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General introduction

On June 23 1988, the influence of human activities on climate change has been mentioned publicly for
the first time by James E. Hansen. In front of the members of the United States Senate, the NASA clima-
tologist warned the authorities that abnormally high temperatures are not the natural variability of climate,
but human greenhouse gases emissions into the atmosphere which are heating up the Earth’s atmosphere
[1]. Although public awareness has been slow, it is now undeniable that climate change is happening and
is threat to human societies and natural ecosystems. This is reflected by the loss of biodiversity, the disap-
pearance of certain species, the melting of polar ice or the spread of natural disasters.

To address global warming and climate change, societies must fundamentally change their patterns of
energy use in order to reduce greenhouse gas emissions. The greenhouse gases emitted by human activities
are carbon dioxide (CO;), methane, nitrous oxide and fluorinated hydrocarbons. The amount of CO; emit-
ted, mainly due to consumption of fossil fuels, significantly exceeds the emission of other greenhouse gases
with more than 36 billions tonnes of CO, equivalents emitted per year [2]. It is therefore crucial to reduce
CO; emissions over the coming years. In this context, the Paris agreement came into force on November
16'", 2016 with the aim to limit global warming to a rise of average temperatures at 2°C maximum [3]. To
meet this target, a recent study suggests that a third of oil reserves, half of gas reserves and over 80% of cur-
rent coal reserves should remain unused from 2010 to 2050 [4]. However, fossils fuels are currently overused
and are running out quickly, as shown in Table [I| established from Knoema data platform [5]. In addition,
the world population constantly grows and the global energy demand continues to increase (+ 2.3% in 2018)
[6]. The remaining extraction times calculated in Table|l|might be therefore even lower. As a result, there is
no doubt that the development of renewable energy technologies is essential to meet future energy demand

and limit global warming.

Table 1: Estimation of remaining extraction time of fossil fuel ressources [5].

Coal Natural gas Crude oil
(billions tones) | (billions of m?) | (billions of barrels)
World proven reserves in 2018 1054.78 196850 1729.74
Annual world consumption in 2018 8.01 3848.86 35.44
| Remaining extraction time (years)l| || 131.64 | 51.14 | 48.8 \

Since the 1970s, the total energy consumption in the world largely comes from fossil fuel burning and
still accounted for 79.7% in 2017 as described in Figure [I} Fortunately, public awareness has risen over

the last years and renewable energies development is growing up wit more and more renewable power

!considering that the consumption remains the same over the next years
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GENERAL INTRODUCTION

generating capacity installed. In particular, the generation of electricity by renewable energies is of great
interest, especially with the development of electrical vehicles having the potential to significantly reduce

CO; emissions.

@ Nuclear energy

Traditional
biomass

79.7%
[} (o] Wind/solar/biomass/

Fossil fuels geothermal/ocean power
Modern renewables

1.0% Biofuels for

transport

3.6%

Hydropower

4.2%

Biomass/solar/
geothermal heat

Figure 1: Renewable and non renewable share of the world total energy consumption in 2017 IEI]

In 2018, renewable power generating capacity saw its largest annual increase ever with an estimated 181
GW installed worldwide according to the last REN21 report (see Figure 2]a)) [6]. By the end of the year, the
overall global renewable power generating capacity reached 2,378 GW, which represents over 33% of the

global power generating capacity as shown in Figure[2|b) [6].

Additions by technology (Gigawatts) Added in 2018 Total additions (Gigawatts)

120 181 Gigawatts — 200
Solar PV Bl Wind power

00 _ ™= Hydropower 8 Bio-power, geothermal,
ocean power, CSP

100
| | | -
-O-
50
I I LI 3
[ | ] Il Il

=== Total renewable
S power

80

60

40 ——
] I II I
il = [ |

o

2012 2013 2014 2015 2016 2017 2018
a)
Gigawatts
8,000
= Non-renewables
7000 = Hydropower
6000 | ] - Wind power, solar PV,
bio-power, geothermal,
o || CSP and ocean power
4,000 — | .
3,000 — I -
2,000 — = —l—
l L
1,000 —. . . | .
0
b) 2008 2009 2010 2011 2012 2013 2014 2015 2016 20177 2018

Figure 2: a) Annual additions of renewable power capacity from 2012 to 2018, b) Global power generating
capacity from 2008 to 2018 [6].

This evolution is driven by the constant reduction of electricity cost from renewable technologies. Ac-

cording to the International Renewable Energy Agency (IRENA), the electricity cost for all commercial re-
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newable power generation technologies is within the range of fossil fuel power generation cost, that is 0.049
- 0.174 USD/kWh, and is expected to decrease year by year [7]. Meanwhile, promising progress on battery

development will enable to store more efficiently the electricity from renewable energies [8].

With 505 GW installed in the world in 2018, solar photovoltaic (PV) energy has demonstrated the highest
increase over the last years compared to other renewable energies (see Figure[8) [6]. Most of the current PV
technologies produce electricity within the range of fossil fuel power generation cost and it is expected that
over four-fifths of solar PV capacity installed in 2020 produce cheaper electricity than any fossil fuel option

[7]. Solar PV will thus be a significant contributor to satisfy electricity demands over the next years.

Gigawatts
600 World Total [ Annual additions
H0b Gigawatts ) .
Previous year's
500 capacity
405 |
400 99 |0 | B
305
300 76 | = —
200 B = B 7
-~ -
B :\
100 || | B !
15 23
17 +8
. Wil

2008 2009 2010  20M 2012 2013 2014 2015 2016 2017 2018

Figure 3: Solar PV global world capacity and annual additions from 2008 to 2018 [@

Finally, thanks to cheaper production costs and development of batteries, renewable energies are ex-
pected to account for 62% of total generated electricity by 2050. Solar energy is expected to show the most
significant growth, rising from 2% of today’s world electricity generation, to 22% in 2050 as represented in
Figure[d[9]. Renewable energies are intermittent and still show lower conversion efficiency than fossil fuels
or nuclear energy. On this basis, researchers and manufacturers aim to develop storage systems and make

renewable energies more and more efficient with lower costs.
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Figure 4: Electricity power generation mix from 1970 to today and predicted trend within 2050 IE|]
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GENERAL INTRODUCTION

The different solar cell technologies can be classified into three categories as represented in Figure
Hybrid solar cells can also be obtained by assembling two or more solar cell technologies to form multi-

junctions devices having an high efficiency potential.

1. Crystalline silicon solar cells (c-Si): This technology is based on silicon (mono-crystalline (mono-5i)

or multi-crystalline (mc)) as the semiconductor converting light into electricity. c-Si solar cells have
been the first developed, in particular because Si is the second most abundant element on Earth after
oxygen, but also because it demonstrates great efficiencies in industry with robust manufacturing pro-
cess. c-Si based PV technology largely dominates the market with around 95% of the total production
in 2018 [10].

2. Thin film solar cells: Thin film solar cells are obtained by successive depositions of thin layers of semi-

conducting materials to form the PV device. Main advantages are that thin films use less materials
and can be deposited on flexible substrates, allowing new applications with relatively low production
costs. The main issue is that good conversion efficiencies (around 20%) obtained at laboratory scale
(small surface) drastically fall down when the cell area is increased (industry scale). As a result, the
market for thin films PV continues to grow but only accounts for 5% [10].

3. Emerging solar cells: This category regroups several PV technologies mainly developed at laboratory

scale: Organic cells, Dye-sensitized cells, quantum dots and perovskites. These technologies have
the main advantage to be low cost but demonstrate low efficiencies. However, fast improvements of
perovskites device efficiency (hybrids organic-inorganic material) have been observed over the last
years, making this technology promising. The main disadvantage of perovskites cells is the stability

issue [11].

Crystalline silicon Thin films ‘ Emerging technologies

Monocristalline silicon

Cadmium telluride (CdTe) Dye-sentetized cells (DSC)
(mono-Si)
Multicrystalline silicon Cuivre Indium (Gallium)
firicst) Selenium (CIS & CIGS) Quantuny Bots

Hydrogenated amorphous
Si (a-Si:H) and
microcrystalline (pc-Si)

Organic cells

and IlI-V materials

Gallium Arsenide (GaAs) ] ‘ Perovskites

Figure 5: Classification of different solar cell technologies.

As the most mature solar technology, c-Si solar cells are of particular interest with researchers constantly
working to improve efficiency and reducing the production costs. From c-Si feedstock to PV module, sig-
nificant improvements can be realized. For instance, the metallization step has the potential to improve
cell efficiencies by increasing the quality of metallic contacts (higher conductivity, lower contact resistance,

reduced shadowing effect etc.). Moreover, silver (Ag) and aluminum (Al) based pastes are currently used
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for the metallization of c-Si cell technologies and represent the most expensive non-silicon materials used
[10]. Significant cost reductions are thus possible by lowering paste consumption and/or modifying their
composition. Nowadays, screen printing (SP) is the mainstream metallization technology to produce in-
dustrial ¢-Si solar cells, as represented in Figure[f] This method has the advantages to be simple, fast and
well implemented in industry. However, it relies on silver containing pastes, an expensive metal (19.31
USD/once in September 2019 [12]) with a fluctuating cost, and has almost reached its limitations in terms
of metallic contact quality. The development of SP derivatives and new techniques, such as electrochemical

metallization (also called “plating”), is essential to go even further in the improvement of c-Si solar cells.
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Figure 6: Market share of front side metallization technologies and estimation until 2029 .

In this way, plating is a good alternative to standard SP metallization and is under investigation by
recognized research institutes such as Fraunhofer ISE (Institute for Solar Energy) and Imec (Institut de Mi-
croElectronique et Composants). First, plating gives a solution to metal cost reduction by using cheaper
metals, such as nickel (Ni) and copper (Cu) (0.53 USD/once and 0.15 USD/once respectively in September
2019 [12])). While nickel is used as seed layer, copper represents the conductive part of the metallic contact
with an electrical conductivity very close to the one of silver (o¢y, =5.96 x 107 S/m; o Ag = 6.30 x 107 S/m).
Provided that processing and depreciation costs are similar to SP process, cost savings can be realized with
Ni/Cu plating [13]. Secondly, SP relies on high temperature process steps (800-900°C) which are not suitable
for some Si solar cells architectures (heterojunction cell for example) and induces a non negligible thermal
budget. Ni/Cu plating is more suitable as temperatures needed do not exceed 350°C. Finally, plating has
the potential to overcome SP limitations and achieve higher metallic contact quality. Absolute efficiency
gains of 0.5% have already been demonstrated in literature in comparison with SP [14]. For all these rea-
sons, plating is expected to gain progressively market share and account for ~ 10% in 2029 according to the
International Technology Roadmap for PhotoVoltaics (ITRPV) (Figure[6). Despite its great potential, plating
is in an introductory phase because several issues need to be addressed before implementation in mass pro-
duction such as risks of junction shunting, poor adherence or parasitic plating (PP). Improvements in terms

of reliability and process scalability are also necessary.
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GENERAL INTRODUCTION

The aim of this thesis is to investigate the Ni/Cu plating process steps to 1) identify the factors affect-
ing the solar cell 2) understand the physico-chemical phenomenon involved and 3) develop an optimized
Ni/Cu plating process to achieve similar cell efficiency than reference SP cells. The first steps needed to
prepare the Si surface before Ni/Cu plating are of great importance and receive particular emphasis in this

study as well. This work is organized in five chapters, each including a summary of the main conclusions.

The first two chapters give background knowledge.

Chapter 1is dedicated to the scientific background on c-5i solar cells. The working principle is explained
and the different factors limiting efficiency are detailed. The process flow for a standard industrial c-Si solar
cell is also introduced and current advancements to achieve high efficient c-Si solar cells are reviewed.
Finally, key elements to reduce production costs are discussed.

Chapter 2 is focused on metallization techniques for c-Si solar cells. The standard screen-printing pro-
cess as well as corresponding drawbacks and limitations are presented. The possibility to increase c-Si
solar cell efficiency while reducing production cost by improving the metallization step is highlighted. In
that way, existing SP derivatives and alternative electrochemical metallization (plating) are described. The
background on semiconductor/metal and semiconductor/electrolyte interfaces is presented and finally the

methodology of this thesis work is introduced.

The following chapters concern the experimental results. Two chapters are dedicated to Si surface prepa-
ration before plating and the last chapter deals with Ni/Cu deposition and the development of a whole
plating process with optimized conditions.

In Chapter 3, the impact of selective laser ablation of dielectric layers before plating is investigated.
Various laser parameters are tested and their impact on Si surface morphology, composition and electrical
properties is characterized. A laser ablation mechanism is proposed and optimized laser parameters are
selected.

Chapter 4 concerns the next plating process steps which are silicon surface deoxidation and activation.
Etching of silicon oxides in two fluoride media are studied. Meanwhile, the impact of these fluoride me-
dia on dielectric layers is also investigated for potentially improved selectivity. Silicon surface activation
through palladium deposition is then extensively studied to understand nucleation and growth mecha-
nisms and improve the activation bath composition.

In Chapter 5, Ni electroless deposition is studied and factors affecting the homogeneity and adherence
are highlighted. In collaboration with the Fraunhofer ISE, the adherence of three different Ni electroless
deposition processes is compared using the Acoustics Picosecond Colored (APiC) method. To complete the
plating process, Cu is deposited electrolytically. Subsequently, cells are annealed to investigate the impact of
non optimized laser parameters and annealing temperature on cell efficiency. Finally, the optimized process-

ing conditions studied in this work are implemented to achieve cell efficiencies comparable to SP references.

Finally, the main conclusions of this thesis are summarized, while future work and perspectives are detailed

in a brief outlook.
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CHAPTER 1. BACKGROUND ON CRYSTALLINE SILICON SOLAR CELLS

1.1 Introduction

This chapter introduces the main knowledge on crystalline silicon solar cells needed to fully understand
the approach and the results of this thesis work. The working principle of a c-Si solar cell is detailed and
limiting-efficiency factors are reported. A standard process flow is presented, areas of improvement in terms
of conversion efficiency are reviewed and some elements to lower the production costs are given. In this
way, main materials and cell architectures under investigation in the PV field are presented. That brings to

understand the material choice for this work and the concern about c-5i metallization step.

1.2 Structure and working principle

The working principle of a c-5i solar cell is based on the photovoltaic effect, discovered in 1839 by Ed-
mond Becquerel. The photovoltaic effect is responsible for the creation of voltage in a material in response
to an electromagnetic radiation. In this manner, a c-Si solar cell converts light energy into electricity by

means of three mechanisms [15]:

1. Photons absorption in the silicon material and generation of charges carriers.

A photon is absorbed when its energy is superior to the Si bandgap energy (E¢ (Si) = 1.12 eV at ambient
temperature). That promotes the excitation of an electron in the Si material from an initial state (E;) in the
valence band (VB) to a final state (Ef) in the conduction band (CB) as illustrated in Figure A positively
charged particle is created in the VB and is called a hole.

b @ Qﬂa
E; . E, ;
f & ks
H“j £
E, E, HI 3
)
i generation of =+
a) an electron-hole pair b)  thermalisation, £, >E,

Figure 1.1: a) Photon absorption and generation of an electron-hole pair (E,, > E;), b) when E,;, > Eg, a
part of the energy is thermalized [15].

In a real semiconductor, the valence and conduction bands are not flat but vary depending on the electron
momentum (k-vector) as described in Figure The maximum of the VB and the minimum of the CB occur
at the same momentum in case of a direct gap semiconductor but not for an indirect one. In indirect gap
semiconductors, such as silicon, electron excitation necessitates a change of electron momentum and so the
absorption coefficient is much lower than the one of a direct semiconductor. Silicon based absorber must
be consequently relatively thick and the optimal c-Si thickness has been calculated to be about 100 pm [16].
However, c-Si thickness is in the range of 150-200 pm in industry to limit mechanical issues and bowing

effect [17].
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1.2. STRUCTURE AND WORKING PRINCIPLE
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Figure 1.2: Electron excitation in a) direct gap semiconductor, b) indirect gap semiconductor [15].

2. Subsequent separation of the photo-generated charges carriers.

Usually, the photo-generated electrons fall back to their initial energy level E; and the energy is released
either as a photon (radiative recombination) or transferred to other electrons or holes or to the lattice (non
radiative recombination). A p-n junction is thus needed to promote photogenerated charges separation on
the both side of the cell and their collection by metallic contacts. The formation of a p-n junction is illustrated
in Figure[l.3|a). A n-doped area is formed by introducing phosphorous (P) atoms into the silicon wafer. As
phosphorous is a 5-valence dopant, the four outer electrons combine with each electron of Si atom, while
the fifth electron is free to move and serves as charge carrier. Due to the higher number of free electrons,
those are also named as majority charges carriers, while free mobile holes are named as the minority charges
carriers. The p-doped area is formed by introducing boron (B) atoms into the silicon wafer. As boron is a
3-valence dopant, that results in an higher number of free holes (majority carriers). When a n-type and a p-
type Si are in contact, the following phenomenon happens at the interface: the majority carriers respectively
diffuse towards the p and n areas. On the n-side, near to the interface, free electrons in the CB are gone
because they have diffused to p-type area and also due to recombinations with diffused holes from the p-
side. On the p-side, free holes in the VB are also gone by a similar process. This leads to the apparition
of the so called Space Charge Region (SCR), where only the fixed impurity atoms and the neutral Si atoms
remain. This area is also called ”depletion region” in reference to the depletion of majority charges carriers.
The charges of fixed ions create an electric field E in the SCR and a potential difference AV blocking the
diffusion of charges carriers (see Figure[1.3)b)).

Under light, photogenerated charges are created which leads to the Fermi level splitting into a Fermi
level of electrons (Er,) and a Fermi level of holes (Er;,). The photo-generated minority charges carriers
reach the SCR thanks to £ and diffuse towards the p area for photo-generated holes and n area for photo-
generated electrons (see Figure [1.3|c)). The increase of holes concentration on p side and electrons on n
side results in an electric field opposited to the one of the junction and a photo-generated current density
(Jpr). AV remains unchanged in short-circuit conditions as photo-generated current can properly flow.
Otherwise, AV is lowered by a voltage drop called the photo-potential. In open-circuit conditions, photo-
generated current can not flow through external circuit so the photo-generated current must be balanced
by a recombination current. As a result, AV will be reduced by an amount of Vo corresponding to the
open-circuit potential.

The behavior described in Figure[L.3]is relative to no bias voltage conditions but when an external reverse
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CHAPTER 1. BACKGROUND ON CRYSTALLINE SILICON SOLAR CELLS

bias voltage is applied, AV is increased and the SCR becomes wider. On the contrary, by applying a forward

bias voltage AV is decreased and the SCR becomes narrower (minority-carrier injection).
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Figure 1.3: a) Illustration of p-n junction formation, b) Corresponding band diagram in dark, c¢) Corre-
sponding band diagram under illumination in short circuit conditions.

3. Collection of the photogenerated charges carriers in an outside electric circuit.

Finally, the photogenerated charges carriers are extracted by the metallic contacts: the photo-generated
electrons are collected on the n side and pass through the circuit to be recombined with the photo-generated
holes collected on the p side. An outside current is thus generated. The working principle of a c-Si solar cell

is summarized in Figure

light

Front side metallic contact
(negative electrode)
< n-type silicon

«~——— Space charge region (SCR)

«~————————— p-typesilicon

Rear side metallic contact
(positive electrode)

Photon absorption and electron-hole pair generation
H Separation of the photo-generated charge carrier’s by the electric field
H Collection of holes at positive electrode and electron at negative electrode

Figure 1.4: Illustration of c-Si solar cell working principle.
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1.3. PERFORMANCE MEASUREMENTS OF C-SI SOLAR CELLS

Contrary to the rear side, the front side is not fully metallized to allow light absorption. It is generally
metallized according to so called "H-pattern” where thin metallic lines (fingers) are perpendicular to thicker

ones (busbars) as shown in Figure

\ ///
N 4

Figure 1.5: Image of a monofacial Si solar cell. Front side on the left is metallized according to H-pattern
and rear side on the right is fully metallized.

1.3 Performance measurements of c-Si solar cells
1.3.1 Equivalent circuit

An ideal solar cell can be represented by the equivalent circuit in full line in Figure[L.6|(one diode model).
A current source is connected in parallel with a diode enabling the current to only pass in one direction. This
diode represents the recombination losses and is characterized by the saturation current density J, (in order
to remove the dependence of the solar cell area onto measured current it is preferable to use the current

density (J) instead of current I). In this ideal case, the equationlinks the current density to the voltage[18]:

nqV _ 4

T = Jon — Jo(eF57 7Y (L1)

With J,n, the photo-generated current density, Jo the diode saturation current density, n the diode ideally factor, q the

electron elementary charge, V the applied voltage, kg the Boltzmann’s constant and T the temperature.

i 37| 57 ]

Figure 1.6: Equivalent circuit of an ideal solar cell (full lines). Non ideal components are shown by the
dotted lines [18].

In practice, the two-diode model must be used as equivalent circuit to take into account the contribu-
tion of a second diode (Joz2), series resistances (R;) and parallel resistances (shunt resistance R;p,). These
additional components are represented in dotted lines in Figure The second diode represents the re-
combination losses in the SCR and is characterized by the saturation current density Jo2. Series resistances

are ohmic resistances from the metallic contacts, the semiconductor and the semiconductor-metal interface.
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CHAPTER 1. BACKGROUND ON CRYSTALLINE SILICON SOLAR CELLS

They must be lowered. Parallel resistances are due to shunts in the SCR or current leakage. The relation

between current density and applied voltage becomes [18]:

a(V=AJRs) 4 a(V—AJRs) 4 vV — AJRS

J=Jpn —Jor(e MFET ) —Jpa(e m2tET 7 (1.2)
sh

With [, the photo-generated current density, Jo1 and Joo the diodes saturation current densities, q the electron ele-
mentary charge, V the applied voltage, A the solar cell area, R the series resistance, Ry, the parallel resistance, n’y

and n’y the diodes ideally factors (1 in ideal case), kp the Boltzmann's constant and T the temperature.

1.3.2 I-V measurement

Main parameters used to characterize the performance of a solar cell can be extracted from illuminated
current-voltage (I-V) curves. A voltage ramp is applied in forward bias direction and the corresponding
generated current is measured. I-V curves are performed under standard testing conditions (STC) where
irradiation = 1000 W/m?, T = 25°C, Air Mass = 1.5. The air mass (AM) measures how absorption in the
atmosphere affects the spectral content and intensity of the solar radiation reaching the Earth’s surface. Just
above Earth’s atmosphere, the radiation intensity is about 1.253 kW/m? and the corresponding spectral
distribution is referred as AMO0. A widely used standard to compare solar cells performances is the AM1.5
spectrum, normalized to a total power intensity of 1 kW/m?. A typical I-V curve is represented in Figure

and the main parameters extracted (Voc, Isc, FF and 7) are detailed below.
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Figure 1.7: Typical I-V curve and graphical representation of the main solar cell parameters extracted
[19].

¢ The open-circuit voltage (Voc): It corresponds to the maximum voltage that a solar cell can deliver

when no current is flowing. According to equation Voc is impacted by J,, which depends on

recombinations in the solar cell. Vo thus reflects the amount of recombination in the device.

* The short-circuit current (I5¢): It is the current density flowing through the external circuit when elec-

trodes are short circuited. It depends on the incident photon flux, optical properties and recombination
rate of the solar cell. It is often expressed as short-circuit current density Jsc. In the ideal case, Jg¢ =

Jpn. The maximum Jg¢ is 46 mA/ cm? for a ¢-Si cell under AM 1.5 [15].
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1.3. PERFORMANCE MEASUREMENTS OF C-SI SOLAR CELLS

* The fill factor (FF): It is essentially a measure of the quality of the solar cell. The ideal FF is equal to 1

in case of no series resistances, infinite parallel resistances and diodes ideally factor equal to 1 (ideally
factor is a measure of the junction quality and the type of recombination in a solar cell). FF is given by
the ratio between dot square and full line square areas represented in Figure|1.7|such as:

FF = Prnp

— 1.3
Isc x Voc 13

* The power conversion efficiency 7: It is calculated by the ratio between the maximal generated power

(P1np) and the incident power (P;,, = 1000 W/m? in STC) as shown in equation

Py,  FF xVoco X Isc
P x A P, x A

7 (1.4)
Various parameters can affect the I-V characteristic such as the p-n junction quality, the minority carriers
recombination rate, the series and parallel resistances and the optical properties of the solar cell. An example

is given in Figure [T.8|when series and parallel resistances are increased.
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Figure 1.8: Effect of a) series and b) parallel resistances on a solar cell I-V characteristic [18].

