4%
higher joe compared to BBr3 processing, which is only partly related to increased
Auger recombination due to a lower emitter sheet resistance. Nevertheless,
TOPCon solar cells fabricated using stack diffusion yield a high energy
conversion efficiency of # = 23.1% (measured by Fraunhofer ISE CallLab)
with factor > 3.75 higher throughput potential compared to BBr; reference
processing with n = 23.6%.

Concluding, high throughput approaches for the high temperature emitter and
oxidation process of PERC and TOPCon solar cells are developed and
characterized in detail. Interactions between phosphorus diffusion and thermal
oxidation are examined and the observed trends explained by known physical
mechanisms. The hypothesis of the transport mechanism of oxygen into the
wafer gaps is stated and confirmed by experiments and simulations. Further
understanding of the stack diffusion approach is generated when investigating
boron-doping processes, where a non-uniform temperature distribution within
the stack is assumed to lead to non-uniform doping results. These findings
enable a future implementation of these high throughput approaches into
industrial fabrication.

7.2  Outlook

The results of the investigated topics in this thesis motivate further research and
development activities.

The HiTSOx approach and the boron stack diffusion have been investigated
with industrial equipment but in laboratory scale with manual handling steps.
Therefore, investigations in a bigger scale for PV manufacturing with a higher
number of wafers are necessary. This raises the question for automated
processing. To the knowledge of the author, automated stacking and de-
stacking of wafers have been previously used in PV manufacturing and is
currently applied when de-stacking as-cut wafers for the inspection at the
beginning of a cell production line. New investigations on this topic are of high
interest as handling of the highly sensitive wafer surfaces is known to strongly
interact with solar cell properties [161]. This seems necessary to further
understand the observed impact of stacking on the pFF.

The hypothesis for the oxygen transport in wafer gaps developed in this work,
opens further possibilities for research. First, further investigations on the
present pressure model are of great interest. Further, the wafer format increases
from M2 to M10 or G12 in PV industry. With this, the edge length, and the
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diameter of the wafer increases. Simulation gives the possibility to investigate
the thermal oxide growth in wafer stacks for increasing wafer sizes.

Finally, the physical mechanism leading to the doping non-uniformity observed
for initial parameters applied for the stacked boron diffusion is currently not
clearly identified. Literature suggests a non-uniform temperature distribution
as one possible explanation, but further investigations are required to confirm
this hypothesis.
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In this dissertation, high throughput approaches for diffusion and oxidation processes for
silicon solar cell manufacturing are investigated. The focus lies on developing sustainable
processes or process combinations for PERC and TOPCon solar cells which enable higher
throughputs and reduced energy consumption than state-of-the-art processes at compa-
rable energy conversion efficiency level.

High throughput is reached by increasing the wafer load in the process using wafer
stacks, where the wafer surfaces are touching each other. The interactions between
phosphorus diffusion and thermal oxidation of the stack process approach are examined
in detail. Further, a hypothesis for the oxygen gas transport mechanism into the wafer
gap is stated and confirmed by experiments and simulation. Further understanding of
the stack diffusion approach is generated when investigating boron-doping processes.
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