1.3.3 Dark I-V measurement

Dark I-V measurement consists of carriers injection into the solar cell by an electrical current instead of
light illumination. In this way, noise measurement due to small fluctuations in the light intensity is reduced.
Despite it does not provide short-circuit current value, dark I-V measurement is more sensitive to determine

other parameters (series resistance, shunt resistance, diode factors, diode saturation currents).

1.3.4 SunVyc measurement

SunV e measurement enables to determine the I-V curve without the effect of series resistance. The cell
is illuminated using a flash lamp with a slow decay and the V¢ is measured for various illuminations. The
measure is performed at the open circuit so it is free from series resistance effect. By shifting the SunVoc
curve along the current density axis by Js¢ (1 sun) the pseudo illuminated curve and the virtually series
resistance free pseudo fill factor (pFF) are obtained. The difference between FF and pFF gives the fill factor

losses due to the series resistance.
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CHAPTER 1. BACKGROUND ON CRYSTALLINE SILICON SOLAR CELLS

1.4 Limiting-efficiency factors
1.4.1 Maximum theoretical efficiency

The conversion of the light energy illuminating a solar cell is not complete and the yield is limited.
The maximum efficiency achievable is affected by various factors, which are intrinsic or technological and
are further described. Moreover, the environment temperature affects the cell behavior and the spectral
density of the solar spectrum is different at various locations in the world which changes the incident power
reaching the solar cell.

An accurate determination of the maximum efficiency for five solar technologies has been realized by
Ian Marius Peters et al. [20] by taking into account the world climate conditions in 2015. The as-determined
maximum efficiency is called the “maximum harvesting efficiency” (95, maz), in opposition to the maximum
efficiency determined in Standard Testing Conditions (1s7¢,maz)- The calculated median values of nsrc
and 7, are reported in Figure|[1.9|for the five tested solar cell technologies having different bandgap values.

It appears that 7, is always inferior to ns7c, especially for materials with smaller bandgap such as silicon.
The behavior of solar cells with small bandgap is thus more affected by environmental conditions such as
humidity and temperature. Their efficiency is more sensitive to location in the globe and fluctuations of

climate conditions which is interesting to keep in mind.
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Figure 1.9: Comparison of harvesting efficiencies and STC efficiencies as a function of cell technology
bandgap. The lower part shows the difference nsrc — 7, [20].

In addition, by taking into account climate conditions all around the world, the ideal bandgap for maxi-
mizing the energy yield to 33% is equal to 1.35 eV (see Figure[1.10). This value is consequently a target for
solar technologies where the bandgap value can be modulated.

The maximum efficiency in the STC (ns7c,maz) is generally called the Shockley-Queisser (SQ) limit.
Usually, only radiative recombinations are present in SQ limit calculation, but in silicon, Auger recombina-
tions (non radiative process) are dominant and the SQ limit is not directly applicable [15], [21]. Some papers
have determined the SQ for Si solar cell by approximations to take into account Auger recombinations and
values around 29% have been obtained [16] (29.43% [15], 29.8% [22]). These values are below the ones pro-
posed by lan Marius Peters et al. (nsrc ~ 32-33% in Figure for which Auger recombinations have not
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1.4. LIMITING-EFFICIENCY FACTORS

been considered, which raises the importance to take into account these recombinations. Overpassing the

conversion efficiency limit requires tandem or multi-junctions structures and an example is given in section

1.5.2
A harvesting efficiency limit, 7, max B corresponding band gap Eg pax
Mh,max [%] Eg,max [eV]
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Figure 1.10: Global harvesting efficiency limits and corresponding bandgap. A and B: calculated harvest-
ing efficiency limit 7, .., and bandgap Eg ..., for which this limit is achieved. C and D: Area-weighted
histograms of the occurring efficiency 71, ;4. and bandgap, E, ;... (D) values .

1.4.2 Intrinsic limiting-efficiency factors
Unavoidable intrinsic losses limit the conversion efficiency of c-Si solar cells and have four origins:

* Incomplete absorption of photons: when photons energy is smaller than the one of the Si bandgap, they
are not absorbed and do not contribute to the creation of electron-hole pairs. That leads to about 27% loss
in the yield as depicted in Figure

* Excess energy of photons: photons with energy greater than the Si bandgap loose their energy in excess
by thermalization and does not participate in the creation of electron-hole pairs. This results in a yield

loss of about 28% (see Figure|1.11).
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Figure 1.11: Major loss mechanisms considered in the SQ limit determination .
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CHAPTER 1. BACKGROUND ON CRYSTALLINE SILICON SOLAR CELLS

Non absorption of photons having E,, < Eg and thermalization losses due to E,;, > Eg are the two main
losses. They are both related to the spectral mismatch between the energy distribution of photons in the

solar spectrum and the Si bandgap as represented in Figure[1.12}
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Figure 1.12: Spectral mismatch between the energy distribution of photons in the solar spectrum (AM
1.5) and the Si bandgap: the red part represents the fraction converted by a c-Si solar cell with Eg =1.12
eV at ambient temperature [23].

¢ Reduction of the maximum achievable V¢ by thermal radiation: the maximum V¢ for a c-Si solar
cell is related to its bandgap and is equal to 1.12 V at ambient temperature. It must also be taken into
account that the cell temperature is not equal to 0K, which further limits the Vo value [24]. Indeed, the
solar cell is in thermal equilibrium with its surroundings, so it absorbs thermal radiation according to the
ambient temperature and also emits the same amount of radiation (blackbody radiations). That leads to
a recombination current different from zero, and a reduction of the maximum Vg¢.

¢ Fill factor (FF) limitation: ideally, FF is equal to 1. However, recombination currents limit its value to

0.85 [21]. These both last intrinsic losses are part of ”other losses” mentioned in Figure m

1.4.3 Technological limiting-efficiency factors

Technological losses can be avoided and are divided into three categories: optical losses, recombination
losses and resistive losses. They can occur at cell level but also at module level, resulting in cell to module
power losses until 2% [25]. This value can be reduced by using advanced interconnection technologies

(see section[1.5.3).

* Optical losses:

- Reflection on the metallic contacts: the metallic grid pattern must be optimized to collect efficiently photo-

generated carriers while limiting the shadowing effect. Bifacial solar cell concept (see section [1.5.2) and
interdigitated back-contacted cells (IBC) (see section|1.5.2) enable to significantly reduce these losses;

- Reflection on the Si surface: average reflectivity is >35% in the wavelength range 250-850 nm on pol-

ished Si but a texturing treatment reduces this value at 11% by increasing the path length of the photons
[26]. By combining a texturation treatment with an anti-reflection coating (ARC), average reflectivity

lower than 2.5% can be obtained [27]. The optimal refractive index of the ARC (n4src) depends on re-
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fractive index n; and ny (respectively relative to environment in which the incident and refracted light

propagates) according to equation[I.5} The optimal thickness e 4 zc at a specific wavelength X is calculated
by equation[1.6][28]:

NARC = VN1 X Ny (1.5)
A
_ 1.
CARC = o (1.6)

- Absorption of photons by the rear metallic face at high wavelengths: to promote absorption of low en-

ergy photons, thanks to multiple reflections between the rear and front metallic contacts, the refractive
index of the metal must be as high as possible;

- Optical losses in the module: reflection and absorption in the glass, encapsulating material and inter-

connection tabs lead to optical losses.

At the cell level, an analysis of optical losses in terms of current density has been carried out on industrial
PERC (Passivated Emitter and Rear Cell) by Miiller et al. [29]. Results, described in Figure show that
optical losses mainly come from reflection on fingers, busbars and rear side metallization. Minimizing

busbar and finger widths is thus essential to limit optical losses.
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Figure 1.13: Optical losses analysis in terms of current density [29].

* Recombination losses: It refers to the annihilation of electron hole pairs, the reverse process of charges
carriers generation. The average time for this reverse process is called the carrier’s lifetime. High lifetime
is required to allow the separation of photogenerated charges. The four main recombination mechanisms
are schematized in Figure and described below:

- Radiative recombination: it corresponds to the recombination between an electron in the CB and a hole

in the VB, followed by a photon emission. As Si has an indirect gap, it must simultaneously emit a photon
and a phonon to conserve both energy and momentum. Radiative recombination is thus a four-particles
process and is unlikely to occur (it can be neglected).

- Auger recombination: the excess of energy, produced by the recombination between an electron in the

CB and a hole in the VB, is transferred to another electron or hole. The particle thus activated, emits this

energy under the form of phonons in the Si matrix. The probability of this phenomenon increases with
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the Si doping. As silicon has an indirect bandgap, Auger recombination are dominant.

- Bulk Recombination through defects: the presence of defects within the semiconductor crystal (impuri-

ties atoms, lattice defects) produces discrete energy levels within the bandgap. These ‘trap’ levels facilitate
recombination, which are commonly named Shockley-Read-Hall recombination.

- Surface recombination through defects: the Si surface represents a severe discontinuity in its crystalline

structure. The large number of partially bonded Si atoms gives rise to many dangling bonds. Therefore,

a large density of defect levels are found within the bandgap near to Si surface.
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Figure 1.14: Schematic representation of recombination mechanisms in a c-Si solar cell [18].

Recombination losses impact directly the solar cell efficiency and must be limited. Radiative and Auger
recombinations are intrinsic to the material and can not be reduced, but surface and bulk recombinations
through defects are extrinsic and can be lowered by improving the fabrication process. For instance, ap-
plication of appropriate dielectric layers on Si surface, such as silicon oxide (S5iO,), hydrogenated-silicon
nitride (SiN,:H) or aluminum oxide (AlO,), significantly reduces recombination through passivation of
dangling bonds (see section[1.5.2). SiN,,:H layers also release hydrogen upon high annealing temperature,
which passivates trap level into the bulk. Recombinations can be reduced by minimizing the minority car-
rier concentration at the surface through doping or by creating an electric field to repel minority carriers
thanks to dielectric layers with fixed charges. For more details, the reader is referred to the review in ref-
erence [30]. In addition, advanced structures such as selective emitters (see section|1.5.2) and passivating

contacts (see section(1.5.2) enable to reduce the recombination losses.

Resistive losses: They include shunt R,;, and series R, resistances. R, are due to another current path for
the light-generated current, because of leaks from the edges or short-circuited emitter. Less current flows
through the junction and efficiency is reduced. R, corresponds to the different individual resistances
of the cell summarized in Figure Ideally, Rs;, should be infinite and R, should be zero. Both of
them impact the conversion efficiency and metallic contacts are largely involved in R,. Electrical losses
also occur by the Joule heating effect in module interconnections. In this work, shunt resistance can be
typically involved in resistive losses through copper diffusion into silicon in case of non optimized plating
process. We will also particularly investigate the resistances related to metallic contacts such as contact

resistance and line resistance of fingers and busbars.
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rm_rs: resistance of rear side metal layer
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Figure 1.15: Schematic representation of series resistance contribution in a c-Si solar cell [31].

1.5 On the road to highly efficient c-Si solar cells and modules

Silicon solar cell efficiency can be improved by means of light absorption optimization, efficient col-
lection of photo-generated carriers or reduction of recombinations and resistance losses. In that way, re-
searchers and industry are developing new architectures and materials to achieve highly efficient c-Si solar
cells. Meanwhile, to reduce manufacturing costs, efforts are made to use low cost materials and equipments,
reduce process temperatures, reduce breakage risks and increase throughputs. Metrology techniques are
also constantly improved to identify defects into c-Si solar cells all along the process line. Improvements to

achieve highly efficient Si solar cells are described under the different manufacturing steps.

1.5.1 Making silicon substrates

The making of Si substrates involves three successive steps: feedstock, ingot and wafer production. To
improve the quality of Si substrates, researchers aim to limit impurities incorporation and failure modes
during these three steps by upgrading metrology techniques and process equipments. To lower production
costs, a great attention is also paid on limiting the quantity of material damaged when ingots are sliced into
wafers because this damaged part must be then removed (Kerf-losses). In that way, diamond wire sawing
process is more and more used to slice Si ingots into wafers as this technique reduces the depth of damages
and so the Kerf-losses [32] compared with conventional abrasive slurry sawing.

Standard c-Si solar cells are mainly based on multi-crystalline (mc-Si) because it is less expensive to
manufacture. However, less defects (grain boundaries, dislocations, metallic impurities) are observed with
mono-Si. The current trend is thus to go from mc-Si to mono-Si and efforts are ongoing to lower the manu-
facturing costs.

P-type wafers took the lead historically because at the beginning of its development, the solar technol-
ogy was mainly used for spacial applications and p-type structure presents better resistance to radiations.
However, n-type wafers are more tolerant to metallic contaminations and show higher minority carrier’s
lifetimes. N-type wafers also do not suffer from light-induced degradation as the degradation mechanism
is based on boron-oxygen complex formation. Both types have their advantages and drawbacks, which are

well described by Pietro P.Altermatt [33], but n-type is more suitable to achieve highly efficient c-5Si solar
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cells. Moreover, the price of n-type wafers, which was above 30% higher than for p-type a few years ago, is
now only above 5% [34]. The trend is therefore to go from p-type to n-type wafers and most of the advanced

cell architectures are based on n-type wafers.

1.5.2 Cell manufacturing

Aluminum Back Surface Field (Al-BSF) has been the 15 architecture developed in industry and was

considered as a standard for many years. The process flow for an Al-BSF structure is shown in Figure [1.16
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Figure 1.16: Typical cell manufacturing flow for an industrial Al-BSF c-Si solar cell [35].

156 x 156 mm? size mono-Si or mc-Si p-type Si wafers are used to form the base with a resistivity around
1 Q.cm. To absorb efficiently the incoming photons, base thickness is commonly in the range of 180-200
um. Firstly, saw damage removal and texturing are needed to respectively remove saw marks arising from
ingots slicing and reduce optical losses. This is performed through wet chemical processes and the purity
of chemicals used is essential to limit impurities incorporation [35].

To separate the generated charges carriers, the p-n junction is created through the widely used POCl;
diffusion. A POClI; liquid is turned into vapor by N gas flow and reacts with a simultaneously introduced
gas flow of O,. The process is performed at around 800-900°C and results in phosphorus pentoxide for-
mation which coats the Si wafer and acts as P dopant source. As a result, the Si surface is highly doped

with phosphorus atoms up to a depth of around 500 nm and is called the n* emitter. To reduce emitter re-
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combination losses, while preserving a good metal contact, researchers seek to obtain low surface dopants
concentration with deep emitters. Emitter formation is a critical step and temperature profile, pressure and
deposition time must be carefully optimized to avoid risk of shunts.

The phosphosilicate glass (PSG) layer formed during diffusion process acts as recombination center and
impacts the cell reflectance. Thus, PSG removal is performed using an HF-based solution to etch selectively
the PSG without damaging the emitter below. Moreover, POCl; diffusion occurs on the entire cell and edge
isolation through wet chemical process is necessary to remove n' area formed on the rear side and edges.

Next step consists of dielectric layers deposition to promote antireflection and passivation properties on
the front side. An amorphous hydrogenated silicon nitride (SiN,:H) layer (generally around 75 nm thick)
is commonly used as it plays both roles. Finally, metallic contacts are formed to collect the photogenerated
charges carriers. Screen-printed Ag paste is used for the front side, according to an H-pattern design, and
the rear side is fully metallized by a screen-printed Al paste. During the final co-firing at high temperatures
(800-900°C), two phenomena happen: 1) On the rear side, a BSF is created and consists of an higher doped
region due to diffusion of Al atoms. The interface between the highly and lowly doped regions behaves
like a p*-p junction and an electric field is formed. Thus, the flow of minority carrier to the rear surface is
blocked and recombinations are limited, 2) On the front side, glass frit component present in the Ag paste
provides the etching of dielectric layers and the formation of Si/Ag contact. Mechanisms occurring during

co-firing are further detailed in section [2.4]

Recently, Ki Hyung Kim and al. achieved a record p-type mono-Si Al-BSF solar cell efficiency of 20.29%
(M2 size cell: 244.3 cm?) [36]. However, the full-area Al-BSF demonstrates a moderate passivation qual-
ity and only about 70% of the infrared light reaching the rear contact is reflected back into the silicon [37].
Furthermore, industrial Al-BSF solar cell hardly exceeds 20% efficiency. For a long time, Al-BSF structure
was the mainstream c-Si technology but currently, the majority of c-5i solar cells is produced according to
advanced PERC architecture (described in section[1.5.2). To improve c-Si solar cell efficiency and/or reduce

production costs, new materials and architectures have been developed and are constantly improved.

- Alternative doping technologies:

Ion implantation and silicon epitaxial growth both enable to control more precisely the doping profile
compared to standard POCl; diffusion. Better emitter quality can be achieved through more homogeneous
doping profile and sharper interface. Even though implantation is the most sophisticated doping tech-
nique, it is still too slow and expensive to be widely implemented in industry [35]. Silicon epitaxial growth
requires high-temperature processes (> 800°C) to obtain high quality epitaxial layers, which can lead to
unintentional dopant and impurity diffusion and implies an high thermal budget. To tackle these issues,
researchers are focusing on PECVD (Plasma-Enhanced Chemical Vapor Deposition) to promote gases disso-
ciation at lower temperatures but further investigations are still needed to understand growth mechanisms

and optimize plasma conditions [38], [39].

- Efficient passivation layers and rear passivated cell devices [30], [37]:
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SiN,:H films were the first dielectric layers developed in solar cell industry as they demonstrate passiva-
tion properties through hydrogen release associated with anti-reflection properties. Now, other passivation
layers have been developed and demonstrate higher passivation level such as SiO,, Al,O3 or amorphous
hydrogenated silicon (a-Si:H). Nevertheless, SiN,:H is still used with 5iO,, Al,O3 or a-Si:H as capping layer

to promote anti-reflection properties and additional passivation effect through hydrogen release.

High level of chemical passivation can be achieved for n™ emitters with thermally grown SiO,, layer.
This is explained by the obtention of a layer with a stoechiometry x = 2. Thermally grown SiO; can be used
in combination with a SiN,:H layer for highly efficient solar cell devices, but high temperature processes
are needed and growth rate is low. Another method, more suitable for industrialization, consists of SiO,

deposition through low temperature PECVD process but slightly lower passivation levels are obtained.

For p' emitters, Al;O3 layers demonstrate efficient field effect passivation thanks to negative fixed
charges. They are mainly deposited by Atomic Layer Deposition (ALD), resulting in low deposition rates
but high rate ALD deposition concepts such as spatial ALD are under development. Al,O3 PECVD depo-
sition is also under investigation. Boron silicate glass (5iO,:B) deposited by PECVD can act both as boron

source for the p* emitter diffusion and as passivation layer in combination with SiN,:H layer.

a-Si:H layers with > 10% hydrogen content provide chemical passivation for both p™ and n* emitters
with the main advantage to necessitate low PECVD temperatures (around 225°C). Figure illustrates

some passivation scenarios for both n* and p* emitters.
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Figure 1.17: Measured recombination current density as a function of the sheet resistance for a)
phosphorus-diffused n* emitter, b) boron-diffused p™ emitter [30].

In order to improve light reflection from the backside of the cell into the solar cell, while limiting re-
combination at Si/metal interface, passivation layers can be applied on the rear side. This is the working
principle of PERC, PERL (passivated emitter and rear locally diffused) and PERT (passivated emitter
and rear totally-diffused) cell devices schematized in Figure The front side is identical to the Al-
BSF structure, but the rear side is improved by applying dielectric layers to enhance internal reflection and

passivation properties.
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Figure 1.18: PERC, PERT and PERL advanced architectures for monofacial c-Si solar cells.
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In PERC structure, LASER or chemicals are used to selectively open the rear passivation before SP of Al
paste. A BSFis then locally formed through Al atoms diffusion during the firing process. Al,O3/SiN,;:H and
5i0,/SiN,:H dielectric stacks are commonly used for rear side passivation. The SiN,:H is used as capping
layer to decrease surface recombination velocity, protect the passivation layer from Al etching during firing
process and improve the internal optical reflectance. PERC has been the first rear passivated device devel-
oped and has now replaced the standard Al-BSF as mainstream architecture. This evolution is driven by
an higher added value of these cells compared to increased production costs [37]. In January 2019, LONGI
solar has achieved a new bifacial mono-Si PERC (PERC+) world record conversion efficiency of 24.06% on
156 x 156 mm? cells (M2-sized) [40].

For their part, PERT and PERL are expected to gain importance in the future. Meyer Burger is currently
developing industry-proven PERT and PERL equipments, in collaboration with recognized research insti-
tutes [41]. Unlike Al-BSF and PERC, which both use an Al-alloy BSF, PERT and PERL structures have a
diffused rear surface as described in Figure The created field-effect, allows to strongly limit contact
recombinations by reducing minority carrier concentrations. Such a local junction provides better passiva-
tion performances than local Al-BSF used in PERC [37]]. Moreover, to promote rear side back surface field
formation through Al atom diffusion, PERC cells require p-type wafer. PERT and PERL, can be adapted to
n-type wafers which are more suitable for highly efficient Si solar cells. In April 2019, Imec announced that
its n-PERT bifacial solar cells developed with Jolywood manufacturer, have reached front side conversion

efficiency of 23.2% (M2-sized cells) [42]]. Thus, the PERT structure has been chosen for this thesis work.

- Selective emitters:

Locally highly doped areas can be obtained into the emitter, most of the time, by means of laser doping.
They are noted n™* or p™ areas and allow to achieve better contact quality because highly doped Si sur-
faces are easily contacted. This point is further explained in section[2.2} In addition, emitter between fingers
can be lowly doped to limit recombination and improve the blue spectral response. Laser doped selective
emitters combined with PERC structure have shown an absolute gain from 0.15 to 0.28% in average cell

efficiency compared to standard PERC cells [43].

-Passivating contacts and Heterojunction Si solar cells technology (HJT) [44]—-[46]:

Passivating contacts consist of placing a layer stack between c-Si and the metallic contacts to suppress

charges carriers recombination at Si/metal interface while simultaneously allowing charges extraction from
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the c-Si absorber. Promising materials for passivating contacts applications include a-Si:H, 5iO,/doped

polycrystalline silicon (poly-Si) stack and transition metal oxides.

a-Si:H materials are used in HJT solar cells and the as-obtained passivating contact structure largely ex-
plains the high conversion efficiency of these solar cells. Contrarily to homojunction c-Si solar cells, HJT
uses two different semiconductor materials (a-Si:H and c¢-Si) to create the p-n junction as represented in
Figure Firstly, a thin intrinsic a-Si:H layer is deposited by PECVD on ¢-5i, followed by a p-type or
n-type doped a-5i:H layer. The intrinsic a-S5i:H layer provides chemical passivation of the c-5i surface, while
the doped a-Si:H layer provides carrier selectivity by inducing band bending in the c-Si. Usually, a trans-
parent conductive oxide, acting as ARC on the front side, is needed to improve lateral conductivity. Main
drawbacks of a-Si:H materials are the significant optical absorption losses and the poor thermal stability.
HJT can be processed at low temperatures (< 200°C) compared to homojunction cells. Therefore, very thin
wafers can be used without damaging substrates and the thermal budget is reduced. HJT are however not
suitable for high process temperatures such as SP metallization. Low-temperature Ag pastes are needed but
are more expensive. HJT has already the potential to produce highly efficient Si solar cells with compet-
itive production costs, but this potential could be largely increased by reducing Ag paste consumption or

developing more compatible metallization technologies.
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Figure 1.19: Schematic representation of HJT c-Si solar cell structure .

Another passivating contact structure is the SiO,/poly-Si stack and an example is given in Figure [1.20]
with the TOPCon structure. An ultrathin oxide, typically grown by chemical or thermal oxidation, provides
chemical passivation at the c-5i/oxide interface and acts as a barrier toward dopant diffusion from poly-Si
to c-Si. The thickness is well controlled to provide current flow through tunnel effect. The poly-Si layer
increases the conductivity of one type of charges carriers depending on its doping type. This passivation
stack is currently being implemented in industry but it requires high processing temperatures (=~ 900°C)
to achieve high crystallization and the desired doping level in the poly-5Si layer. Significant absorption
losses are observed for both a-Si:H and SiO, /poly-5Si passivating contact structures, and the use of more

transparent materials such as transition metal oxides, is interesting especially for front side application.
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Figure 1.20: Schematic representation of passivating contacts on TOPCON c-Si solar cell structure [48].

- Interdigitated back-contacted cells (IBC):

The principle of IBC is to put emitter, BSF doped area and all metallic contacts on the rear side by using
an interdigitated structure as shown in Figure Compared to other structures described above, IBC
demonstrates better light absorption and increases the Js¢ due to suppression of optical shading losses on
the front side. IBC cells have a great high-efficiency potential and become more and more attractive. They
are also suitable for tandem applications as bottom cells. Main challenge for IBC cells is to reduce process
complexity and costs for large scale industrialization. Kaneka Corporation has achieved the world’s highest

conversion efficiency of 26.63% in a practical size (180 cm?) c-Si solar cell with a HJT-IBC architecture [49].
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Figure 1.21: Illustration of IBC structure of c-Si solar cell [37].

-Tandem c-Si solar cells:

A tandem c-Si solar cell consists of using a c-Si solar cell, as bottom cell with another solar cell technology
as top cell. The top cell must have an wider bandgap than the bottom cell to absorb high energy photons and
be transparent to provide low energy light absorption by the bottom cell. This concept enables to increase
the overall cell efficiency by limiting thermalization losses. Using two junctions gives the possibility to
overpass the SQ limit depicted for a single junction c-5i solar cell. Several solar cell technologies can be used
as top cell such as perovskites, III-V cells or thin films thanks to their higher bandgap compared to silicon
(see Figure[1.9). Perovskites are a choice of interest as they absorb visible light but transmit IR and near IR to
the Si bottom cell as illustrated in Figure[T.22] Main challenges of Si/perovskite devices are 1) the stability of
the perovskite towards temperature, humidity and UV radiations 2) optimization of the semi-transparency
for the perovskite rear side metallic contact 3) the connection of both sub-cells (2 terminals structure is more

promising than 4 terminals one but perovskite growth directly onto Si cell remains challenging). The Energy
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research Centre of the Netherlands (ECN) has achieved 30.2% equivalent conversion efficiency for a bifacial

Si/perovskite tandem solar device [50].
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Figure 1.22: Illustration of a perovskite/Si tandem cell and resulting external quantum efficiency .
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More than two sub-cells can be used, and it is called multi-junction solar cells, but this technology is
mainly used with thin films solar cell technology. As increased production costs are not compensated by

the efficiency gains, multi-junction solar cells are not yet industrially suitable.

-Bifacial solar cells [52]:

Bifacial solar cell is a promising technology that increases the production of electricity through absorp-
tion of the light reflected on the ground (albedo). It necessitates to not fully metallize the rear side of the cell
which also limit the recombinations at metal/Si interface. By shifting from monofacial to bifacial modules,
the energy output can by increased by until 30% [18]. These cells are able to operate at lower temperatures
than monofacial ones, resulting in an increased maximum power output. For these reasons, bifacial tech-
nology has the potential to significantly reduce the Levelized Cost of Electricity and is expected to share
more than 50% of the market by 2029 according to ITRPV (see Figure[1.23). For these reasons, this work
will be focused on bifacial n-PERT cells.
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Figure 1.23: Predicted worldwide market share for bifacial Si solar cell technology .
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All solar cell concepts described above can be adapted to bifacial structure [53]]. However, as the BSF of
PERC cells is formed by Al paste diffusion under firing, adaptation to bifacial structure requires to locally
remove the dielectric layers and SP Al paste with an accurate alignment. n-PERT, HJT and IBC cell concepts
are mainly based on n-type wafers and do not suffer from Light-Induced degradation which is even more
beneficial in bifacial structure. The measure of bifacial solar cell efficiency is still largely discussed in the
PV community but it is clear that bifaciality has the potential to improve significantly solar cell efficiency.
The most accurate characterization methods, for standardized testing of bifacial solar cells and modules,
are described in reference [52]. Simultaneous irradiation of both sides of the cell using back mirror and
simulating different albedo conditions, is recommended. For now, the accepted practice is to measure the

solar cell from the front side in STC and add another 20% of this illumination from the rear side [50].

The market share of the different advanced technologies described above is expected to significantly in-
crease, especially for the rear passivated cells, as shown in Figure Current cell records are summarized
in Table On top of all these advancements, improvement of metallization step has also the potential
to increase the conversion efficiency and limit production costs which has motivated this thesis work. The
chapter 2 is dedicated to a background on metallization techniques for c-Si and presents the advancements

to achieve higher metallic contact quality, and so higher solar efficiencies.
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Figure 1.24: Predicted worldwide market share for different c-Si solar cell technologies [10].

Table 1.1: Current conversion efficiencies records for different c-Si solar cell architectures.

| Cell architecture || Efficiency (%) | Area(cm?) | Description | Date and research center |
Monofacial Al-BSF 20.29 244.3 p-type, mono-Si | 2017, Korea’s Shinsung
solar [36]
Bifacial PERC (PERC+) 24.06 2443 p-type, mono-Si 2019, LONGI Solar [40] |
Bifacial PERT 23.2 244.3 n-type, mono-Si 2019, IMEC [42] |
HJT-IBC 26.63 180 n-type, mono-Si 2017, Kaneka [54]
Tandem Perovskite/Si 30.2 - - 2019, ECN [50]
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1.5.3 PV module manufacturing

The processing of cells into modules involves three steps: 1) interconnection of solar cells (stringing and
tabbing) 2) encapsulation of interconnected cells (lamination) 3) integration of the junction box and bypass
diodes. PV module manufacturing is a critical step because both power losses and gains can occur. The cell-
to-module power ratio is used to quantify the general loss/gain percentage in a PV module. It corresponds
to the ratio of module power to cell power multiplied by the number of cells integrated into the module [55]].
Additional optical and resistance losses due to interconnection and encapsulation schemes must be limited
as much as possible. In this aim, different geometries of interconnection tabs are developed, such as round
or textured tabs, to redirect the reflected light into the cell. With textured tabs, total current and power of a
module can be enhanced by 3% [25]. Furthermore, new interconnection schemes are under investigation to
replace the traditional interconnection with Cu ribbons. Indeed, this interconnection technology is cheap,
robust and reliable but demonstrates several problems: 1) there are important resistive losses, 2) shading
losses are caused by ribbons and 3) high stress is induced in the cells during soldering process. Moreover,
traditional soldered interconnections are inappropriate or ineffective for some cell structures such as HJT,
which cannot sustain conventional soldering temperatures [56].

Two interconnection technologies have drawn attention these last years: Smart-wire connection technol-
ogy (SWCT) and shingling technology. SWCT enables to reduce shading losses by 25% and increases the
module efficiency by up to 5.7% [57]]. This technology is based on wire bonding where round Cu-based wires
are embedded in a polymer foil and applied directly on the cell surface (see Figure a)). Optical losses
are significantly limited due to the wires shape (see Figure [1.25)b)) and all fingers are connected together
so busbars are not required. Bursbarless cells enable to realize cost savings by reducing metal consumption
and and simplifying the process steps. Stress induced by connection process with SCWT is reduced as lower

temperatures are used. Less breakage risks are also reported so thinner wafers can be used [57].

Light source p

A
N\ o [ | NAN! Glass
SRS L
s N g

4

Y Y Y YV ¥y vy

M
- e Solar Cell

(@ (b)

Figure 1.25: a) SWCT schematic representation, b) Comparison of light reflection on module with busbar
or wire for fingers connection tab [57].

In the shingled cells module structure, a cell is cut into 3 to 6 stripes (so called shingles) which are assem-
bled by connecting the front of each shingle to the back of the next one by using an electrically conductive
adhesive. As a result, the cells slightly overlap with each other as represented in Figure Contrary to

conventional modules, there is no spacing between cells and the active area is highly increased [58]]. Ohmic
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losses are also reduced as smaller areas are connected in series. Curing of ECA requires lower temperatures

than Cu ribbon soldering, which limits stress and makes shingled interconnection suitable for thin wafers

[59]. Efficiency and power of shingled modules are consequently higher than for conventional modules (+
1.86%aps +33 Wp) [60].

Increased Active Area

e

Reliable Connection Low Resistance

Shadin,
9 Resistance
% i GBES
Cracks
Fatigue

Conventionnal cell module structure Shingling cell module structure

Figure 1.26: Comparison of conventional and shingling cell module interconnection schemes .

According to ITRPV, SWCT and Shingled cells market share are expected to increase significantly by
replacing traditional Cu ribbon as reported in Figure[1.27}
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Figure 1.27: Expected market share for different interconnection technologies by 2029 .

1.6 Key elements to lower the production costs

Development of advanced technologies for c-Si solar cells now provides high cell efficiencies up to >
25%. However, production costs can be increased due to more complex processes or requirement of new
equipments. To be implemented in mass production, a ¢-Si device must meet one of these conditions in
regards to current mainstream c-Si technology 1) the efficiency gain compensates the increased process
complexity and cost (for instance, by increasing the conversion efficiency, less surface covered by solar cells

will be necessary to supply the same output power) or 2) higher efficiencies are obtained with similar or
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lower production costs and similar or higher throughputs. Few changes on the production line (especially
in terms of equipments) must be required.

In parallel to the development of advanced c-Si concepts, production costs can reduced by using cheaper
materials, reducing process temperatures or simplifying the manufacturing process. As it will be seen in
Chapter 2, metallization step has the potential to reduce the production costs by reducing metal consump-
tion or using cheaper metals.

In addition, cost savings are possible through recycling of PV modules and cells which can be re-used for
solar cells manufacturing [62], [63]. Recycling is also primordial to keep a low environmental impact of PV
technologies. Great progresses have been realized over the past 20 years in this field and a mass-recovery

rate of 96% is now achievable as shown in Figure

Zhang Sasil PV Cycle
100% Detuche Matha  etal.  Srl  96%

Deutche SOlr PV CycleRecycling 9005 929
Solar  846%  84%  85%
76.4%
80% Deutche
Solar
60%
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40%
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1998 2006 2009 2010 2015 2016 2016 2016
® Overall recovery rate ( by weight)

Figure 1.28: Progresses in the mass recovery of c¢-Si PV modules recycling over the past 20 years .

Due to its intermittency, solar energy requires storage devices so that the excess of energy produced
during the day can be re-used latter (i.e. during the night). By increasing the charges capacity and the
storage efficiency of batteries the electricity cost produced by solar energy could be reduced. Meanwhile,
PV panels lifetime is also an important point to consider. The majority of manufacturers offer a 25-years
standard solar panel warranty, which means that power output should not be less than 80% of rated power

after 25 years. This number should be higher for PV panels installed nowadays thanks to research efforts.
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When a c-Si solar cell is illuminated, photons are absorbed and charges carriers (electron-hole pairs) are
generated. These photogenerated charges carriers are separated by a p-n junction and then collected by
metallic contacts. The two-diode model is mostly used as equivalent circuit to correlate the current density
to the applied voltage according to the following relation:

a(V=AJRs) a(V=AJRs)

V — AJR
J:Jph_JOI(e nikgT )—Joz(e nakpT )_7‘9

R

Performance of a c-Si solar cell can be characterized by I-V measurements under Standard Testing
Conditions to extract the main parameters which are Voc, Isc, FE 7, Rs and Ry,. Mainly due to intrinsic
losses, maximum achievable efficiency is limited to around 30% for a single junction c-5i solar cell. To ap-
proach this limit, technological losses (optical, recombination and resistive losses) can be reduced through
improvement of cell and module manufacturing process. In this way, the development of advanced cell

structures (PERC, PERT, IBC, HJT etc.) and interconnection schemes (SWCT, shingled cells) are primordial.

Al-BSF was the mainstream architecture for a long time but it has been recently overpassed by PERC
structure. PERT is gaining more and more interest as it demonstrates better passivation performances and
are based on n-type wafers which are more and more preferred to p-type ones. In addition, bifacial cells are
progressively replacing monofacial ones and PERT can be easily adapted in bifacial structure. Metallization
step is of special interest because it has the potential to increase cell efficiency while reducing production
costs. For all these reasons, this thesis will be focused on metallization of bifacial n-PERT c-Si solar cells as

explained in more details in the next chapter.
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Chapter 2

Metallization technologies for crystalline
silicon solar cells
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CHAPTER 2. METALLIZATION TECHNOLOGIES FOR CRYSTALLINE SILICON SOLAR CELLS

2.1 Introduction

Metallization step has the potential to increase c-Si solar cell conversion efficiency by improving metal-
lic contact quality: higher line conductivity, lower contact resistance, smaller line width etc. In addition,
cost savings can be realized by using cheaper metals, reducing metal consumption and lowering process
temperatures. This chapter 3 presents the metallization technologies for c-Si solar cells and reviews their re-
spective advantages and drawbacks. Background knowledge on metal-semiconductor and semiconductor-
electrolyte interfaces are introduced to help understanding the reaction mechanisms at Si surface investi-
gated in this work. The working principle of the mainstream SP metallization is detailed and the need to
develop alternative metallization ways is discussed. That brings to present the SP derivatives and the elec-
trochemical metallization (plating). The potential of Ni/Cu plating to improve metallic contact quality is
highlighted and the current issues to be tackled are discussed. Finally, the objectives and the methodology

of this thesis are detailed.

2.2 Background on metal/semiconductor interface

2.21 The Schottky model

To define the requirements for a good metallic contact, the metal/semiconductor interface must be de-
scribed by introducing the Schottky model [64]. In 1938, Walter Schottky elaborated a theory to explain the
rectifying behaviour of metal/semiconductor contacts by introducing the notion of energy barrier between

two materials. The Schottky model is illustrated in Figure[2.1|in case of n-type semiconductor.

When the metal and the semiconductor are in contact, the respective Fermi levels will equalize. This
is associated with either accumulation (Figure [2.1]c)) or depletion of majority carriers (Figure[2.1a)) at the
vicinity of the surface, depending on respective initial position of metal and semiconductor bands. When
charges carriers are depleted, fixed charges appear due to remaining ionized dopants (positives and nega-
tives fixed charges for n-type and p-type semiconductor respectively). In both accumulation and depletion
regimes, semiconductor bands are bent and a potential drop Vg¢ is created in a region called the Space
Charge Region (SCR) having a thickness W. In depletion regime, a Schottky barrier is formed (¢ ) and the
metal/semiconductor junction is said “rectifying”, making a device known as a Schottky diode. On the
contrary, accumulation regime leads to a non-rectifying junction and the device is called an Ohmic contact.
As its name implies, the flatband regime corresponds to a behavior with no band bending (Figure 2.1|b)).

This regime is mainly obtained by applying an external potential.
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2.2.2 Comparison of metal/Si barrier heights

51

1 Accumulation of

o |

I E £ majority carrier’s in SCR
A b -C
S E:

Figure 2.1: Energy band diagram of n-type semiconductor before and after contact with a metal according
to the Schottky model. Three behaviors can be observed a) Depletion, b) Flatband, ¢) Accumulation. ¢,
is the metal work function, x s the semiconductor affinity, ¢s the semiconductor work function, Vg the
potential drop, W the SCR thickness and ¢ the formed Schottky barrier such as ¢p = ¢ps - xs.

The graph in Figure [2.2]a) shows that a device metal/Si has a rectifying behavior (¢ > 0) with most of
the metals. At first approximation, Schottky model predicts that the barrier ¢ should vary directly with

the metal work function ¢, but for common semiconductors such as silicon, this relationship is not verified
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due to interfacial surface states. An extension of the Schottky model taking into account these surface states
is described in reference [64]. However, it appears that for silicides, the Schottky model is approached,
meaning that less surface defects are present (Figure [2.2)b)) [64].

As a consequence, better contact quality with less interfacial surface states are expected for Ni plated
contact as a NiSi layer is formed during the final annealing step (see section 2.5.2). In addition, Ag/Si
barrier height (= 0.8 eV) is higher than NiSi/Si one (= 0.6 eV), which highlights the potential of Ni/Cu
plating process to obtain better metallic contact quality. Copper also demonstrates low barrier height with
Si (= 0.45 eV) but can not be directly applied onto Si as Cu can diffuse into Si and act as recombination
center. This is why plating is based on a Ni/Cu stack where nickel is the seed layer and Cu the conductive
layer. Al has a lower barrier height (= 0.45 eV) than NiSi but it is less suitable for front side metallization

due to its lower conductivity compared Ag and Cu.
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Figure 2.2: Barrier height ¢ for n and p type Si as a function of a) various metal work function ¢,; and
b) silicide work function ¢;j;ciq.. Silicide work function is calculated assuming Si, stoechiometry .

In a metal/semiconductor device having a rectifying behavior, current can flow through three mecha-

nisms depending on semiconductor doping level Np 4 as represented in Figure

High NI} - Field Emlssion

Low ND - Thermionic Emission Intermediate ND - Thermlonic /Fleld Emisslon

Figure 2.3: Schematic representation of current flow as function of the doping level N in case of recti-
fying contact between a metal and n-type semiconductor [64].

e With low Np 4 (£ 1017 at.em™3) current flows by thermionic emission. The material needs thermal
energy to overcome the Schottky barrier ¢ 5.

e Anintermediate Np 4 (10'7 at.cm™3 <Np 4 < 10%° at.cm~3) leads to thermionic field emission.

e With high Np 4 (> 10?° at.cm ™) current flows by field emission. The width of the SCR is thin enough

to promote quantum tunneling and allows the charges to pass through the Schottky barrier ¢ .
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When ¢p is too high, a alternative is to increase the semiconductor doping level to increase the band
bending in the SCR and promote current flow through field emission. This is especially used for Ag/Si
devices because lowly doped emitters are difficult to contact. As ¢ is lower with NiSi, lowly doped emitters
are easily contacted with Ni/Cu plating compared to SP. The quality of the metal/semiconductor contact
can be characterized by its contact resistivity p.. This latter is expressed in 2.cm? according to the equation

[64] and must be as low as possible to enable the current to flow easily at metal /semiconductor interface.

ov
Pe = (W)Vzo 2.1)
with V is the applied voltage across the contact and | the flowing current density .
The Transmission Line Measurement (TLM) technique is mostly used to determine p. of metallic contacts
on c-Si solar cells. It has been described for the first time by Shockley [65] and further developed by Berger
[66]-[68]. In reference [69]], authors have not only detailed this technique but they have also investigated

the factors influencing measurements accuracy. Based on this reference, TLM technique is presented in

Appendix

2.3 Background on semiconductor/electrolyte interface

This section is based on literature [70]-[73]]. For simplicity, we consider an ideal case with no surface

states or interfacial dipoles at semiconductor/electrolyte interface.

2.3.1 Correspondence between solid and electrolyte energy scales

To explain the phenomena occurring at the semiconductor/electrolyte interface, it is necessary to find
a correlation between both energy scales. Indeed, the solid energy scale is defined in eV in reference to
vacuum level, while in solution energy scale is defined in Volts and the redox potential is in relation to a
reference redox potential. To correlate both energy scales, the “Fermi level in solution” concept must be

introduced.

Electronic states in the electrolyte are assimilated to localized electronic states of ions or molecules of
redox species. Oxidant species gain easily electrons, so empty electronic states are associated with a low
energy level. On the contrary, reducing species release easily electrons and the occupied electronic states are
associated with an high energy level. Thus, electron energy scale and redox potential scale have opposite
signs. Some authors have determined the energy associated with equilibrium in equation [2.2|in the solid
energy scale and agreed to retain the value of - 4.5 eV. The correlation between solid and electrolyte energy
scales is thus given by relation [2.3]and represented in Figure 2.4)a). The position of E¢ and Ey in silicon in
both scales is given in Figure[2.4b).

1
§H2 = PIJr + e (22)
EF,redoac = —qEcdos — 4.5 (23)

With E redos the redox Fermi level in eV, E,cqoq the redox potential in Volts and q the elementary charge.
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Figure 2.4: a) Correlation between solid energy scale (eV) and electrolyte scale in case of Standard Hy-
drogen reference electrode (SHE) (V), b) Position of Ec and Ey of Si on both energy scales [74].

A semiconductor is defined by its Fermi level Er and the level of Ec and Ey (such as E¢ - Ey corresponds
to the semiconductor energy bandgap). The corresponding band diagram depends on the temperature and
the doping level as illustrated in Figure [2.5for Si material. The relative position of Fermi level towards CB
and VB can be calculated with equation 2.4/ and the Si band diagram on both solid and SHE scale can be
drawn as exampled in Figure

N, N
pic = Ec — Epn = kg x T x Ln(=2) py = Epy— By = kp x T x Ln(=2) (2.4)
El ND ) NA

with pe and py the energy differences between the Fermi level and the majority carriers band, kg the Boltzmann’s
constant, T the temperature, Np and Ny the density of donors and acceptors, Nc and Ny the effective density of

states in conduction and valence band.
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Figure 2.5: Fermi level positions for n and p-type Si as function of doping density and temperature [71]
(this graph is not relative to vacuum scale as the 4.5 constant (see equation [2.3) has been already added).
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Figure 2.6: Si band diagrams for n and p-type Si with Np 4 = 10'® at.em ™2 at 300 K, relatively to solid
energy scale on the left and SHE energy scale on the right.

At equilibrium, the electrolyte is defined by a redox potential E,.4,, in solution given by the Nernst’s
relation:

RT  [Ox]
Ere ox,eq — EO l .
dos,eq + " Real.,

zF
With E the standard redox potential, R the universal gas constant, T the temperature, z the number of electrons

) (2.5)

exchanged, F the Faraday’s constant, [Ox].q and [Red].q the molar concentration of redox species at equilibrium.

By applying the equation the corresponding redox Fermi level Ep ;.40 can be determined and the
electrolyte can be described by Ef eq0s, the work function ¢.; and the energy level of occupied (E,;) and
vacant states (E;.q) (see Figure . In the electrolyte, ions and molecules interact with redox species such
as solvent molecules are polarized around ions to form an “outer solvatation shell”. It has been stated that
thermal fluctuations into the electrolyte lead to fluctuation of ion polarization. Consequently, electronic
energy states in electrolyte are not statics but fluctuate around a most probable value (E,;) or (E,eq).

In addition, charges exchanges require rearrangement or relaxation of the solvatation shell (Franck-
Condon electron energy shift) thanks to reorganization energy s given by equation As depends on
the ion radius and solvent dielectric constant and is difficult to measure. However, it can be approximated
to = 1 eV. The density of occupied and empty states in the electrolyte (D,, and D,..4 respectively) can be
described by a Gaussian distribution according to equation 2.7}

Eo:c -

Ag = # (2.6)
1 (E — E,y)?
Doy =D ——— - Tor)
o Tt O ks T o
1 E—E,.g)> '
Dred :DO XP(—( 7€d)

red e
47T)\5']€BT

With DY, and D°,, normalizing factors, kg the Boltzmann's constant, T the temperature, \g the reorganization

IskpT

energy, Eop and E,..q the most probable electronic energy states of redox species.
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2.3.2 Band bending in the semiconductor

When a semiconductor is immersed in an electrolyte, the respective Fermi levels will equalize through
electronic exchanges. That leads to a band bending into the semiconductor and specific charges distribution
in the electrolyte. Similarly to the behavior observed at metal/semiconductor interface (see section 2.2),
the potential drop Vg¢ is mainly supported by the semiconductor in a SCR having a thickness W. Three

behaviors are observed depending on the relative Fermi level position before contact as illustrated in Figures

R.7/and R.§|for n-type and p-type semiconductor respectively.
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Figure 2.7: Schematic representation of a) Depletion, b) Accumulation, c¢) Inversion behaviors when a
n-type semiconductor is in contact with an electrolyte. W represents the SCR’s thickness.
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Figure 2.8: Schematic representation of a) Depletion, b) Accumulation, ¢) Inversion behaviors when a
p-type semiconductor is in contact with an electrolyte. W represents the SCR’s thickness.

* Depletion (Figure[2.7a) and 2.§|a)): The surface is depleted of the majority carriers leading to a posi-

tive or a negative band bending for n-type and p-type semiconductor respectively. Depleted zone has
no mobile charges but contains remaining fixed charges from ionized dopants in the SCR.

* Accumulation (Figure[2.7/b) and 2.8]b)): The surface has an excess of majority carriers and negative

band bending is observed on n-type semiconductor while p-type semiconductor demonstrates a pos-
itive band bending.

¢ Inversion (Figure[2.7|c) and [2.8|c)): It is a specific case of depletion regime. Here, the Fermi level equal-

ization requires a potential drop higher than the semiconductor bandgap. The semiconductor Fermi

level crosses the minority carriers band, leading to accumulation of mobile minority carriers at the
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surface. Inversion is sometimes difficult to obtain due to slow generation of minority carriers and we
rather observe a regime called ”"deep depletion regime”.
* Flatband: This regime corresponds to the case where no band bending is observed. The potential

associated with this behavior is called the flatband potential (V f).

After contact, the SCR on the semiconductor is equivalent to a capacitor Cg¢ (in Farad) with a thickness

W. Csc is given by equation[2.8and W can be determined with equation2.9]

dQsc _ €€
Carr — ) 2.8
so=TEC - 28)
With Qgsc the charge in the SCR, V the potential, e the material permittivity and e, the vacuum permittivity.
W= [ 2660 kBT
qNp,a
With Np, 4 the dopant concentration, e the material permittivity, ey the vacuum permittivity, q the electron elementary

((V = Vpp)| — 2% (2.9)

charge, V the applied voltage, V ¢y the flatband potential, kp the Boltzmann'’s constant and T the temperature.

2.3.3 Charges distribution in the electrolyte: the “double layer” model

On the electrolyte side, the charges distribution at the semiconductor surface is different than in the bulk
solution. The “double layer” model describes this charges distribution as represented in Figure[2.9)and two
layers can be distinguished: The Helmholtz layer and the Gouy-Chapman layer.

Adsorption layer (IHP) KdkoitedTons
£ S S

?_L‘ / Bulk Electrolyte

A s

) ;
% C G> @ @ @ :::;lmmolecule
: %
2 g (> Solvatedions

Tl ¥ B

e

Helmbholtz Gouy-Chapman layer
layer (OHP)

Figure 2.9: Illustration of the "double layer model” to describe the charges distribution in an electrolyte
in contact with a semiconductor [75].

¢ Helmbholtz layer: This compact layer is directly adjacent to the electrode and mainly contains solvent
molecules. It comprises an “Inner Helmholtz Plan” (IHP), where dipolar solvent molecules and ions
are adsorbed onto the electrode, and an “Outer Helmholtz Plan” (OHP) comprising solvated or com-
plexed ions inversely polarized to the electrode. The potential drop mainly occurs in this Helmholtz

layer which is equivalent to a capacitor Cy such as:

_dQu €€
Cr = _ <0 (2.10)

Where Qg is the accumulated charges in Helmholtz layer, € the material relative permittivity, eq the vacuum

permittivity and d the Helmholtz layer thickness (= 5 - 10 A in most cases).
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* Gouy-Chapman layer: This is a diffused layer formed by solvated or complexed ions inversely po-
larized to the electrode and free to move up to the OHP. It appears when accumulated charges in
the Helmholtz layer do not compensate the counter-charge in the semiconductor. In concentrate
electrolytes (> 0.1 M), the Gouy-Chapman layer is so compact that it can be confounded with the

Helmholtz layer and becomes negligible.

The possibility to exchange charges between the semiconductor and the electrolyte depends on the rela-
tive position of E,, and E, .4 to anchoring band £¢ and &y after that Fermi level have been equalized. Thus,
four charges transfer mechanisms are possible as illustrated in Figure Electrons flow from the CB to
the oxidized species in solution or from the reduced species to the CB. Holes can flow from the VB to the
reduced species in solution or from oxidized species to VB. Finally, the semiconductor undergoes cathodic

and/or anodic decomposition or is stable for both reactions.
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or n-type in inversion or illuminated or p-type in inversion or illuminated

Figure 2.10: Illustration of possible charges transfers at semiconductor/electrolyte interface. Reactions 1
and 3 are the most common but reactions 2 and 4 can occur in case of strong reducing or oxidant agents
respectively.

Finally, the total capacitance (Cr) of the device semiconductor/electrolyte can be described according to

the semiconductor capacitance (Cg¢) and the capacitance of the double layer (Cpy) by equation 2.1}
11 n 1
Cr Csc CbL

Most of the time, %DL < @10 and the junction capacity is approximately equal to the semiconductor

2.11)

capacity. In addition, the semiconductor capacity Cg¢ is related to the potential drop into the SCR (Vg¢)
according to the Mott-Schottky relation:
1 2 ksT 2 ksT

= V-V - = Vsc| — 2= 2.12
ez 660qNM((I( pll) = =) EeoqND,A(I sol = =) (2.12)

With e the material permittivity, ey the vacuum permittivity, q the electron elementary charge, Np, 4 the density
of dopants, V the applied voltage, V 4y, the flatband potential, Vsc the potential drop in the semiconductor, kg the

Boltzmann’s constant and T the temperature.
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2.4 Metallization of c-Si solar cells: screen-printing
2.41 Working principle

Solar cells using SP for metallization were first developed in the 1970’s. Nowadays, SP is the most
mature and the mainstream metallization technology for c-Si solar cells. For the front side, Ag-based pastes
are preferred because Ag is the best electrical conductor (0 44 = 6.2 x 107 S/m) while cheaper Al-based pastes

are used on the rear side to promote BSF formation. Metallic pastes for SP are commonly made up of:

* metallic particles of the metal to be deposited;

* solvents to limit particles clustering;

* organic binders to adjust the paste viscosity and cohesion of the components;

¢ glass frit (glass silicates + lead oxide (PbO)) to penetrate the paste through dielectric layers and pro-
mote metallic contact formation. Glass frit is necessary in case of Ag-paste as front side metallization

requires the etching of dielectric layers but Al pastes do no need glass frit.

The working principle for Ag silver paste SP on the front side of a ¢-Si solar cell is illustrated in Figure 2.11]

squeegee~—a

screen frame

) covered region opened region
wire mesh 9 P g

emulsion

vacuum stage

Figure 2.11: Working principle of screen-printing metallization process .

The mesh of the screen is on top of the Si substrate and a flood-bar distributes the metallic paste to
fill the mesh. Then, the paste is pushed into the open area by a squeegee. After paste deposition, sample
is dried in an air oven at 150-270°C to evaporate solvents and is placed in a convector belt furnace for the

co-firing of screen-printed front and back contacts and the formation of the metallic contacts (sintering step).

Physico-chemical mechanisms involved in Ag/Si contact formation are complex and still under inves-
tigations to adjust the firing process. However, a global mechanism is described in literature (see Figure
R.12). Firstly, a temperature plateau between 300 and 500°C allows the pastes to solidify. From 500°C, the
frit melts and wets the Ag/SiN,, interface. Between 500 and 650°C, the PbO reacts and penetrates the SiN,,

ARC according to reaction 2.13| (see Figure a)):
9PbO + SiN, — 2Pb + SiOs + gNg (2.13)
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Ag can also etch the SiN,, after dissolving in frit as silver oxide (Ag,0) according to reaction [2.14
SiN, +24g20 — 4Ag + SiOs + gNQ (2.14)

Ag-Pb alloy formed during this process assists in liquid-phase the sintering of Ag (see Figure[2.12b)). Above
650°C, Ag dissolves into the frit and diffuses towards the emitter surface. In the vicinity of the Si emitter

surface, Ag ions are consumed to oxidize Si into SiO; and deposit metallic Ag on the emitter surface (Figure

c)). This requires to first oxidize Ag (reaction|2.15) before Si oxidation (reaction [2.16):
1
2Ag + 502 — Ag2O (2.15)
24920 + Si — SiOy + 4Ag (2.16)

The formed SiO; is incorporated into the molten frit. During the cooling, the solubility of Ag in the melt
decreases and nanocrystals precipitate within the glass matrix (see Figure d)).

a Ag particles b Ag-Pb alloying
A e oy
siN $~80 nm - S
Si Si
c d Sintered, solidified, Ag finger
Saturated Ag+ ) Ag
Ag . . . Deposited precipitates
deposition ’ y/ Cpg:~0 Ag /
Ag' D
Ag* e
Sil‘kf\s'ﬂ ng p g/ ssh._—... Pl

—~— B e

Figure 2.12: Stages of Ag-Si contact formation during firing (a) SiN, etching by PbO in the frit, (b)
Ag-Pb alloying, (c) Ag™' transport through molten frit and deposition at the Si surface, (d) Resulting
fired-contact morphology, with inclusion of small Ag precipitates within the glass intermediate layer
177].

Concerning the annealing of SP Al paste, the Al-Si phase diagram [78] indicates that the eutectic point
occurs at 12.2%,: Al at 577°C. Thus, at temperatures above this eutectic point, Al and Si interdiffuse which
creates the Back Surface Field on the rear side of the cell.

During the co-firing of SP contacts, hydrogen also diffuses from SiN,:H layer to Si underlying which

provides passivation properties.

2.4.2 Screen-printing advantages and drawbacks

Main advantages of SP are its simplicity and quickness, enabling to achieve throughputs > 6000 wafers/hour
in the market [10]. SP has been constantly improved regarding the standard Al-BSF architecture and is well
implemented in industry. However, some limitations remain in terms of process conditions and quality of

metallic contacts:
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* Around 70% of SP pastes still contain lead [10]. With respect to the 2011 legislation on the Restriction
of use of hazardous substances, it is primordial to go towards lead-free metallization ways.

* SPrelies on expensive Ag pastes. For instance, calculations based on the last ITRPV roadmap evidence
the need to considerably reduce Ag consumption in order to develop a sustainable PV technology at
the multi-TeraWatt level. Ag consumption varies from 100 to 270 mg/cell depending on the cell con-
cept, which represents 3.6 to 9.7 g/module (36 cells/module). In the last three years, around 100
GW PV capacities have been installed per year, corresponding to 317.46 million additional modules if
we consider a production of 315 W/module. On this basis, PV industry requires 1142 to 3079 tons of
Ag/year, so 4.66 to 12.58% of annual Ag production (24468 tons of Ag produced in 2018 [5]]). Consider-
ing a scenario where PV contributes to a 100% renewable energy-based power sector (ITRPV scenario
3), the objective would be to achieve 10 TW of PV capacity within 2035. That represents an increase of
around 600 GW /year and a consumption of 28 to 75% of Ag produced per year. Paste consumption
therefore needs to be reduced and ITRPV estimations for Ag consumption are given in Figure
[10]. Following this trend requires the improvement of SP technique or the development of alternative
metallization technologies. The need to reduce metal consumption and/or use cheaper metals is also
important in case of Si/perovskite tandem solar cells where the aim is to have a low cost Si bottom
cell. It is worth to mention that SP can be based on other metals (Cu, Ni or Zn) but this necessitates

optimization of paste formulation and process temperatures which is not tackled [79], [80].
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Figure 2.13: Trends for Ag consumption per cell (156.75 x 156.75 mm?) for various c-Si cell concepts [10].

* SP pastes lead to porous contacts which increases contact and line resistances.

¢ Contacting lowly doped emitters with Ag SP pastes remains a challenge. As explained in section
higher surface doping concentrations are needed to decrease the SCR thickness and increase the
possibility of quantum mechanical tunneling of the charges carriers through the Schottky barrier.

* Boron emitters remain difficult to contact with common Ag SP pastes. This is probably due to a lack

of surface defects compared to phosphorus emitters where precipitation of P atoms on the surface
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induces Ag crystal growth [81]. Addition of Al in Ag pastes facilitates contact formation but causes
shunt risks due to Al spiking into Si. As a reminder, advanced c-5i technologies presented in Chapter
1 (PERT, HJT, IBC ...) are based on n-type wafers having boron emitters.

Finger line width is within the range of 35-40 um [10] but it becomes more and more difficult to
be lowered. Finger line width must be as narrow as possible to limit shadowing effect and reduce
metal consumption. In addition with the trend to go to multi-busbar and busbarless cells, SWCT
introduced in section necessitates narrower finger lines or other metallization scheme [57] to
significantly improve conversion efficiency. To achieve efficient current conduction, high aspect ratios
(height/width) are also needed and conventional SP pastes achieve values ranging from 0.2 to 0.5
[82]. As explained in Chapter 1, bifacial c-Si solar cells are progressively replacing the monofacial
ones, which necessitates to improve alignment accuracy of metallic contacts. Figure represents

ITRPV expectations for finger width and alignment precision within 2029.

[Hm]

2018 2019 2021 2023 2026 2029

Finger width m Alignment precision

Figure 2.14: Predicted trend for finger width and alignment precision from 2018 to 2029 [10].

Front and rear sides can not be metallized at the same time and two printing sequences are needed.
To decrease production costs, the trend is to reduce progressively wafers thickness. As a pressing
process, SP leads to breakage risks which is an issue to process thin wafers.

Shuntings are observed in case of SP metallization for c-Si cells with Poly-5i passivated contacts [83]].
SP firing-through pastes must be adapted to avoid etching of Poly-Si stacks.

SP requires high annealing temperatures (=~ 800°C). Not only it implies a thermal budget, but it is also
not well adapted for HJT cells which are destroyed under high temperatures. Low temperature Ag

pastes are under development but are still expensive [56].

To overcome SP limitations, researchers continue to improve SP process and investigate derivative tech-

niques based on ink or pastes. To improve the metallic contacts quality, the aim is to achieve lower line

width, better aspect ratio, higher metal density, lower metal contact resistivity and reduced shunt risks. To

lower the production costs, the metallization process can be simplified with lower temperatures, reduced

metal consumption and/or cheaper metals. Recent advancements are presented in the next section.
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2.4.3 Screen-printing improvements and derivatives techniques

Screen-printing improvements:

R&D efforts are made to better understand the reactions involved in contact formation with Ag pastes
and to control Ag nanocrystals microstructure. For instance, to know the temperature at the solar cell surface
during firing steps, in-situ IR thermography can be used. In addition, some experiments have shown that
Ag nanocrystals microstructures can be controlled by supplying electrons at the interface during firing [84].

Researchers also aim to optimize pastes chemistry. In particular, the replacement of the traditional PbO
glass frit by tellurium oxide is one of the major improvement in the last years [84]. Lower line widths
are achievable through paste rheology optimization (capillary suspensions [85]]), screen angle modification
[84], [86] or screen design [84]. Reactive Ag inks are also under investigation. They are composed of the
chemical reaction precursors instead of particles in suspension in a solvent, which enables to reduce process
temperatures, Ag consumption, metal resistivity and porosity.

To increase throughputs, new approaches are under development such as rotary SP (see Figure[2.15) and
Volo Flood SP [84]. Both of them do not necessitate a double printing sequence (flooding and printing) as for
standard flatbed SP. So far, rotary SP is only mature for full area metallization and optimization is needed
to metallize H-patterns in mass production. In addition, double printing, consisting of repeating printing
pattern twice, is more and more applied in industry due to improvement of printer alignment accuracy [82].

Double printing allows to achieve better aspect ratio with limited fingers interruptions.

’ ﬁ~ Cylinder Screen
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+ Si Wafer
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Wafer Carrier

Figure 2.15: Schematic representation of rotary screen-printing concept [82].

Constant SP improvements explain that this technique is going to stay the mainstream one in the near
future. However, to overcome current SP limitations, derivative techniques using pastes or inks are studied.
They are sometimes more suitable to print fingers and can be used in a dual-printing process where fingers

and busbars are printed separately with two different techniques.

Screen-printing derivatives:

1. Stencil printing [82], [87]]: the use of stencil screen instead of mesh screen provides 100% open finger
area (60% for SP) and enables an excellent paste transfer. Finger height is increased, width is reduced
(better aspect ratios) and efficiencies up to 21.1% on PERC cells have been already demonstrated which
represents a gain of 0.2%;, compared to SP. Stencil printing is especially suitable for finger printing

where very narrow printed areas are required. However, stencils are more expensive and sensitive
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than mesh screens and thus necessitate a careful monitoring. Stencil printing is not yet ready for mass

production but is promising and could share 2-3% of the market by 2029 [10].

. Flexographic printing [82], [88], [89]: a ink is deposited on a cylindrical flexible relief printing plate to
be transferred onto the solar cell (see Figure 2.16). This technique has the potential to achieve higher
throughputs than SP while providing low finger width and low printing pressure. It is also more
precise for rough substrates like textured Si wafers. However, insufficient paste transfer is observed
leading to high lateral finger resistance. As a result, contacts must be thickened with another printing
process. Flexographic printing could be especially suitable for busbarless cell concept where lower
lateral finger resistance are needed. However, this technique is not yet used in mass production.
Printing cylinder

Metering Roll with flexible relief
»Anilox Roll printing plate

Ink reservoir ‘
with doctor @
blades Silicon wafer

Figure 2.16: Schematic representation of flexographic printing concept .

. Dispensing [82], [85], [90]: this contactless method consists of metallic paste ejection from several
nozzles thanks to an high pneumatic pressure (see Figure[2.17). It is flexible, fast and provides narrow
fingers with high aspect ratios. SP pastes must be adapted to prevent paste spreading and intermittent

dispensing and nozzle clogging issues must be tackled for mass production implementation [84].
Paste

supply Wafer
¥ movement

o

—

Figure 2.17: Schematic representation of dispensing printing concept .

. Aerosol jet printing and inkjet printing [72], [82]: Both are contactless methods consisting of fluid
ejection through a nozzle (as droplet ink or aerosol form). They are less attractive in comparison with

dispensing because as-obtained contacts are thin and need to be thickened.

. Pattern Transfer Printing (PTP) [84], [91]: a laser irradiation is used to transfer a paste, patterned in a
molded polymer, to the wafer surface as described in Figure Reproducible contacts with 20 pm
line width and a 50% aspect ratio can be obtained but commercial SP pastes are not suitable for this

technique and new paste formulations must be investigated.
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Figure 2.18: Schematic representation of the pattern transfer printing technology .

Current improvements of SP metallization and SP derivatives techniques are summarized in Table[2.1}

Table 2.1: Advantages and drawbacks of screen-printing metallization and current improvements.

| SP advantages | SP drawbacks Area of improvement |
SP improvements SP derivatives
- Simple - Expensive Ag pastes - Better understanding of - Stencil
- Fast - 70% pastes contain lead reaction mechanisms - Flexographic
- Well - Porous contacts (increases - Rotary SP and Volo Flood SP - Dispensing
implemented in contact and line resistances) - Paste chemistry optimization - Aerosol
industry - Difficult to further reduce - Paste rheology improvement - Inkjet

finger width
- Difficult to contact lowly
doped and boron emitters
- Pressing process
- Not well adapted to HJT
- Alignment accuracy must be
increased

(capillary suspensions)
- Development of reactive inks
- Change of screen angle
- Modification of screen design
- Double printing process
- Investigation of low
temperature Ag pastes

- Paste transfer

Besides, metallization techniques not relying on pastes/inks have been studied as an alternative to SP.

Plating is a promising one and is detailed in the next section. Others exist but most of them are not really

used in Si solar cell industry:

* Photolithography: Despite that good contact quality can be achieved, the numerous steps and the

process complexity make this technique too expensive and not compatible with industry.

* Physical vapor deposition: It can be used to fully metallize the rear side but requires a mask and im-
plies an important waste of metal for specific patterns. In addition, this process is slow and expensive.

* Metal powder sintering with laser: This technique can damage the sample and deposited metal is thin

and need to be thicken by another technique.

2.5 Metallization of silicon solar cells: Plating

2.5.1 Working principle of plating

Plating consists of electrochemical deposition of metals on a conductive or semiconductive surface. The
surface is immersed in an electrolyte bath containing the metal cations which are reduced and deposited on

the surface. Depending on electrons source, we can distinguish three electrochemical deposition reactions

illustrated in Figure[2.19}
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Figure 2.19: Electrochemical deposition methods: a) Galvanic displacement, b) Electroless, c) Electrolytic
[92].

* Galvanic displacement deposition: M?* + S — M + S2F
Electrons are provided by the substrate (see reaction 1 in Figure and deposition is performed in
Open Circuit Potential (OCP) conditions. Galvanic displacement is thermodynamically possible when
the standard redox potential of the metal to be deposited is superior to the one of the base material
(E(ar2+ /a1y > E(s2+s)). The base material is dissolved meanwhile the metallic ions are reduced on the
surface [93]. When E 52+ /5y is very high (strong oxidizing agent), the deposition can occur through
holes injection into the VB (see reaction 4 in Figure 2.10). The process is auto-limitated and stops
as soon as the base material is completely recovered. Deposited film follows precisely the surface

roughness and its thickness is typically within the range of hundreds nanometers.

* Electroless deposition: M** + Red — M + Ox
Electrons come from a reducing agent in the solution and deposition is performed in Open Circuit
Potential (OCP) conditions. Provided that the standard redox potential of the metallic cations is higher
than the one of the reducing agent, this reducing agent is spontaneously oxidized, providing electrons
for metallic cations reduction. To avoid substrate dissolution, the redox potential of the base material
must be preferably higher than the one of metallic ions such as E g2+ /5) > Enz+/m) > Eon/red)- AS
long as there are reducing agent and metallic cations in the solution, the deposited film continues to

grow and the final thickness mainly depends on the deposition time.

* Electrolytic deposition: M2" + ze~ — M
Electrons are provided by an external current or voltage source. The external voltage or current is
applied between two electrodes, one of these being the base material. The properties of the deposited
film, as well the deposition rate, depend on electrolytic bath formulation and applied current or volt-
age. Contrary to electroless deposition, current distribution is not uniform along the surface but higher

deposition rates are achievable.

Electrochemical deposition processes are composed by three successive phenomena: mass transfer, sur-
face reactions and charges transfer to the substrate (see Figure [2.20). Among this three phenomena, the
slower one determines the kinetic of the deposition process. In addition, parasitic reactions can occur (i.e

hydrogen evolution) and limit the current efficiency of the deposition process.
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Figure 2.20: Phenomena involved in electrochemical deposition of M" ™ cations on a silicon surface.

The mass transfer of species to an electrode can be described by the Nernst-Planck theory [94] where
three mass transfer modes are involved: migration induced by an electric field, diffusion induced by a
concentration gradient and convection induced by pressure, temperature or stirring. For one-dimensional

mass transfer of species 7 along the x-axis, the Nernst-Planck equation is

9Ci(x)  09(z)

Jilw) = =Di—5 RT o

w(z) (2.17)

Where [; is the flux of species i, D; the diffusion coefficient, ac (”’) the concentration gradient, 8¢(x) the potential

gradient, z; and C; the charge and concentration of species respectzvely, v(x) the velocity.

Surface reactions occur after mass transfer and include metallic seeds growth reactions and adsorption-

desorption at the electrodes. It is followed by the charges transfer at electrodes surface.

In case of electrolytic deposition process, the quantity of substances released during electrode electrolysis
is proportional to the time and the electric current according to Faraday’s laws. The mass and the height of
deposited material are given by equation and respectively [31]:

B MiQ M It

(2.18)

B MQ 3 th
h= BpmAsz o Bpsz
With m the deposited mass, 8 the current efficiency, M the molar mass of deposited metal, Q the charge, z the number

(2.19)

of electron exchanged, F the Faraday’s constant, I the current exchanged, t the deposition time, h the height of deposited

metal, py, metal density, A, the metallized area and j the current density associated with cathodic reduction.

The current density j (if not directly applied) can be determined for an elementary reaction by equation
When reactions are not limited by mass-transfer, which means that the concentration of the electroac-
tive species at the surface is equal to the one in the bulk this equation can be simplified as the so-called
”Butler-Volmer equation” (equation 2.21).

[Red] e oarzF

O] (1—ar)zF
Red]bulk exp( RT (

exrpl—
[Ox]bulk: p( RT

j= jo([ E—Eeq) - (E — Eeq)) (2.20)
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arzF
RT

(1 — aT)zF
RT

J = jo(exp( (B — Eeq) — exp(— (E — Eeq)) (2.21)

Where jo the exchange current density, [Redle; and [Ox]e; the concentrations of redox species at electrode surface,
[Redlpuir, and [Oxlyyy the concentrations of redox species in the bulk solution, cvr the charges transfer coefficient, z
the number of electrons exchanged, F the Faraday’s constant, R the universal gas constant, T the temperature, E the

electrode potential and E., the potential at equilibrium.

2.5.2 Ni/Cu plating process steps

Typically, Ni/Cu plating applied to Si solar cells consists of seven steps illustrated in Figure This
part gives an overview of the physico-chemical reactions involved in Ni/Cu plating metallization and more

details are provided in the next chapters.

Dielectric layers Native oxide Palladium particles

Silicon material
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of dielectric layers deoxydation silicon surface
Capping layer

NiSi layer
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layer deposition layer deposition deposition

Figure 2.21: Schematic representation of a typical Ni/Cu plating process (not in scale).

Step 1: Localized opening of dielectric layers

Dielectric layers (passivation layers and ARC) must be locally removed according to a grid pattern to
promote further metal deposition directly on the silicon surface. Opened area must be as narrow as pos-
sible to reduce plated finger width and limit shadowing effect. In addition, the Si underlying must not be
damaged during localized opening of dielectric layers.

Laser ablation is the most widely used technique to open the dielectric layers. The main issue is the
risk of emitter damaging if laser parameters are not optimized. Laser technology can be reliably integrated
into production lines with high throughputs while maintaining low production costs [95]. Different type
of lasers can be used such as nanoseconds, picoseconds or femtoseconds and the laser source is generally a
UV, green or IR one. Laser choice is still an area of study but the trend is to move to UV-ps laser.

Localized opening of dielectric layers can be also performed using photolithography, etching pastes or
mechanical scribing but these methods are not suitable for industrial applications. Photolithography enables
to achieve low opened widths but photoresins are expensive and processing steps are numerous. Etching

pastes are too expensive and mechanical scribing is not recommended due to the weakness of Si substrates.
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Step 2: Silicon surface deoxidation
Silicon surface is spontaneously oxidized under air atmosphere according to the reaction and can

also be oxidized during the laser ablation process performed under air atmosphere.
Si+2H50 = SiOy +4H" +4e~  (E=-0.85-0.0591 pH (V/SHE) [73], [986]) (2.22)

Silicon oxide hinders further plating process step and must be removed. An ineffective removal can
lead to poor adherence of plated contacts and high contact resistivity. The most widely chemical treatment
used is the hydrofluoric acid (HF) (see reaction [73], [97]). However, fluoride-based solutions can also

damage the dielectric layers such as SiN,, [98] so concentration and immersion time must be well controlled.
SiOy + 6HF = SiF?~ +2H' 4+ 2H,0 (2.23)

Step 3: Silicon surface activation through Pd deposition by galvanic displacement
It is known that palladium facilitates further Ni deposition by lowering the activation energy barrier
for Ni nucleation [13]], [93], [99]-[101]. Indeed, hydrogen affinity of Pd particles provides a relatively high
hydrogen conversion [[102] which facilitates oxidation of the reducing agent in the Ni plating bath. Nickel
layers are also more adherent and uniform with prior Pd activation [103]. Activation solution contains
generally a source of Pd ions and a source of fluoride ions to continuously remove SiO, formed in aque-
ous media. Palladium galvanic displacement on Si in fluoride media involves two reactions: reduction of

palladium ions (see reaction [2.24) and parallel Si surface oxidation (see reaction[2.22).
Pd** +2¢~ = Pd  (E =0987 +0.0295 log([Pd2*]) (V/SHE) [96]) (2.24)

Step 4: Nickel seed layer deposition
Nickel is deposited as a seed layer for two main reasons. Firstly, nickel acts as a barrier to prevent
detrimental Cu diffusion into Si. Secondly, Ni and Si atoms interdiffuse during the final annealing, creating
a nickel silicide layer with a low contact resistance. Thus, the mechanical and electrical contact with the
silicon is formed. Ni seed layer thickness is generally < 1 um as a too thick Ni layer reduces the conductivity
of the metallic stack (Ni conductivity is four times lower than Cu one). Various deposition techniques, such
as thermal evaporation or laser assisted deposition [104], can be used but electroless deposition is preferred

as a well-established and suitable process. Electroless Ni plating bath is generally composed of [105], [106]:

* A source of nickel: nickel sulfate (NiSO4) is commonly used;

¢ Areducing agent: sodium hypophosphite (NaPOyHy) is preferred but three other sources are some-

times used: sodium borohydride (NaBH,), Dimethylamineborane and hydrazine;

* Complexing agents: they are necessary to control the concentration of free nickel ions, prevent the

precipitation of nickel salts and exert a buffering action. Organic acids, inorganic pyrophosphate
anion or ammonium ion are examples of complexing agents used.

e Stabilizers: their role is to avoid the spontaneous decomposition of the bath. Most effective stabilizers
comprise compounds of group VI elements such as sulphur and compounds containing heavy metals

such as lead ions.
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* Additives: for instance, accelerators can increase reducing agent reactivity and wetting agents enhance
Hj; release by modifying liquid surface tension.
* Buffer agent: it is needed to maintain a constant pH value. Electroless plating can be made on either

acidic or alkaline bath but alkaline baths are generally preferred.

The reactions taking place involve metals cations reduction (see reaction [2.25) and electrons are supplied
by the oxidation of the reducing agent. According to the potential-pH diagram of phosphorus given in
Appendix the oxidation of the reducing agent HoPO; is based on various reactions depending on the

solution pH (see reaction to[2.36).

Reduction of nickel ions [96]

N2t +2¢~ = Ni  (E=-0.25+ 0.0295 log([Ni2*]) (V/SHE) (2.25)

Oxidation of hypophosphite ions [96]

At pH < 1.98 :
HyPO, + HT = H3 PO, (2.26)
H3 P
H3 POy + HyO = H3PO3 + 2HT + 2e~ (E=-0.499 - 0.0591 pH +0.0295 log (M) (V/SHE)) (2.27)
3 2
H3P
H3PO3 + Hy0 = H3PO, +2H" +2¢~ (E=-0.276 - 0.0591 pH + 0.0295 log (M) (V/SHE)) (2.28)
3 3
At1.98 <pH < 6.13:
H>POs;
HyPO; + HyO = HyPO3 +2H" +2e— (E =-0.504 - 0.0591 pH + 0.0295 log (M) (V/SHE)) (2.29)
2 2
HyPO3; + HyO = HyPOy +2H" +2e— (E =-0.260 - 0.0591 pH + 0.0295 log (W) (V/SHE)) (2.30)
2 3

At6.13 <pH < 7.19:

HPO?™
HyPO; + HyO = HPO?™ +2¢~ +3H" (E =-0.323 - 0.0886 pH + 0.0295 log (M) (V/SHE)) (2.31)
2 2
, B B N [Hy POy ]
HPO3™ + HyO = HyPOy +2e~ + H' (E =-0.447 - 0.0295 pH + 0.0295 log (m) (V/SHE)) (2.32)
3

At7.19 <pH < 12.03:

HPO2™
HyPO; + H,O = HPO2™ +2¢~ +3H™' (E=-0.323-0.0886 pH + 0.0295 log (w) (V/SHE)) (2.33)

[H2PO;]
. S [HPO;™]
HPO3;” + H,O = HPO;™ +2¢~ +2H" (E=-0.234-0.0591 pH + 0.0295 log (m) (V/SHE)) (2.34)
3
At 12.03 < pH
— 2 — + [HPOgi}
HyPO; + H,O = HPO3™ +2¢~ +3H™ (E=-0.323-0.0886 pH + 0.0295 log (m) (V/SHE)) (2.35)
2 2
) L PO
HPO;™ + H,O = POy +2¢ +3H" (E=0.121-0.0886 pH + 0.0295 log (m) (V/SHE)) (2.36)
3
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In addition, two main parallel reactions can occur: hydrogen evolution (see reaction 2.37) and phospho-
rus incorporation into the nickel layer (see reaction [2.38§).

Parallel reactions: hydrogen evolution and phosphorus incorporation [96])

2H,0 + 2~ = Hy + 20H~  (E=0-0.0591 pH - 0.0295 log(Py,) (V/SHE)) (2.37)
HyPOy +2H,O+e~ = P+40OH +2H* (E =-0.391 - 0.1182 pH + 0.0591 log ([H, PO; ) (V/SHE)) (2.38)

Electroless nickel plating can be performed at atmospheric pressure and does not necessitate high tem-
peratures (80°C are usually sufficient). On the one hand, the deposition rate increases exponentially with
temperature [106] but on the other hand, overplating (overflow of plated area) and parasitic plating (PP)
(plating out of desired area which means on dielectric layers) are more likely to occur at high temperatures
[92]. Parameters that must be well controlled and optimized are the composition and concentration of bath

components, the pH, the temperature, the immersion time and the stirring.

Two alternatives worth to be mentioned: Light Induced Plating (LIP) [107], [108] and Forward Bias Plat-
ing (FBP) illustrated in Figure a) and b) respectively. These methods are more related to electrolytic
deposition mechanisms. LIP is based on the intrinsic capacity of Si to generate a current under illumination
to perform Ni seed layer deposition on monofacial cells. In case of standard Al-BSF cell for instance, illu-
mination of the solar cell enables to generate electrons which are drifted on the n-type area. These electrons
provide reduction of nickel ions. On the contrary, photogenerated holes are drifted to p-type area causing
rear side Al metal dissolution which can be prevented by contacting the rear side and applying a positive
cathodic potential. FBP is used to metallize p-type Si surfaces. A forward bias current is applied from n to
p type area and solar cell illumination is not necessary. Both techniques are not suitable to metallize both

sides of the solar cell at the same time contrary to electroless method.

Silicon solar cell
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Figure 2.22: Illustration of a) Light Induced Plating (LIP) and b) Forward Bias Plating (FBP) [108].

Step 5: Copper conductive layer deposition
As explained in the introduction of this thesis, copper is a good choice to replace silver as conductive

layer because it is cheaper and has a similar conductivity. However, Cu atoms can easily travel into Si
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and become deep level impurities. The traps generated by these impurities act as recombination centers,
decreasing the minority carrier lifetime [107]. This is prevented by deposition of Ni seed layer as described
above. Cu conductive layer must be thicker than Ni seed layer to achieve low line resistance of the metallic
contacts. Calculation have demonstrated that optimal Cu thickness is ~ 10 pm so electrolytic deposition
method, having higher deposition rates, is the most suitable technique. The main difficulty of this method
is to contact the cell without damage or break it.

A three electrode system is used with a reference electrode, a counter electrode acting like an anode and
the contacted solar cell as working electrode and acting as a cathode. These three electrodes are immersed

in an electrolytic bath containing [109]:

* A source of Cu ions: copper sulfate (CuSOj,) is mostly used. It is dissolved in the electrolyte to give

free hydrated cupric ions Cu?* which are reduced into copper metal on the silicon surface.

¢ Sulfuric acid: it is usually added to increase solution conductivity and improve surface wetting. A
more conductive electrolyte leads to more homogeneous copper layers.

* Additives: accelerators, suppressors and levellers are mostly used. Accelerators are mercapto contain-
ing species which locally accelerate the current. Suppressors are polymers such as polyethylene glycol
which tend to form a current suppressing film on the entire wafer surface when they are combine with
chloride ions. Leveler enable to less suppress the current at isolated mass transfer locations such as the
inside of a via, while protruding surfaces or corners (to which mass transfer by diffusion or migration
is more efficient) are more suppressed. To obtain a conformal growth of copper, it is preferable to use
these three additives as represented in Figure[2.23]

* A pH buffer: needed to maintain constant pH value. Cu electrodeposition is performed in acid baths.

Figure 2.23: Simulated (kinetic Monte Carlo Model) shape evolution of trench fill during copper elec-
trodeposition with various additive compositions a) accelerator, suppressor and leveller, b) only sup-
pressor, ¢) no leveller and high concentration of accelerator, d) only accelerator, e) no leveller [110].

By supplying electrons through an external circuit or by applying an external voltage, Cu ions are re-
duced at nickel surface according to reaction[2.39] The controllable parameters of an electroplating bath are
the same as for electroless deposition plus the current or voltage applied which control the deposition rate.
In some cases, pulse or pulse reverse plating, consisting of applying the current as series of short pulses, can

be used to improve the quality of the layer deposited [111], [112].
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Cu*t +2¢~ — Cu  (E=0.337 + 0.000295 log ([Cu?*]) (V/SHE) [96] (2.39)
Step 6: Capping layer deposition
To prevent Cu oxidation, tin or silver capping layer is deposited over Cu. That also facilitates the solder-

ing of interconnecting tabs and limits interactions between Cu and encapsulating material.

Step 7: Final annealing
Final annealing step allows to form the nickel silicide layer through Ni/Si atoms interdiffusion. Adher-

ence and contact resistivity of the metallic contacts are enhanced after this process [113] (see Figure [2.24).
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Figure 2.24: Impact of annealing process on a) contact resisitivity, b) adherence of metallic contacts [113].

Depending on annealing parameters, such as temperature and annealing time, nickel silicide stoechiom-
etry and thickness are different. Silicide formation on solar cells from plated Ni layers is still not completely
understood and the temperature ranges for nickel silicide formation proposed in literature are slightly dif-
ferent. Regarding the ranges in references [13], [92], [114], we propose that Ni,Si is formed between 200 and
350°C, NiSi between 400 and 530°C and NiSi, above 650°C. The different phases are formed successively
when temperature is increased and various phases can be present after annealing process as illustrated in

Figure The NiSi phase is desired because it has the lowest resistivity and Schottky barrier [114], [115].
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Figure 2.25: Silicidation process during annealing of plated Ni layer on Si surface (from [116], [117]).
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2.5.3 Advantages and drawbacks

The different advantages and drawbacks of plating metallization described in literature [107], [118]-[120]
are reported below and summarized in Table

PLATING ADVANTAGES

Plating metallization has cost savings potential compared to standard SP and this has been already demon-
strated for three or more busbars concepts [119]. Some authors have estimated that 7.5% of the cell produc-
tion costs could be saved with Ni/Cu plating compared to SP, provided that the rest of the process costs

remain unchanged [13]. The following advantages are related to potential cost savings:

¢ Silver can be replaced by cheaper metals (Ni/Cu stack) and only thin silver capping layer remains
necessary to prevent Cu oxidation;

* Lower final annealing temperature. Contacts are usually formed between 250°C and 400°C with
Ni/Cu plating while SP needs temperatures around 750-850°C. Thus, the thermal budget is reduced
with Ni/Cu plating;

* Plating is a selective metallization process. It does not need masks or screens and metal waste is
limited;

* Plating can simultaneously metallize both sides of the solar cell, reducing processing steps;

* Costs of plating equipments are potentially lower. Authors are however divided on this point. Some
authors claim that plating equipments are cheaper (or at least do not imply additional costs) compared
to SP ones [118], [119], while others are more sceptical [84];

¢ Plating has a great added value for SWCT and shingling interconnections as it is more flexible thanks

to laser ablation process (flexible pattern and accurate alignments of opened areas on both sides).

Plating has also the potential to achieve better metallic contact quality, and therefore higher solar cell con-

version efficiencies:

* Plated contacts are denser, leading to lower line resistances;

* Finger widths are narrower, limiting shadowing and metal consumption. For instance, 5 um laser
opened widths can be achieved with laser, leading to metallized contacts width ~ 20 pum [121];

* Asshown in Figure lower contact resistivity can be obtained thanks to Nickel silicide formation;

* Lowly doped emitters are easily contacted due to smaller Schottky barrier ¢ g of nickel silicides;

e Thanks to lower process temperatures, plating is more suitable for HJT concept [111], [122], [123].
Bifacial H]JT metallized with Cu plating and having conversion efficiencies > 24% with FF > 82% [84]

have been demonstrated. Lower temperatures process are also less detrimental for passivation layers.

PLATING DRAWBACKS

Despite its great potential, Ni/Cu metallization is still at an introductory phase and needs some improve-

ments to be implemented in production mass:
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* Laser ablation can damage Si underlying. Laser induced defects (cracks/dislocations, surface amor-
phization etc.) lead to recombination losses and, in the worst case, junction shunting [124]-[128]. Laser
induced damages can provide a sink for Cu diffusion inducing an early ageing of the cell [129], [130].

¢ Parasitic plating (PP). Plating is a selective process but it sometimes occurs on dielectric layers. That
affects adversely the cell performances: 1) shading losses are increased and Js¢ is reduced 2) there
are more recombinations where PP is present and resistance losses (R;) are increased, affecting Voc
3) junction can be shunted if Cu diffuses into Si where PP is present (this is likely to occur on the cell
edges when passivation is not sufficient).

e Inhomogeneity: Both Ni and Cu deposition rates are affected by the geometry of contact opened
areas. In addition, plating is not homogeneous due to uneven laser ablation (especially on textured
side) or presence of residues. As Ni/Si interdiffusion is deeper for thicker Ni layers, Ni thickness
inhomogeneity can lead to junction shunting [131].

* Poor contact adherence of plated metallic contacts can be observed and originates from: 1) generation
of voids between Ni and nickel silicide interface during annealing [114] , 2) hindering of nickel silicide
formation due to presence of oxides at Ni/Si interface [114], [132], 3) Cu self-anneal at room tempera-
ture, transitioning from fine-grained to coarse-grained material. This creates stress and is detrimental
for adherence [56] or 4) a lack of anchoring points on flat surfaces.

* One of the main issues restricting the commercialization of the Ni/Cu plating process is the long term
reliability issue due to Cu ability to diffuse into Si. Few studies have been carried out to characterize
Ni/Cu plated cells after thermal ageing but further investigations are needed to attest the reliability
of the process [130], [133]-[136]. It has been demonstrated that Cu can also diffuse into Ag capping
layer, which forms voids and induces resistance losses [135].

* Scalability of the process is still a subject of debate. Some manufacturers, such as Sunpower, have
successfully realized plating in production lines which may serve as a proof of concept [118]. Man-
ufacturers are however still sceptical as plating process implies to use other equipments and can be
more complex that standard SP. In addition, the need to contact the cells for Cu electroplating is also

challenging (risks of breakage or inefficient contact).

Table 2.2: Advantages and drawbacks of Ni/Cu plating for c-Si solar cells.

Plating advantages Plating drawbacks
Cheaper metals (Ni/Cu)
Lower temperatures (cost savings + suitable for HJT)

Selectivity and both sides metallized at the same time Laser induced damages
Potential lower cost equipments Parasitic plating
Denser contacts (higher line conductivity) Inhomogeneous metallization
Narrow fingers (less shadowing) Shunting risks
Lower contact resistivity Poor adherence
Lowly doped and boron doped emitters easily contacted Reliability and scalability

More suitable for SWCT and shingled interconnections

2,54 Area of improvements
In order to improve the plating process, lines of research for each drawback stated above are presented:
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Reduction of laser-induced damages

Type and source of laser must be carefully chosen. Ultra-short laser pulses are potentially more suitable
to reduce laser induced damages by limiting thermal impact into underlying silicon [127], [137]]. Moreover,
UV laser radiations create laser induced defects with a shallower spatial distribution [127], [138]. An al-
ternative to limit laser induced damages is to add a buffer layer, having a low thermal diffusivity (as a-Si),
between the dielectric layers and Si. The laser energy will be absorbed into the buffer layer and limit Si
damages [139]. Bailly et al. have proposed another alternative by using an a-Si etch mask deposited on the
SiN,, layer [140]. The mask is selectively laser ablated and a chemical treatment is performed to remove un-
derlying SiN,, layers without damaging Si underlying. Finally, the a-Si mask is chemically removed. Good
results are obtained but this alternative needs several process steps. In addition, it has been demonstrated
that a post-laser annealing is beneficial through recrystallization of a-Si formed during laser ablation [141].

Limitation of Parasitic Plating (PP)

Inhomogenities of dielectric layers are mainly responsible for PP [118]. In particular, top of pyramids
have sometimes thinner dielectric layers and are more susceptible to present PP. To address this issue, a
double layer ARC can be used. In addition, PP can be also due to dielectric layers defects after deoxidation
treatment during plating process because fluoride-based treatments also attack the SiN,, layers. Precautions
must also be taken during handling to limit damage through mechanical stress. Some authors proposed to
suppress deoxidation treatment and metallize the cell directly after laser contact opening. This method is
called "easy-plating” [141], [142] but the added value is not clear yet.

Improvement of homogeneity

Inhomogeneity issues come from different Ni/Cu plating rates on finger and busbars. Electrolyte vol-
ume contributing to diffusional mass transfer is semi-cylindrical for narrow structures (fingers) while it is
rectangular for larger structures (busbars) [118] which impacts the deposition rates. Moreover, Cu elec-
trolytic deposition on fingers can be higher than on busbars due to lower current density on larger area.
Higher concentration of electrical field lines on cell edges also leads to thicker Cu deposition on edges com-
pared to center of the cell [118]. An alternative to these issues could be to develop plating on busbarless
cells (SWCT). Furthermore, texturation step can be optimized to achieve smaller and more uniform pyra-
mids size and thus favor homogeneous laser ablation on textured surfaces [118], [143].

Reduction of shunting risks

To reduce the risks of shunting, the homogeneity of plated contacts must be improved, parasitic plating

must be limited and a suitable annealing process must be used.
Improvement of adherence

To prevent voids formation at Ni/Nickel silicide interface during annealing, the plating process can be
modified so that: annealing is performed just after Ni deposition, un-reacted nickel is then removed and Ni
re-plating is realized with a prior HF treatment. This alternative enables to achieve better adherence [133]
but it implies additional process steps. Surface roughening through laser process is also an alternative to
overcome poor adherence, especially on polished Si surface [144], [145]. In addition, performing a rapid
thermal annealing (RTA) in N after Cu plating enables to improve crystallinity and conductivity of fingers

while removing internal stress caused by Cu self anneal at room temperature [146].
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2.6 Methodology of thesis work

For all the reasons described previously, this work is focused on n-PERT cell architecture and Ni/Cu
plating is performed on both sides to obtain bifacial n-PERT solar cells. Nevertheless, results obtained could
be applied to other cell architectures thanks to the flexibility of the Ni/Cu plating process. The purpose of
this thesis is to develop a Ni/Cu plating process for bifacial n-PERT c-Si solar cells and achieve conversion
efficiencies close to the one of reference screen-printed cells. That implies to identify the factors affecting
the solar cell during the process and understand the physico-chemical phenomenon involved to further
optimize the successive Ni/Cu plating process steps. Characterization techniques used all along this work
are detailed in Appendices.

IPVF laboratory can not provide n-PERT precursors (n-PERT cells without metallization) so they have

been purchased at the International Solar Energy Research Center Konstanz (ISCK). The cell architecture is

illustrated in Figure

m% 70 nm Front Textured Side  Rear Polished Side

p+ (85 ohm/sq) 240 pm

n (1 ohm.cm) 180 ym
n+ (80 ohm/sq) $ s00mm
Si02 10
3 70 nm
a) b)

Figure 2.26: a) Structure of n-PERT precursor from ISC Konstanz, b) Picture of the both sides.

N-PERT precursors consist of a large area (156 x 156 mm?) n-type mono-Si with a 180 pum thick base
resistivity of 1 Q.cm. The p™ emitter is 500 nm thick with a sheet resistance (R;;,) ~ 85 £2/sq. The phospho-
rus doped area is 500 nm thick with a sheet resistance ~ 80 €2/sq. The front side is textured with random
pyramids and a 70 nm thick silicon oxi-nitride (SiO,Ny) is deposited by PECVD for passivation and an-
tireflection properties. Its refractive index is about 2.03 according to the supplier. It is worth to mention
that a thin BSG layer is kept before SiO,N,, deposition on the front side to improve passivation properties.
The rear side is polished and a PECVD oxi-nitride stack is deposited. Silicon oxide (S5iO,) is ~ 10 nm thick
and SiO;N,, is ~ 70 nm thick. The thickness of SiO,N, and SiO,N, /SiO, stack have been confirmed by
sectional SEM pictures.

This cell architecture implies that plating process is likely to be different on both sides. Indeed, physico-
chemical mechanisms involved will depend on texturation and doping type of Si surface. In the ISC Kon-
stanz process flow, the rear side dielectric stack is used as diffusion barrier during boron doping on the
front side. As a result, it has underwent an additional thermal treatment and optical properties have been
modified. The final refractive index on the rear side was not given by the supplier but is further determined.

As it is not clear yet if the rear side should be preferably polished or textured in bifacial architecture to
increase light absorption, we also ordered same n-PERT precursors having both sides textured. For both

precursors, reference SP cells performances given by the supplier are shown in Table R, and R, have
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been multiplied by the surface to enable further comparison with smaller samples metallized in this work.

Cell parameters of double textured n-PERT SP references are significantly worse than the one on tex-
tured/polished cells. To explain this, it is worth mentioning that SP process at ISC Konstanz is optimized
for textured/polished cells. As explained before, the dielectric layers on the rear side are used as a barrier
during front side Boron diffusion. When the rear side is textured, the surface covering by dielectric layers is
not as efficient as on a polished surface which can lead to shunts on the rear side after boron diffusion step
and explain the lower cell parameters.

Table 2.3: Main cells parameters of 156 x 156 mm textured/polished and double textured n-PERT screen-
printed reference cells given by ISC Konstanz (mean of three cells).

| SPreferences || Jsc (mA.cm?) [ Voo (mV) [ FF(%) | n (%) | Ry (Q.cm?) | Rep (Q.cm?) |

Textu/polished || 38.65+ 0.013 655 £0.5 | 8046 +0.1 | 2038£0.01 | 0.5+0.02 2214 + 1165
Textu/textu 35.94 £+ 0.053 618 +0.3 78.11 £1 1735+ 0.3 | 0.75+0.13 | 25408 £ 20400

Normally, passivation properties of dielectric layers are activated through hydrogen release after SP final
annealing at high temperature (=~ 800°C). However, plated contacts can not stand such high temperatures
and an annealing step prior to plating is needed on both n-PERT precursors. With the framework of a 6
months internship at EDF before this thesis, these annealing conditions have been optimized to achieve best
carriers lifetimes on textured /polished n-PERT precursors. Best conditions are the following: 30 sec temper-

ature build-up to 750°C under N followed by cooling with a Jipelec Jetfirst furnace from Semco technology.

Meanwhile, some experiments have required non passivated wafers:

* n-type Si wafer, mirror polished, base resistivity ~ 1.5 {2.cm (Syltronix);
¢ polished and textured n and p-type wafers with 1 and 2 2.cm bulk resistivity respectively (ISCK);
¢ polished and textured n/n™ and n/p™ wafers wafers with 1 Q.cm bulk resistivity and various doped

area Rspeet (70 - 90 - 120 Q/5sq) (ISCK)
The Table2.4|gives a global view of the thesis work objectives.

Table 2.4: Overview of thesis work objectives at each Ni/Cu plating process step.

| Processstep | Objectives

LASER ABLATION - Identification of laser induced damages and impact on cell efficiency
- Understanding of ablation mechanism
- Optimization of laser parameters
DEOXIDATION - Determination of SiO, and SiO,;N,, etching mechanisms in two fluoride media
AND ACTIVATION - Optimization of deoxidation bath composition to limit ARC damages
- Analysis of parameters affecting Pd galvanic displacement
- Optimization of activation bath composition to limit Pd consumption while
achieving satisfying surface activation
Ni1/CU PLATING - Identification of parameters affecting the homogeneity and adherence of plated
contacts
- Comparison of deposition rates on both sides
- Optimization of Ni/Cu deposition conditions
FINAL - Highlight the impact of annealing parameters on contact resistivity and cell
ANNEALING efficiency
- Optimization of annealing parameters
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Screen-printing (SP) is the mainstream metallization technology for c-Si solar cells and consists of
applying a metallic paste through a mask. This technique is simple, fast and well implemented in industry
but some limitations remain in term of metallic contacts quality and expensive Ag pastes are needed. SP

derivative techniques, such as stencil printing and dispensing, should gain interest in the near future.

Alternative electrochemical metallization (Ni/Cu plating) is expected to gain market share as better
metallic contact quality with reduced production costs are achievable compared to SP. Indeed, plating
relies on cheaper metals (Ni/Cu), cost equipments are potentially reduced, process temperatures are lower,
lowly doped and boron emitters are easily contacted (lower Schottky barrier), plated contacts are denser
with lower contact resistivity and narrower line width. Common plating process comprises successively:
the selective ablation of dielectric layers, the Si surface deoxidation and activation, the nickel electroless

deposition, the copper electrolytic deposition and the final annealing.

Si/electrolyte interface is characterized by specific charges distribution into the electrolyte (Helmholtz
and Gouy-Chapman layers) and a band bending into the semiconductor to equalize respective Fermi levels.

Redox potential into the electrolyte is given by:

RT ., [Ox] _
E — 9 4 = eq ‘s rel
RedemLE + oy In( Re d}eq) (Nernst’s relation)

Into the silicon, a depletion regime is most of the time observed with a space charge region equivalent
to a capacitor having a capacitance Cgc. In case of electrolyte concentration > 0.1 M, Cg¢ can be related to

the semiconductor flatband potential with Mott-Schottky relation:

1 2 kgT .
= Vse| — — Mott-Schottky relation
cz, GGO(]ND,A(‘ scl . ) ( y )

charges exchanges between silicon and the electrolyte depend on valence and conduction band positions

respectively to energy level of oxidized and reduced species.

Despite the great potential of Ni/Cu plating, following issues must be tackled: laser induced damages,
poor adherence of plated contacts, shunt risks, parasitic plating, metallization inhomogeneity and scalability
and reliability issues. This work aims to developed a Ni/Cu plating process on bifacial n-PERT Si solar cell
and achieve conversion efficiencies close to the ones of reference SP cells. For that purpose, the different
process steps are investigated to understand the physico-chemical phenomena involved and optimize the

factors impacting the solar cell integrity and performance.
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Chapter 3

Selective laser ablation of dielectric
layers
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CHAPTER 3. SELECTIVE LASER ABLATION OF DIELECTRIC LAYERS

3.1 Introduction

In this chapter, the first step of plating process, which consists of selectively remove the dielectric lay-
ers by laser ablation, is investigated. A background on laser/matter interactions is first presented and
the choice of laser type and source employed for this work is explained. Dielectric layers on both sides of
textured /polished n-PERT precursors are then laser opened with various laser parameters and several char-
acterization techniques are used to identify the laser induced damages and understand the ablation mech-
anism (morphological characterizations, analysis of fine chemical surface compositions and environments,
electrical properties characterizations). The impact of a post laser annealing and a deoxidation treatment in
fluoride media on Si surface after laser ablation is also studied. Results have enabled to optimize the laser

ablation parameters on both sides of n-PERT precursors and have been published in reference [147].

3.2 Background on laser/matter interactions

The working principle of LASER (Light Amplification by Stimulated Emission of Radiation) has been
described for the first time by Einstein in 1917 and is based on ”stimulated emission” as illustrated in Figure
B.T]c). Contrary to absorption process, which attenuates the incident wave by photons absorption (see Figure
a)), stimulated emission amplifies the incident wave. When an electron in an excited state encounters
an incident radiation resonating at the same transition frequency, it decays by emitting a photon with the
same radiation mode than the incident photons (same direction and phase). A process called “pumping” is
necessary to maintain the electrons in an excited state and prevent spontaneous emission in which excited
electrons quickly return to their ground state by emitting photons in random directions (see Figure [3.1]b)).

Pumping consists of supplying energy through an electric current or as light at different wavelengths.

———— — 2 —
, - 5 S / | 2 (N+1) photons
N photons KA Ehatane _ N photons gl A ol ol
......... “ﬂmms One photon g AAMAAARARA
T 0 photon 2 srittad it ‘ | |
. random direction A ‘ ‘
—,— ] — T L " i
a) Absorption b) Spontaneous emission c) Stimulated emission

Figure 3.1: Illustration of three light-matter interactions processes: a) Absorption, b) Spontaneous emis-
sion and c¢) Stimulated emission.

Interaction process between the laser beam and a material depends on:

¢ The monochromatic laser source: the main ones are UV, green and infrared (IR);

* The pulse duration: femtoseconds (fs), picoseconds (ps) or nanoseconds (ns) pulses are mostly used;

e The laser beam energy, called the fluence (J/cm?): it represents the quantity of photons at each x-
position of the laser beam and depends on the laser frequency and power;

* The overlap of laser pulses which can be modulated by the scan rate;

* The material properties: the bandgap determines the capacity to absorb the laser energy and absorp-

tion properties modulate the quantity of photons absorbed.
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3.2. BACKGROUND ON LASER/MATTER INTERACTIONS

The incident laser beam energy can be determined by the Planck-Einstein relation (equation[3.1). Energy
of UV, green and IR laser beams have been calculated by using this equation and results are given in Table
Since silicon has a bandgap of 1.12 eV at 300 K and 1 eV = 1.60 107! J, an energy E > 1.12 x 1.60 10~ 1?
=1.79 1071 J is required to be absorbed into silicon material. UV, green and IR radiations can therefore be
absorbed by silicon material.

By = hv = h% (3.1)
With h the Planck’s constant, v the frequency, c the light celerity and X the wavelength of incident wave.

Table 3.1: Calculated energies of UV, Green and IR laser beam.

Wavelength (nm) 355 (UV) | 532 (green) | 1064 (IR)
Photon energy (J) || 5.6x107° | 3.7x10719 | 1.9x10~ 1
Photon energy (eV) 3.5 2.3 1.2

Normally, a laser beam having an energy lower than the material bandgap can not be absorbed, but, this
becomes possible in specific conditions. At high optical intensity, the bandgap can be bridged by simulta-
neous absorption of two or more lower-energy photons, if the sum of their energies exceeds the bandgap
(see Figure[8.2). This non-linear optical phenomenon is called “multi-photon absorption” and is more likely
to happen with ultra-short or short laser pulses, combined with high laser intensities (high fluences) [148],

[149].

Conduction band _E._

=

hv>E, o R
Bandgap E =

o= : i -
0=

hv < E, - afen =
0=% nv<e, @=>

Valence band  cess——

a) Single-photon absorption b) Multi-photon absorption
(high-energy photons) (high-density photons)

Figure 3.2: Illustration of photon absorption through a) single-photon absorption when E,;, > E/, b)
multi-photon absorption in case of high photon flux with E,;, <E, [149].

After photons absorption, excited electrons can collide each others, leading to electron temperature in-
crease. Excited electrons can also interact with the lattice and transfer their energy with a phonon emission
and an increased lattice temperature. When the material is thermalized and turns into a liquid phase due
to the laser process, its optical properties are modified. Indeed, material bandgap is smaller when the tem-
perature increases, so more carriers are produced, reinforcing the absorption process (cascade-like effect)
[148]. Matter thermalization also leads to phase transition and ablation of the material. The transition from
solid to gas phase can occur by melting of the solid (fusion) followed by evaporation of the liquid or, under
specific conditions, by a direct transition from solid to gas phase (sublimation) [150]. It can be accomplished

by a very rapid heating of solid matter to temperatures higher than the critical point.
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CHAPTER 3. SELECTIVE LASER ABLATION OF DIELECTRIC LAYERS

Considering that the time scale for electron cooling and energy transfer to the lattice is within the range
of ps, very short pulse duration (fs) associated with an high fluence can lead to material sublimation without
thermal conduction into the lattice. Indeed, when the fluence is high enough, an high quantity of excited
electrons transfer their energy to the lattice (non-radiative electron-phonon transfer) in a very short time
scale, so that the lattice is heated at a ps scale and matter is directly sublimated. In this case, thermal con-

duction into the rest of the sample can be neglected [127], [150].

Laser ablation of dielectric layers on c-Si solar cells have been studied for various pulse duration and
wavelengths. The possible laser induced damages impacting the cell efficiency, such as dislocations/crack
formation, surface melting, dopant redistribution and surface amorphization, have been identified [124],
[125], [128], [151]-[153]. UV lasers have been revealed to be less aggressive towards Si surface than green
and IR ones thanks to smaller optical penetration depth, which leads to shallower spatial distribution of
defects [127], [138], [154]. Regarding the pulse duration, ns-lasers have been first studied and optimized
but ultra-short laser pulses are currently under investigation because of their potential to reduce the laser
induced damages by limiting the thermal impact on Si underlying. Indeed, the extent of thermal diffusion

depends on the pulse duration according to the following relation [148]:

1
I, = a + v/ Dypt (32)

where 14 is the thermal penetration depth, o the absorption coefficient, Dyy, the thermal diffusivity and t the laser pulse
duration.
Heinrich et al. have worked on laser ablation of SiN,, layers for c-Si solar cells and they have described

three mechanisms: direct ablation, partial lift-off and lift-off, as illustrated in Figure [155]-[1158].

laser pulse
energy depostition

v dielectric - S
silicon
meilting and vaporization s
generation of cracks
5 B — - = g =
- ~w
amorphization and recrystallization
v T
a) b) ¢)

Figure 3.3: Illustration of laser ablation of dielectric layers by a) direct ablation, b) partial lift-off and c)
lift-off according to Heinrich et al. [156].

Ps-laser ablation of SiO, layers on Si substrates has been also investigated by Hermann et al.[159] and
these studies have been helpful to understand ablation mechanisms investigated in this thesis. However,
modification of the laser source, pulse duration or dielectric layers properties can completely change the
ablation mechanism and related laser induced damages. Hence, an accurate determination of the most

suitable laser processing parameters requires a specific study for the materials to be ablated.
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3.3. EXPERIMENTAL APPROACH

3.3 Experimental approach

In this work, laser ablation of dielectric layers on textured/polished n-PERT precursors have been stud-
ied using a UV-ps laser. The aim is to efficiently remove the dielectric layers while limiting the laser impact
on Si underlying, and understand the related ablation mechanism. Laser source and type have been chosen
regarding the literature mentioned above. Indeed, smaller optical penetration depths are observed with
UV radiations and ultra-short or short pulse durations limit the thermal impact on Si below the dielectric
layers. Since fs-lasers are expensive, delicate and difficult to operate, they are still under development for
PV industry applications and ps-laser is the best choice for this work.

Dielectric layers have been ablated in air atmosphere using a UV-ps laser from Coherent (HyperRapid
laser with a Gaussian beam profile having 20 nm diameter, pulse duration is 10 ps and frequency is 400
kHz). Two studies have been carried out independently to determine the laser impact on the front and rear
side. The originality of this work lies in the multi-approach of laser interaction as two different dielectric
material stacks and two surface roughnesses (polished and textured) have been investigated.

Several laser ablations have been performed by varying the peak fluence (F,cq) in the range of 0.130
J/cm? to 2.159 J/cm? and the distance between two centers of lasered spots (d) from 4 um to 36 pm to test
various overlapping conditions. The F,%, which referred to the maximum fluence value on the Gaussian
shape of laser beam, depends on the average power supplied by the laser as explained in Figure The

fluence threshold (F;) corresponds to the minimum fluence needed to ablate the dielectric layers.

§ || Deduced parameters
Fixed laser parameters 1

: 1
Pulse duration = 10 ps * Duration of 1 event = i 2.5ps

d (spot diameter) = 20 pm * Cyclic ratio (pulse share in 1 sec) R_= pulse duration x f = 10 x 10'*2 x 400000 = 4.10°
Pmoy  0.62 155 kW

Poeak (Maximum power in 1 sec)=

Laser parameters chosen Hiriay o R, 1.10°
P oy (Mean power) =0.62 W || * Energy for 1 pulse = ;00000 155w
f (frequency) = 400 kHz g = E _ 15510 ° B
| Fpeak spot area P (d/Z)Z 0.5 J/cm

Pulse duration = 10 ps

s

laser beam Gaussian shape
e RN MG SRR R >

! v J Spot diameter =20 pm
f = 400 kHz (1 sec = 400000 events)
Proy=0.62 W

moy
Figure 3.4: Methodology to calculate the F,..i from laser parameters used.

Thus, 90 parameter combinations have been tested as summarized in Appendix B} and samples have
been characterized by several methods to highlight laser induced damages and understand the related ab-

lation mechanism. The experimental setup is described in Figure
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CHAPTER 3. SELECTIVE LASER ABLATION OF DIELECTRIC LAYERS

Furthermore, the short annealing step needed to activate the passivation properties of dielectric layers
through hydrogen diffusion (built-up at 750°C under N; flow) (see section is performed after laser
ablation (and not before) or not performed at all. That enables to investigate the possible impact of this
annealing, named post-laser annealing (PLA) on the laser impacted silicon surface. Finally, samples have
been immersed in a fluoride-based solution (NaHF3 1%y /.¢)) 2 min) to characterize the Si surface just
before metallic deposition (palladium, nickel and copper). Polished n-type bare Si wafers with a 500 nm n™
doped layer have been also used as reference to study the laser impact on Si without the contribution of the

dielectric layers.

d

b

Increased distance d
(overlapping)

Peak Fluence (J/em?)

SEM + CLSM = morphological analysis
/\ High fluence
[\ EDS + XPS + SAM -2 bulk and surface

Low fluence composition analyse

Fluence threshold J
] |L

4-probe + PL-QSS-PC - electrical
properties analyse

Increased F,

Distance

HEEEEEEENE}

Laser opened areas

Figure 3.5: Illustration of patterns used for dielectric layers laser ablation. F,..; (J/cm?): 0.130, 0.269,
0.448, 0.505, 0.668, 0.766, 0.896, 1.385, 1.809, 2.159 from bottom to top. Distance between two spot centers
(um): 4, 8,12, 16, 20, 24, 28, 32, 36 from left to right.

Ellipsometry measurements have been performed on the dielectric layers to determine their refractive
index and optical bandgap. These both parameters are of primary importance to understand the ablation
mechanism. Surface morphology of ablated samples have been characterized by Confocal Laser Scanning
Microscopy (CLSM) and Scanning Electron Microscopy (SEM).

Then, chemical bulk composition has been determined by Energy Dispersive Spectroscopy (EDS) and
surface composition and chemical environment by X-ray Photoelectron Spectroscopy (XPS) and Scanning
Auger electron Microscopy (SAM) analysis.

Finally, electronic properties have been investigated with four-probe measurements to determine Si sur-
face sheet resistance and PhotoLuminescence calibrated with Quasi-Steady-State PhotoConductance (PL
QSS-PC) has been used to measure charges carriers lifetime. To remove the contribution of recombination
on bare Si surface, ablated samples have been re-passivated with Hydrogenated amorphous silicon (a-Si:H).
40 nm of a-Si:H have been deposited by PECVD at 175°C using an SiH, and H, gas mixture flow in the Oc-
topus 1II tool from Indeotec. Prior to a-Si:H deposition, a HF cleaning is performed (HF 5%, 15 seconds) to

remove silicon oxide layer.

The Table [3.2|summarizes the wafers used and process steps realized in this work.
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3.4. LASER IMPACT ON SILICON SURFACE MORPHOLOGY

Table 3.2: Summary of the successive process steps performed on textured/polished n-PERT precursors
and n/n* bare Si wafers to study the impact of laser ablation.

Studied materials o ]
Polished/textured Polished/textured
Polished n/n* bare Si n-PERT precursor n-PERT precursor
p+ (85 ohm/sq) p+ (85 ohm/sq)
o el n (1 ohm.cm) n (1 ohm.cm)
n+ (80 ohm/sq) n+ (80 ohm/sq) n+ (80 ohm/sq)
Si0> Si02
Process steps
1: LASER Yes Yes Yes
2: Characterization SEM, CLSM, XPS SEM, CLSM, Xf—?riﬁé\/[’ PL-QSS PC, PL-QSS PC
3: PLA Yes Yes No
4: Characterization XPS, CLSM SEM, CLSM, XPS, PL-QSS PC, 4-probe No
5: NaHF, treatment Yes Yes Yes
6: Characterization XPS XPS, PL-QSS PC, 4-probe No
7: a-Si:H passivation No Yes Yes
8: Characterization No PL-QSS PC PL-QSS PC

3.4 Laser impact on silicon surface morphology

3.4.1 CLSM characterization

Results on textured/polished n-PERT precursors: rear polished side analysis

Samples have been ablated using various Fc.;, without any overlapping of laser opened area. Results
of CLSM characterization are shown in Figure 3.6] for five Fpq, tested. Optical and laser images, recorded
through optical and laser excitation (405 nm) respectively, are both displayed because they give comple-
mentary information. Typically, surface appears in dark grey on laser intensity images where the dielectric

layers are removed.

Optical

Laser intensity

3

"a)

Figure 3.6: Optical and laser intensity CLSM images on the rear polished side after laser ablation using
d = 24 pm and various F., a) 0.130 J/cm?, b) 0.269 J/cm?, c) 0.505 J/cm?, d) 0.896 J/cm?, e) 2.159 J/cm?.

The surface morphology depends on the F,cq; used. A Fpeqr, < 0.130 J/cm? is not sufficient to remove
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CHAPTER 3. SELECTIVE LASER ABLATION OF DIELECTRIC LAYERS

the dielectric layers as observed in Figure .6a). Nevertheless, the surface is impacted with the appearance
of a light blue area. Then, by increasing the Fpcqr to 0.269 J/cm?, the dielectric layers start to be partially
removed (see Figure b)), meaning that F,;, is close to this value. The non-continuous ablation with
Fpear = Fyp, originates from small pulse to pulse deviations and variation of effective F,, due to material
inhomogeneities. At Fpcqr > Fyy, (see Figurec) to e)), the dielectric layers seem to be completely removed
and three different areas can be discriminated. Two of them correspond to the removal of dielectric layers
and the third one is an area where dielectric layers are not removed. These areas are illustrated in Figure[3.7]

a) and named to facilitate further explanations.

Area n°3: light
blue area (HAZ)

02O

25.000pm
—

oFeee

Area n°1:

25. 000pm Area n°2: outer spot inner spot

Figure 3.7: Optical CLSM images representing the different surface morphologies after laser ablation (d
=24 pm, F,..x, = 0.505 J/cm?) a) before PLA, b) after PLA.

Given the Gaussian shape of the laser beam (see Figure[.9), these three areas have not received the same

photons quantity and are differently impacted:

* Arean°l: inner spot. In this area, at the laser beam center, more photons are received. As a result, this
area is the most impacted one.

* Area n°2: outer spot. This area is a corona around the inner spot where dielectric layers are also
removed. However, this area is less impacted due to lower quantity of photons received.

* Area n°3: light blue area. This part is affected but not ablated and is called the heat-affected zone
(HAZ). This morphology has already been observed in literature and probably corresponds to amor-
phous silicon (a-Si) under dielectric layers [129], [141], [155], [156], [158]. Laser parameters do not
enable energy absorption by the dielectric layers contrary to underlying Si. As a result, Si is locally
melted and the fast cooling prevents Si re-crystallization, leading to Si amorphization. When the PLA
is performed, this light blue area completely disappears for all laser parameters tested as exampled in
Figure 8.7/b). This behavior supports the hypothesis of a-Si formation in this region as a-Si starts to
crystallize at 640°C and the PLA is performed at 750°C [160]. Area n°1 is much less visible after PLA

but does not completely disappear (visible on laser intensity images not shown here).

Respective sizes of observed areas have been determined for the different F,,, tested. The evolution of
the opened spot diameter (area n°1 + area n°2) with F,,, is plotted in Figure 3.8 a). Two linear trends can
be observed: 1) from Fpear = Fip, to Fpear &~ 1]/cm?, the opened spot diameter increases until around 19 pm
which corresponds approximately to the laser beam spot diameter 2) above F,c.r > 1]/cm?, the opened
spot diameter becomes higher than the laser beam spot thanks to lateral thermal dissipation. However, the
opened area diameter increases three times slowly with F,,..; which suggests that a maximum opened area

diameter will be reached for maximum lateral thermal dissipation ability.
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3.4. LASER IMPACT ON SILICON SURFACE MORPHOLOGY

The Figure [3.8|b) gives information on respective sizes of the different areas identified before. We can
observe that the ratio of opened spot/inner spot diameter decreases indicating that inner area (n°1) becomes
more and more important compared to outer area (n°2) when F,.; increases. In the same way, the ratio
of total impacted area (opened spot + light blue area)/opened spot decreases showing that the light blue
area (n°3) becomes thinner when F,,.,j, increases. This is also visible in Figure [3.6]but the graph in Figure
b) highlights that this phenomenon is more significant for Fc. > 0.896 J/cm?, when the opened spot
diameter is higher than the laser beam spot diameter. Therefore, the inner area fills almost the entire opened
area with a very thin HAZ (blue light area). A schematic representation is given in Figure|3.9|to illustrate

this phenomenon related to the Gaussian shape of the laser beam.
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Figure 3.8: a) Evolution of laser opened spot diameter with F,.,; b) Evolution of areas ratio with F.,.

F (J/cm?) F (J/em?)

Distance x

a) High Foeak b) Low Foeak

Figure 3.9: Schematic representation of area n°1, n°2, n°3 sizes as function of F.

Now, if we take into account laser spot overlapping, areas n°1 and 2 are progressively replaced by double
impacted areas, named area n°4 as visible in Figure 3.10]b), ¢) and d). On these double impacted areas, the
surface seems to be melted and thus more damaged. It is especially observable at high Fp,., (see Figure[3.10)
d)). With Fpeor, = 0.130 ]/ cm? (< Fy;p,), there is not enough energy to ablate the dielectric layers, even with
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CHAPTER 3. SELECTIVE LASER ABLATION OF DIELECTRIC LAYERS

overlapping (see Figure a)). However, it can be notice in Figure b) that overlapping promotes a
complete removal of dielectric layers at Fpcq;, = F¢p, for which laser ablation was observed to be partial with
no overlapping.

Overlapping also implies a bigger light blue area (HAZ), which confirms the higher thermal impact.
This is observable in Figure since evolution of the opened area diameter is similar with and without
overlapping while the ratio of total impacted area (opened + light blue area) to opened area is higher with

overlapping.

| Area n°4: double impacts ‘

Optical

Laser intensity

Figure 3.10: Optical and laser intensity CLSM images on the rear polished side after laser ablation with
50% overlapping a) Fj.qx = 0.130 J/em?, b) Fpcar = 0.269 J/cm?, ¢) Fpeqr = 0.505 J/em?, d) Fpear = 1.385 J/em?.
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Figure 3.11: Evolution of opened area diameter (blue curve) and (opened + light blue area)/opened area
diameter ratio (red curves) as a function of F,..;. Results are displayed with no overlapping or 50%
overlapping.

Results on n/n* polished bare silicon (reference for rear side of n-PERT precursors)

CLSM measurements have been realized after laser ablation on bare polished Si samples (n/n" wafers)
to investigate the laser impact without the contribution of dielectric layers. These results serve as ‘reference’
for the rear polished side of n-PERT precursors. Two laser parameters have been tested with 50% overlap-

ping: Fpeqr =1.809 ]/ cm? and Fpear =0.448]/ cm?. The corresponding CLSM images for Fpeq, = 1.809 J/ cm?
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3.4. LASER IMPACT ON SILICON SURFACE MORPHOLOGY

before and after PLA are displayed in Figure[3.12)c) and d) respectively. For comparison, CLSM images after

ablation in the same conditions on the rear polished side of n-PERT precursors are also presented in Figure

a) and b).

—

Y

Figure 3.12: Optical CLSM images after laser ablation with F,..; = 1.809 J/cm? and 50% overlapping. a)
and b): rear polished side of n-PERT precursors before and after PLA respectively. ¢) and d): n/n™ bare
Si wafer before and after PLA respectively.

A color contrast is visible on n/n™ bare Si wafer after laser ablation (see Figure ¢)) and it disap-
pears after PLA (see Figure d)). As for n-PERT precursors, it suggests the formation of a-Si which is
recrystallized after PLA at 750°C. As a result, a-S5i would be induced by the laser impact independently
of the presence of dielectric layers. Otherwise, laser impact on the Si surface morphology is higher when
dielectric layers are present. Indeed, double impacted areas are more melted on n-PERT precursors than on
n/n" bare Si wafer as observable by comparing Figures a) and c) or Figures b) and d). This has
been confirmed by SEM characterization. As the laser energy is absorbed onto underlying Si, the thermal
energy hardly dissipated because of the dielectric layers above. Thermal impact on Si is thus higher com-
pared to bare Si wafers for which the thermal energy is easily dissipated. Moreover, more energy impacts

the passivated wafers due to the presence of dielectric layers which limits the reflection process.

Results on textured/polished n-PERT precursors: front textured side analysis

The front side is more delicate to analyse due to optical diffusion mechanisms induced by pyramids
texturing. Nevertheless, CLSM images after ablation with several F,.,; are presented in Figure and
bring some information. As for the rear polished side, a Fpeqr < 0.130 J/cm? is not sufficient to ablate the
dielectric layers (see Figure a)) but a light blue area is still visible, suggesting a thermal impact on the
silicon underlying. This light blue area is present around the laser opened areas and its width decreases
with Fpeqr (see Figure B.13|b) compared to Figure d) as observed on the rear polished side. However,
contrary to the rear side, this light blue area seems to disappear only partially after PLA (see Figure[3.13|c)).

¢) (40 um |

Figure 3.13: Optical CLSM images on the front textured side after laser ablation using F..; a) 0.130
J/em?, b) 0.448 J/cm?, ¢) 0.448 J/cm?, d) 0.896 J/cm?. Images are obtained before PLA except for image c).
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3.4.2 SEM characterization

SEM images have been realized to characterize in more details the surface morphology after laser abla-

tion on both sides.

Results on textured/polished n-PERT precursors: rear polished side analysis

Representative SEM images obtained after laser ablation on the rear polished side with different param-
eters are presented in Figure The difference of material crystallinity can not be detected through SEM
measurements so the HAZ (area n°3) observed with CLSM before PLA is not visible here. However, area 1
and 2 as well a double impacted area named area 4 identified on CLSM images are still visible. An additional

impacted area, consisting of a thin external corona, can also be observed and is named area n°2;s.

Figure 3.14: SEM images after laser ablation on the rear polished side a) F,..x = 0.269 J/cm?, b) Fc1. =
0.448 J/cm?, ¢) Fj,cqr = 0.448 J/cm? with 50% overlapping, d) F,..x = 1.809 J/cm?, e) Sectional image F,..x, =
1.809 J/cm? with 10% overlapping.

In Figure a), Fpear = Fy, and dielectric layers are partially removed. A fragment not completely
removed is visible and borders of the partially opened area are sharp. In addition, the fragment seems to
have been damaged in its center. This morphology suggests that dielectric layers have been ablated through

a partial lift-off or lift-off process.
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A chemical contrast can be discerned where dielectrics layers have been removed (see Figures [3.14]b),
d) and e)) which could be due to the presence of SiO, in areas 1 and 2. In Figure b) and d), dielectric
layers have been completely removed by using Fpeqr = 0.448 J/cm? and Fpeo = 1.809 J/cm? respectively.
As demonstrated previously, area n°1 diameter is bigger when F, increases. At the frontier between area
n°l and n°2, melted residues are visible and are likely to correspond to redeposited melted dielectric layers.
In area 2;,, dielectric layers seems to have been lifted off the silicon surface and it is expected to detect a
smaller mount of silicon oxide in this area. This point will be verified through further SAM analysis.

In Figure c), laser ablation has been performed using Fpc.r = 0.448 J/cm? with 50% overlapping
so that the morphology of double impacted area (area n°4) can be observed. In this area, the laser thermal
impact is more important and induces surface melting, increasing the surface roughness.

Finally, a sectional SEM image is represented in Figure e). Laser parameters have been chosen so
that all identified impacted areas are visible (Fpeqr = 1.809 ]/ cm? with 10% overlapping). Thus, area 1, 2, 2,
and 4 can be observed as well defined separated area having different morphologies and probably different

chemical compositions.

Results on textured/polished n-PERT precursors: front textured side analysis

Representative SEM images obtained after laser ablation on the front textured side with different laser

parameters are presented in Figure[3.15

Figure 3.15: SEM images on the front textured side before laser ablation (a) and after laser ablation with
b) Fpear = 0.505 J/cm? no overlapping, ¢) F,cqi = 0.505 J/cm? 50% overlapping, d) F,..x = 1.809 J/cm? no
overlapping.

In Figure[3.15]b), it appears that ablation mechanism preferentially concerns edges, base and top of pyra-
mids while dielectric layers residues remain on pyramids sides. This can be attributed to optical diffusion
mechanisms on pyramids, causing uneven distribution of energy impacting the surface. This ablation struc-

ture on textured surfaces is characteristic and has already been explained and quantified by Knor et al. using
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rigorous coupled wave analysis (RCWA) simulations [161].

In addition, ablated areas show a specific surface morphology called LASER-induced periodic surface
structures (LIPSS) and highlighted in Figure d). This structure has already been described in litera-
ture [129], [132], [156], [162], [163] and is said to originate from an interference between the incident light
and a surface wave generated by scattering. It leads to periodic modulation of the absorbed intensity and
consequently to modulated ablation. LIPSS increase the surface roughness.

Without overlapping, pyramids start to be highly damaged (especially the little ones) at F,cq1, > 0.766
J/cm?. When laser spots overlap, the Si layer is highly damaged as demonstrated by the melted top of
pyramids, even at low fluence as visible in Figure ). Overlapping, is thus more critical on the front

textured side where thermal impact induced by overlapping is exacerbated by optical diffusion processes.

3.4.3 Conclusions

On both sides: The peak fluence needed to start removing the dielectric layers (F;;) is around 0.269
J/cm?. It is however recommended to use slightly higher F,.. to obtain a continuous laser opened area
when no spot overlapping is used. For higher F. tested (> 0.448 J/ cm?), laser contact opening is contin-
uous on both sides with a width > 14 um. Continuous ablation is also achieved with Fc. = 0.269 J/cm?
using overlapping > 50%. It presents the advantage to lead to very narrow laser contact opening width (9
um) and increases surface roughnesses.

On the rear polished side: Four different rather concentric areas have been identified after laser abla-

tion (area 1, 2, 24,5 and 3). This morphology is linked to the laser fluence spatial distribution and the relative
proportion of each area depends on F,..i used. With overlapping, doubled impacted area (area n°4) under-
goes an higher thermal impact and appears to be melted with more roughness. This can be an advantage
by favoring the adherence of the metallic contacts deposited afterwards. The area n°3 (light blue area) be-
comes bigger with overlapping and disappears after a PLA, confirming that it is related to a thermal process.
Thus, area n°3 is likely to correspond to a-Si formation, which is recrystallized after PLA. This area is also
observed on laser impacted n/n* bare Si wafer, which means that a-Si is formed independently of the pres-
ence of dielectric layers. However, the thermal impact on Si underlying is more significant when dielectric
layers are present due to more difficult dissipation of thermal energy. SEM images suggest that dielectric
layers are removed by lift-off or partial lift-off and that areas 1, 2 and 2;,, have different chemical surface
compositions. Initial SiO,, dielectric layer may have not been completely removed and/or SiO,, layer has
been formed under laser impact. Complementary chemical analysis have been performed and are presented
in the next section to refine the morphological study and help understanding the ablation mechanism.

On the front textured side: Pyramid texturing induces optical diffusion process which leads to LIPSS

morphology and preferential ablation areas. Roughness is thus increased but more dielectric layers residues
are observed compared to the rear polished side. Optical diffusion processes also lead to an increased
thermal impact, in particular when spot overlapping is used. As for the rear side, laser ablation seems to
occur by lift-off or partial lift-off. The area n°3 (light blue area) is also observed, suggesting that underlying
Si is amorphized during the laser process. Unlike the rear polished side, this area n°3 does not completely

disappear after PLA which seems to indicate an incomplete Si recrystallization.
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3.5 Laser impact on silicon surface composition

In this section, EDS and SAM analysis have been performed on the rear polished side of n-PERT precur-
sors after laser ablation to investigate the chemical composition of the different areas identified before (EDS
as a first approach followed by accurate SAM analysis). Then, XPS analysis have been realized on both sides
of n-PERT precursors as well on n/n* bear Si wafers to study the chemical composition and environments

of double impacted areas.

3.5.1 EDS characterization

EDS analysis have been first performed on the different areas identified after laser ablation on the rear
polished side of n-PERT precursors. Results obtained in case of Fpc., = 0.448 J/ cm? and Fpear = 1.809
J/cm? are shown in Figure and evidence the presence of Si, O and C in laser opened areas. Nitrogen is
sometimes detected but only for measurements performed closed to laser spot edges. This can be explained
by the spatial resolution of the technique, which does not enable to perform local analysis at submicrometric
scale. Thus, Nitrogen is most likely attributed to the dielectric layers contribution on the sides. Carbon

signal originates from surface contamination.

cps/eV

b) : : : o

Figure 3.16: SEM images and corresponding EDS analysis at various location for laser ablation using
a) Fyeor, = 1.809 J/em?, b) Fpeqr = 0.448 J/cm? on the rear polished side. Analysed areas are numbered
according to areas identified before.

A significant amount of oxygen is detected into the opened area with a signal intensity varying on the

different parts. At all Fp.q. tested, area n°1 demonstrates the higher O signal intensity on EDS spectra,
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followed by area n°2 and then area 2;;; and double impacted area. As suspected after SEM analysis, silicon
oxide is present on silicon surface after laser ablation, in particular in area n°1 and n°2. The different oxygen
amounts detected by EDS could be due to different SiO,, stoechiometries and/or thicknesses on the different

areas. Two hypothesis can be proposed:

1. Initial SiO, dielectric layer has not been completely removed in area 1 and 2, explaining the higher
amounts of Oxygen. Oxygen detected in area 2;;; and 4 could be due to Si surface reoxidation under
laser heat effect.

2. Dielectric layers have been completely removed in the four areas and Si surface has been more or
less oxidized under laser heat effect due to the Gaussian shape of laser beam. This is less probable as

double impacted areas should demonstrate the higher O amount in this case.

To go even further on the chemical composition analysis and quantify the different elements detected,
analytical techniques more adapted to the dimensions of the system are required such as SAM and XPS.

With a spot diameter of 12 nm and a 4 nm depth analysed, SAM analysis allows to investigate the fine
surface chemistry evolution after LASER opening on the four identified areas independently. However,
the quantification and spectra treatment with SAM is not as direct as what can be done for XPS spectra
treatment. It requires the acquisition of reference spectra representative of each compound to determine the
spectroscopy signature and refine sensitivity factors tacking account for possible matrix effects.

XPS analysis enables to access precisely chemical compositions and environments with a quantitative
aspect. However, the spot diameter is 400 pm with 10 nm depth analysed. Thus, only the double impacted

areas can be analysed independently by using samples with several opened lines with 50% overlapping.

3.5.2 SAM analysis

SAM measurements have been carried out on samples after various laser ablations on the rear polished
side. Results obtained in the case of Fpe,qi = 1.809 J/cm? with no overlapping are presented in Figure

The different areas in the laser opened spot have been investigated at local scale as described in Figure
a). As for EDS analysis, four elements are identified: O, N, Si and C. The low C content is associated
to superficial contamination. The specific spectroscopic signatures in each area for N-KLL, O-KLL and Si-
KLL transitions are given in Figure 3.17]b). Reference spectra from JEOL database (Si and SiO; spectra in
Figure ¢)) and the reference spectrum for SiO;N, layer (measurement point n°1) have been used to
qualitatively interpret the Auger spectra. The AES atomic percentages have been also determined using the
sensitivity factors of the constructor to help the phases identification. AES atomic percentages are displayed
in Figure d). Two phases have been identified, SiO,N, and SiO,, and both peaks shapes and quantita-
tive data are intimately linked and remain constant for similar positions, even on different samples, which
confirms the existence of these phases. The acquisition of reference spectrum for initial SiO, dielectric layer
and for Si wafer would have been necessary to analyse the SiO,, phase stoechiometry. In addition, the SiO,
compound is not stable under electron beam irradiation and its reduction occurs practically instantaneously.

Consequently, the AES percentages must be analysed in term of SiO,, and SiO,N,, phase proportions.
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Figure 3.17: SAM results on a sample after laser ablation using F,... = 1.809 J/cm? (no overlapping).
a) Microscopy image showing the analysed points, b) Corresponding spectra for N-KLL, O-KLL and
Si-KLL transitions, c¢) Si and SiO, JEOL standard spectra, d) SAM atomic percentages obtained using
C-KLL, O-KLL, Si-KLL and N-KLL transitions and sensitivity factors of JEOL library.

The measurement point n°4 has been performed on a melted residue and a significant amount of Nitro-
gen is found, which confirms that SiO,N,, layer is melted during the laser ablation process.

Spectra obtained for points n°5 and 6 are similar as they are both in area n°1 (inner spot). SiO,, is the main
phase and has an higher Oxygen content in comparison with SiO, phase in area 2 (outer spot) (measurement
point n°3) as already observed with EDS measurements. At this stage, the origin of this silicon oxide layer
can not be confirmed but these observations will be completed with further XPS analysis.

Spectrum obtained in area 2;;; (measurement point n°2) indicates that Si is the major phase but SiO, is
still present. Given that SAM depth analysis is < 4 nm, the detection of Si wafer indicates that SiO,, layer
is thinner than 4 nm in area 2;;;. Consequently, in this area, not only the dielectric layers have been more
efficiently removed but no significant Si surface oxidation has occurred under laser heat effect. Results ob-

tained on sample ablated with F,cqx, = 0.448 J/cm? (no overlapping) have led to the same conclusions.

Double impacted areas have also been analysed on a sample ablated with Fp.., = 0.448 J/cm? and 50%
overlapping. Results are displayed in Figure In this case, no more Nitrogen is detected, suggesting
that residues have been completely melted and removed from the surface by the second laser impact. A
significant amount of Oxygen is observed and associated with the SiO, phase. In double impacted areas,
the thermal impact is increased so it is likely that the S5iO, phase observed mainly comes from Si surface

oxidation under laser impact. It appears that relative proportion of oxygen and silicon are similar to the
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one observed in area n°1 (inner spot) for samples with no overlapping (comparison of measurement points
n°5 and 6 in Figure d) with measurement point n°1 in Figure d)). Therefore, it can be assumed
that SiO,, phase observed in area n°1 (inner spot) and area n°4 (double impacted area) are similar and both
originate from Si surface oxidation by laser impact.

Moreover, the shape of Si-KLL peak in double impact area (see Figure[3.18)b)) is different and less struc-
tured in comparison with Si-KLL peak observed when there is no overlapped area (see Figure 3.17]b)). It

could be due to silicon surface amorphization induced by the double laser impact and its associated energy.
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Figure 3.18: SAM results on a sample after laser ablation using F,... = 0.448 J/cm?, 50% overlapping. a)
Microscopy image showing the analysed point, b) Corresponding spectra for O-KLL and Si-KLL transi-
tions, ¢) Si and SiO, JEOL standard spectra, d) SAM atomic percentages obtained using C-KLL, O-KLL
and Si-KLL transitions and sensitivity factors of JEOL library.

3.5.3 XPS analysis

XPS analysis have been then performed in order to investigate in more details the fine chemical surface
composition and environments on double laser impacted areas. First, analysis have been realized on laser
impacted polished n/n™ bare Si wafers which serve as reference for the rear polished side of n-PERT pre-
cursors. Then, XPS profiling analysis on the rear side of n-PERT precursors will enable to characterize the
initial SiO, dielectric layer. Finally, XPS analysis have been performed after laser ablation on both side of

n-PERT precursors. In this part, the effect of PLA and NaHF; 1%,,,,,, treatment is also investigated.

XPS results on polished n/n* bare Si wafers

To better understand the laser ablation mechanism, XPS measurements have been performed on bare
polished n/n™ Si wafers to investigate the laser impact without the contribution of the dielectric layers.

Measurements have been realized on doubled impacted areas before PLA, after PLA and after PLA + NaHF,
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chemical treatment. CLSM images of analysed sample are given in Figure c) (before PLA) and Figure
(after PLA). An non laser impacted area has also been analysed. In this part, results obtained in case
of laser ablation using Fpeqr = 1.809 J/cm?, 50% overlapping are presented but similar results have been
obtained with other Fpeqr.

From the survey spectra (not shown here), 3 elements are detected: Si, O, and C. Carbon presence is
attributed to sample inherent superficial contamination. High resolution spectra of Si2p obtained on the

non impacted area and the impacted area after laser, PLA and NaHF; treatment have been superimposed

in Figure[3.19
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Figure 3.19: High energy resolution XPS spectra of Si2p after ablation on n/n™ bare Si wafers with F .
= 1.809 J/cm?, 50% overlapping followed by PLA and NaHF, treatment. A non impacted zone is also
analysed.

Two main environments can be observed: the first one, at around 99 eV, is attributed to the c-Si wafer
[164] and the second one, at around 103.5 eV corresponds to SiO, phases [165]. As both contributions are
distinct, the spectra fit deconvolution is not presented here.

The detection of the Si substrate signal indicates that the oxidized layer is either inhomogeneous, or
presents a thickness < 10 nm. This signal brings also information about the atomic arrangement. Indeed,
the spin-orbit splitting of Si2p3,, and Si2p, /» contributions observed after laser ablation is lost which sug-
gests a disorganization of the atomic network, whose probably originates from the interaction with laser,
leading to Si surface amorphization. This confirms the formation of a-Si on n/n™ bare Si wafer under laser
impact, independently of the presence of dielectric layers above. In comparison with the Si2p spectra of non
impacted area, a slight shift of Si wafer contribution towards lower energies can be observed after laser ab-
lation. This behavior could be explained by surface modification of the material related to the dopant type
and concentration. Indeed, the Si2p peak for a p-type Si is positioned at lower energies than for a n-type Si

[164]. It suggests that after laser ablation the Si surface is less n-type doped, which could be due to dopant
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profile modification of oxygen diffusion into Si wafer during the laser process.

After PLA, the spin-orbit splitting is recovered which indicates that a-Si has been recrystallized. The
position of Si2p3 /5 and Si2p, s, contributions are also similar to the one for the non impacted area. Thus,
it seems that the PLA enables to recover the initial network organization and doping properties of silicon
wafer under the SiO, layers. However, after the NaHF; chemical treatment, a slight shift towards higher
energies is observed. It is likely that NaHF, treatment had etched SiO,, layers but also the extreme Si surface

which is doped (etching of silicon in fluoride media is supposed to be very low [97] on unbiased conditions).

SiO, contribution after laser ablation is more intense than the one of non impacted area. It confirms that
laser impact leads to Si surface oxidation. After PLA, SiO, contribution is slightly increased. The PLA is
performed under N, but during cooling step, the chamber returns to air atmosphere before complete cool-
ing which can cause a slight additional Si oxidation. After NaHF; treatment, SiO, contribution decreases
and is similar to the one of non impacted area. It suggests that SiO, layers have been properly removed and

remaining SiO,, contribution corresponds to a native silicon oxide layer.

Atomic percentages and SiO, stoechiometry after laser ablation are depicted in Table Results ob-
tained with another Fp.,; (0.448 J/cm?) with 50% overlapping are also given for comparison. The laser
formed SiO, on n/n" bare Si wafer has a stoechiometry close to 2 for both F,.,, tested, so it is similar to a
thermal oxide. Technically, we are not supposed to found a O/Si ratio > 2 and to explain our higher values,
we can hypothesize: 1) a standard deviation of XPS measurements 2) oxygen incorporation, through O,

diffusion or surface hydration, which complicates the analysis.

Table 3.3: XPS atomic percentages and SiO, stoechiometry obtained after reconstruction of the XPS spec-
tra of laser ablated bare silicon n/n* wafers.

y I Fpcqr (Jlem?) [ 0448 | 1809 |
Contamination C (C1s) 8.7% 7.1%
O (O1s) 4.5% 5.3%
Sio, O (O1s) 37.5% 35.37%
Si (Si2p sub-oxide + Si2p SiO,) 17% 15.8%
SiO,, stoechiometry O/Si 2.20 2.23
Si wafer Si2ps /o 32.3% 36.5%

XPS profiling results to analyse the initial SiO,, layer on the rear polished side of n-PERT precursors

In order to further analyse the stoechiometry of SiO, layers observed on Si surface after laser ablation
on the rear side of n-PERT precursors, it is necessary to know the initial stoechiometry of the SiO,, dielectric
layer. For that purpose, the 70 nm SiO,N, layer must be progressively etched by sputtering with Ar gun
(2000 eV) to analyse the underlying SiO, layer. Due to the important density of SiO,;N, layer on the rear
side, it has been necessary to first chemically etch a part of it in HF 5%,,; during 1h30 to avoid too long XPS
profiling analysis. The pre-etched sample is then analysed by XPS during sputtering of the surface and the
evolution of atomic percentages with sputtering time is displayed in Figure
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Figure 3.20: Evolution of atomic percentages with sputtering time of SiO,N,/SiO, dielectric stack on
n-PERT rear polished side.

As expected, the amount of nitrogen progressively decreases and after 600 seconds sputtering the entire
SiO;Ny, layer has been removed. The amount of oxygen starts to increase after 400 seconds, indicating that
the SiO, N, /SiO,, interface has been reached. After 700 seconds, both dielectric layers have been completely
removed and only the Si bulk is analysed. To determine the SiO, layer stoechiometry, the XPS spectrum
realized at 600 seconds sputtering has been analysed. Indeed, at this moment the SiO,N, layer has been
completely etched and the oxygen amount is maximum so conditions are ideal to analyze the SiO, layer.
Atomic percentages and SiO, stoechiometry obtained after reconstruction of the XPS spectrum are shown
in Table[3.4} Values depend on the methodology used to fit the XPS spectra but the same methodology has
been used for all XPS analysis in this thesis. Fitting details are not given here but are identical to the one
explained just after for the analysis of XPS spectra after laser ablation on rear side of n-PERT precursors.

The SiO,, layer in the initial dielectric stack has been deposited by PECVD and O/Si ratio obtained with
this technique are generally comprised between 1.5 and 2 [166]. The stoechiometry found in Table is

equal to 1.65 which is consistent and corresponds to a refractive index of ~ 1.5 according to literature [[166]].

Table 3.4: XPS atomic percentages and SiO,, stoechiometry after reconstruction of the XPS spectra at 600
seconds sputtering time.

O (O1s oxinitride) 3.6%
SiO;N, Si (Si2p oxinitride) 1.9%
N (N1s) 2%
Si wafer Si2ps /2 1.4%
SiO, O (O1s) 56.8%
Si (Si2p sub-oxide + Si2p SiO,) 34.4%
SiO, stoechiometry O/Si 1.65

Results on textured/polished n-PERT precursors: rear polished side analysis

Then, XPS measurements have been performed on samples with 50% overlapping at four different F,cq:
0.269 J/cm?, 0.448 J/cm?, 1.809 J/cm? and 2.159 J/cm?. CLSM images of analysed samples are depicted in
Figure
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Figure 3.21: CLSM optical images of laser ablated samples (50% overlapping) analysed by XPS. a) F,.qx
=0.269 J/cm?, b) Fcqr = 0.448 J/em?, ©) Fpeor = 1.809 J/em?, d) Fpeqr, = 2.159 J/em?.

High energy resolution spectra obtained after laser ablation using Fpe.r = 1.809 J/cm? (50% overlap-
ping) are displayed in Figure with the details of fitting. From the survey spectra (not shown here), 4

elements are detected: Si, O, N and C. Carbon presence (7.2 at.%) is attributed to sample inherent superficial

contamination.
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Figure 3.22: High energy resolution XPS spectra after laser ablation at F,..; = 1.809 J/cm? (50% overlap).

The Si2p spectrum (Figure c)) shows two main environments, the first one, at 98.5 eV (Si2p3 /5 con-
tribution), is attributed to the crystalline Si wafer [164], the second one, at 103.5 eV fitted using only one
contribution, corresponds to oxide phases in agreement with Ols predominant oxide contribution at
532.7 eV. A minor suboxide phase at 100.9 eV is also detected as well as a very low SiO,;N,, oxynitride con-
tribution at 105.2 eV. This is coherent with the low signal levels of Ols contribution at 534.4 eV and N1s
photopeak, visible by using XPS contrarily to EDS, and presenting a specific double structure assigned to
the oxynitride organization [167]. The last O contribution at 532.0 eV corresponds to the O involved in the C
contamination layer. The detection of the Si substrate signal indicates that the oxidized layer is thinner than
10 nm or either inhomogeneous. The spin-orbit splitting is not visible which suggests a disorganization of

the atomic network (silicon surface amorphization) as observed on n/n* Si wafers.

Similar photopeak reconstructions are obtained for all F .., studied, but with a variability of the different
contributions proportion and stoechiometry, as evidenced on the Figure presenting the superimposi-
tion of the Si2p, Ols and N1s regions. The qualitative comparison of Si2p peak envelops shows a SiO;N,,
contribution for 0.269 and 0.448 ] /cm? which becomes negligible compared to the oxide and substrate ones

at higher F,.,.. This is confirmed by looking at O1s and N1s peaks. This can be attributed to a lack of over-
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lapping between spot lines as seen in Figure a) and b). The atomic percentages are depicted in Table[3.5]

and the SiO, stoechiometry has been calculated.
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Figure 3.23: High energy resolution XPS spectra of a) Si2p, b) Ols and c) N1s after laser ablation on the

rear side for different F,.,.

Table 3.5: XPS atomic percentages and SiO,, stoechiometry obtained after reconstruction of the XPS spec-

tra of rear side laser ablation on n-PERT precursors using various F}.

398

Binding Energy (eV)

396

394

y I Fpear (J/cm?) | 0269 [ 0448 || 1809 [ 2159 |
Contamination C (C1s) 5.6% 5.5% 7.2% 6.9%
O (O1s) 2.6% 5.3% 7.3% 7.5%
SiO, O (O1s) 13.4% 23.5% 41.5% 39%
Si (Si2p sub-oxide + Si2p SiO,) 13.7% 16.2% 24.7% 25.8%
SiO,, stoechiometry O/Si 0.98 1.45 1.68 1.51
SiO;N, O (O1s oxinitride) 22.6% 15% 2.1% 4.9%
Si (Si2p oxinitride) 17.9% 12.9% 0.1% 0.1%
N (N1s) 15.3% 9% 0.9% 1%
Si wafer Si2ps /o 8.2% 12.6% 16.3% 15%

The O/Si ratios corresponding to the SiO,, environment, rise with F,.,;, from 0.98 to 1.68, which is glob-
ally lower than the stoechiometry of initial SiO,, layer. These values are also lower than the stoechiometry of
laser formed SiO,, layer (see Table 3.3 for XPS analysis on n/n* bare Si wafers). Moreover, the comparison
of Si2p spectra after laser ablation on n-PERT precursors with the one after laser ablation on n/n* bare Si
wafers (not shown here) always demonstrates a lower contribution of the Si wafer with an higher contribu-

tion of SiO,, contribution in case of ablation on n-PERT precursors. This indicates that SiO,, layers present

on ablated n-PERT is thicker than the one created under laser heat effect on n/n™* bare Si wafers.
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Based on these results, it can be hypothesized that the oxide in double impacted areas is a mixed of
remaining initial SiO,, probably modified by the laser impact, with a laser formed SiO, layer. Due to the
presence of dielectric layers above silicon during the first laser impact and the presence of remaining SiO,
layer during the second laser impact, less Oxygen can be incorporated to oxidized the silicon surface during
the laser process.

Concerning the SiO,;N,, environment, the oxynitride contribution is very low for high F,cqi (1.809 and
2.159 J/em?) which indicates that dielectric layers have been well removed. Nitrogen is however still de-

tected, probably due to presence of some residues.

Then, XPS analyses have also been carried out after PLA and NaHF; treatment (1%, /.,; 2 min). Results
are similar for the four F.. tested and spectra obtained at Fpcq;, = 1.809 J/ cm? are shown in Figure

1.2x10% -
~ 1 oo Si wafer
P' % X N
§ — After laser ablation
@ 8.0x10° - —— After PLA
c —— After PLA + NaHF, treatment
8 6.0x10% —-—--Non impacted n/n* bare Si wafer
>
‘S 4.0x10°-
1.
< 2.0x10°4

110 108 106 104 102 100 98 96
Binding Energy (eV)
Figure 3.24: High energy resolution XPS spectra of Si2p after ablation with F,..; = 1.809 J/cm?, 50%

overlapping followed by PLA and NaHF, treatment. The Si2p spectra obtained on non impacted n/n*
bare Si wafer is also represented as reference.

Observations are similar to the one described on n/n" bare Si wafers. The laser seems to have an impact
on the dopants at Si surface because the Si2p3/, peak contribution (attributed to the c-Si wafer) is shifted to
lower energies (green curve in Figure . After the PLA, the Si2p3/, peak contribution is shifted towards
higher energies and starts to recover its spin orbit splitting (red curve). This is consistent with the a-Si
re-crystallization and suggests a modification of the dopant profile after PLA. However, it seems that Si
crystallinity is better but not completely recovered because the shape of Si2p3 , peak is still slightly different
from the initial state (non impacted n/n* Si surface (see black curve in Figure ).

After the fluoride treatment, it appears that SiO, contribution is significantly reduced while c-Si wafer
one is increased (blue curve in Figure B.24). As SiO, on the surface has been etched by NaHF,, analysed
depth mainly comprises c-Si wafer which explains this observation. The observed SiO, contribution after

NaHF, treatment is similar to the one on non impacted n/ n't bare Si wafer. Therefore, SiO,, layers present
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3.5. LASER IMPACT ON SILICON SURFACE COMPOSITION

after laser ablation have been properly removed by the fluoride treatment and only native oxide remains.

Results on textured/polished n-PERT precursors: front textured side analysis

XPS analysis have also been performed on double impacted areas on the front side of n-PERT precursors.
Pyramids texturing complicates XPS analysis and results interpretation due to electrons reflections. High

energy resolution XPS spectra of Si2p after laser ablation for four F,.qs tested is represented in Figure
Table[3.6|gives atomic percentages and the SiO,, stoechiometry obtained.
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——0.269 J.cm . _
——0.530 J.cm™ Oxide Si wafer
S 2500 -
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b ——2.159 J.cm
o 2000
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Figure 3.25: High energy resolution XPS spectra of Si2p after laser ablation on the front textured side of
n-PERT precursors with different F ..

Table 3.6: XPS atomic percentages and SiO,, stoechiometry obtained after reconstruction of the XPS spec-
tra of front side laser ablation of n-PERT precursors.

y | Fpear Jlem?) | 0269 | 0448 | 1809 [ 2159 |
Contamination C (C1s) 8.7% 8.3% 9.7% 9%
O (O1s) 1.4% 1.7% 6.9% 7.6%
SiO, O (O1s) 6.3% 14.7% 33.5% 33.8%
Si (Si2p sub-oxide o o o o
+Si2p Si0,) 15.7% 20.2% 25.5% 25.2%
SiO, stoechiometry O/Si 0.40 0.73 1.31 1.34
SiO.N, O (O1s oxinitride) 33.3% 25.5% 6.2% 5.7%
Si (Si2p 16.5% 9.6% 1.1% 1.9%
oxinitride)
N (N1s) 13.0% 9.8% 3.0% 3.2%
Si wafer Si2ps /o 5.1% 10.3% 14.2% 13.5%

SiO,N,, contribution is globally more important on the front side compared to the rear side, even at high
fluences, suggesting an higher proportion of dielectric layer residues. This observation is consistent with
previous SEM observations. Furthermore, for low fluences (Fpcqr = 0.269 and 0.448 ]/ cm?), SiO,N, contents
are still important which is due to remaining dielectric layers between laser opened line, as observed for the
rear side. Similarly to the rear side, the spin-orbit of Si2ps3,, peak contribution is not observed, suggest-

ing silicon amorphization under laser impact. However, it is possible that the spin-orbit of Si2p3,, peak
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contribution does not appear even on non impacted textured silicon surface. It would therefore have been
necessary to perform XPS analysis on a bare textured p-type side wafer to verify if the spin-orbit of Si2p3 /o
peak contribution appears.

A SiO, layer < 10 nm is also observed after ablation but its stoechiometry is different than on the rear
polished side. Globally, SiO, appears less rich in oxygen on the front textured side. Knowing that this
side is more thermally impacted due to diffusion mechanisms on pyramids, we would expect O/Si ratios
being higher on the front side since higher thermal impact would increase silicon reactivity towards oxygen
incorporation. However, the initial SiO, layer on the front side is different (BSG) than the one on the rear
side and its stoechiometry is not known which limits the analysis to hypothetical statements. As for the rear
polished side, it is possible that SiO,, observed on double impacted area correspond to a mix of remaining

BSG layer, probably modified by the laser impact, with a laser formed SiO,, layer.

As shown in Figure no significant modifications of Si2p spectra are observed after the PLA. As
explained above, it is possible that spin-orbit of Si2p3 /; peak contribution does not appear in any case due to
pyramid texturing. Another explanation can be proposed regarding the different crystal orientation on the
front (111) and rear side (100). Yet, Csepregi et al. [168]], have observed experimentally that re-crystallization
of a-5i layer on top of c-Si substrate was favored on (100) orientation over (111) one. Therefore, PLA may be

not suitable to bring enough energy for re-crystallization on (111) crystal orientation.
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Figure 3.26: High energy resolution XPS spectra of Si2p after laser ablation on the front textured side
using F,c.i of 1.809 J/cm? and 50% overlapping and followed by a PLA.

3.5.4 Conclusions and perspectives

The fine surface chemistry on the four areas identified before (1, 2, 2;; and 4) after laser ablation on
the rear polished side of n-PERT precursors has been analysed by SAM. The melted residues observed on
SEM pictures correspond to S5iO,N, melted residues, which confirms that this layer is thermally impacted
during the laser process. Moreover, SiO, phase has been detected in the four areas with different amounts
of Oxygen. The lower oxygen content was found in area 2;;, in which dielectric layers seem to have been

efficiently removed without a significant surface reoxidation under laser heat effect. Results indicate higher
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amounts of Oxygen in area 1 and 2, suggesting that SiO, is thicker or has an higher stoechiometry in these
areas. It is likely that initial SiO, dielectric layer has not been completely removed in area n°2. In area n°1,
amounts of Oxygen are similar to the one in double impacted areas and may contain a mix of remaining
initial SiO,, dielectric layer, probably modified by the laser impact, with a laser formed SiO,, layer.

Indeed, double impacted areas have been analysed by XPS and more information have been obtained,
especially concerning atoms chemical environments and Si network organization. The Si/O ratio is in-
creased when F.,; increases, which suggests that the SiO, is, at least partially, formed under laser heat
effect. However, the SiO, stoechiometry remains lower than the one on double impacted areas on bare
n/n* Si wafers and has been assimilated to a thermal oxide. The SiO, stoechiometry also stays lower than
the one of initial SiO, dielectric which has been determine to be equal to 1.65 according to XPS profiling
results. This supports the hypothesis of a mixed SiO, layer on double impacted areas (remaining initial
Si0O, dielectric layer modified by the laser impact + laser formed SiO, layer).

XPS results also confirmed that underlying Si was amorphized during ablation process at least on the
rear polished side and independently of the presence of dielectric layers above it. A PLA is beneficial by
promoting partial a-5Si recrystallization on the rear polished side. It has also been demonstrated that NaHF,
1%t /¢ treatment enabled to completely etch the SiO, layer detected on double impacted areas after laser

ablation on the rear polished side.

It would be interesting in a further work to investigate different PLA conditions to achieve a complete
Si crystallinity recovering on the rear polished side. To better understand the results obtained on the front

textured side, XPS measurements on bare n/p™ textured Si wafer must be performed.

3.6 Proposition of an ablation mechanism

On the rear polished side of n-PERT precursors

To investigate the ablation mechanism, it is necessary to take into account dielectric layers properties. On
the rear polished side, the SiO,;N, bandgap has been determined by ellipsometry using Uvisel2 equipment
from Horiba. Measurements have been carried out from 1 to 5 eV with a 0.02 eV step. A Tauc Lorentz model
has been used to characterize the optical properties of SiO,; N, layer and results have been successfully fitted
(x? = 1.9). The model gives expected thicknesses of SiO,, and SiO,N,, layers (respectively around 10 and 70
nm) and a refractive index at 633 nm of 2.05. A Tauc diagram is subsequently obtained by plotting equation

which gives a 5iO;N, bandgap of 3.6 eV, consistent with literature for this refractive index value [169].
(ahv)* = f(hv) (3.3)

with o the absorption coefficient, h the Planck’s constant, v the frequency and r a coefficient equal to % for a direct

bandgap and 2 for an indirect bandgap.

The bandgap of SiO,, layer deposited by PECVD can not be determined precisely because the SiO,, layer
is into a stack so ellipsometry is not suitable in this case. As the stoechiometry has been determined previ-

ously (= 1.65 which corresponds to a refractive index of ~ 1.5 [166]) we can estimate a bandgap > 3.8 eV
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according to literature [170]. However, as explained in section the rear side dielectric stack has under-
went an additional thermal treatment (used as boron diffusion barrier) which has probably modified the
SiO, layer optical properties [171]. As a reminder, at 300K, Si bandgap is 1.12 eV [172] and UV photons
have an energy of 3.49 eV. If we consider a SiO,, bandgap > 3.8 eV, that means it does not absorb directly
the laser energy. In regards with the morphological and chemical composition analysis, this hypothesis is

consistent.

Therefore, direct energy absorption is possible in underlying Si while multi-photon process is required
for absorption in SiO, and SiO;N,, layers on the rear polished side. Laser pulse duration is 10 ps, which
enables to bring high quantity of photons in a short time. In these conditions, matter thermalization is low
and ablation can occur through sublimation without passing by melting and liquid phases [150]. Based
on these considerations and previous characterization results, the following ablation mechanism have been
proposed for the rear polished side. We consider three fluence threshold (F:1, Fin2, Fins) and the ablation
process is based on partial lift-off as illustrated in Figure

¢ Inarean°3, F < F;,3 and dielectric layers have not been ablated. Contrary to SiO,N, and SiO,, the Si
underlying can absorb the laser energy. Underlying Si is sublimated /melted but not enough stress is

created between Si and dielectric layers to lift-off these dielectric layers.

* In area n°2;s, Fin3 < F < Fypo. In these conditions, SiO, N, and SiO, layers still can not absorb the
laser energy because there are not enough photons to promote multi-photon absorption. Si underlying
absorbs the laser energy but the higher quantity of photons in this case allows to create a sufficient
mechanical stress, through sublimation/melting of Si underlying, to lift-off the dielectric layers. Si

surface re-oxidation occurs slowly due to low fluence in this area.

¢ In area n°1 and n°2, fluence is high enough to promote multi-photon absorption in dielectric layers.
Thus, both 5iO,N,, and SiO,, are sublimated /melted and Si surface re-oxydation can happen. For F3
< F < Fypo, a gradient of remaining SiO,, appears along the laser opened spot, such as it is thicker
in area n°2. It is worth mentioning that ablation in area n°1 and n°2 through direct absorption into
dielectric layer occurs simultaneously to the lift-off in area 2;;,. That helps to remove dielectric layers

in area 1 and 2.
In overlapped areas (not represented in Figure|3.27), the probable scenario is:
1. First, laser impact leads to the morphology represented in Figure 3.27]

2. As dielectric layers have been largely removed, the whole energy of the second impact is absorbed
by the Si and/or SiO, which is partially sublimated /melted. Meanwhile, as the laser ablation is per-
formed under air atmosphere, Si surface is oxidized and finally, double impacted areas have a mix of

remaining initial SiO, layer and laser induced SiO,,.

During fast cooling, Si is probably amorphized in all observed areas.
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1: laser beam absorption in the different layers

leads to a-Si formation due to fast cooling.
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Figure 3.27: Proposed ablation mechanism based on partial lift-off of SiO,N,/SiO, dielectric layers on
the rear polished side with a UV-ps laser.

On the front textured side of n-PERT precursors

Since ellipsometry measurements are not suitable for highly textured surfaces, the SiO, N, refractive in-
dex and bandgap can not verified on front side of n-PERT precursors. However, according to the supplier,
the refractive index at 630 nm should be around 2.03. The corresponding bandgap is thus ~ 3.6 eV and
SiO;N,, can only absorb laser energy in case of high fluence through multi-photon process as for the rear
side. In addition, residues observed by SEM on the front side after laser ablation are very sharp with thick-
ness around 70 nm. Consequently, we can suggest that laser ablation process on the front textured side is

also based on partial lift-off.
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COMPLEMENTARY COMPARATIVE STUDY

For comparison with n-PERT precursors having a 70 nm thick SiO,N, dielectric layer which barely
absorb the laser beam, we have also worked on Si samples with a 100 nm thick Si-rich SiO,N,, dielectric
layer deposited by PECVD and having better absorption properties. The refractive index obtained is 3.2,
corresponding to a bandgap of 2.5 eV (Tauc plot determination method). The photon energy is higher than
the material bandgap, providing direct absorption into SiO,N, layer. It results in a completely different
morphology after ablation as visible on CLSM images in Figure Much higher F., are necessary to
completely remove the SiO, N, layer if we do not use overlapping (~ 10 J/cm?). The heat affect area is not
observed which suggests that Si underlying is not amorphized. As laser beam energy is mainly absorbed in
SiO;N,, layer (direct ablation mechanism), Si underlying is much less impacted compared to partial lift-off

mechanism described before on n-PERT precursors.
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Figure 3.28: CLSM images after laser ablation on sample with Si-rich SiO, N, dielectric layer using F,.qx
= a) 1.35 J/cm?, b) 3.34 J/cm? and c) 10.50 J/cm?.

The color contrast reflects a SiO,N,, thickness gradient such as laser opened area borders have thicker

5i0;N, remaining layer. This is confirmed by EDS analysis depicted in Figure
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Figure 3.29: EDS spectra on laser ablated sample with Si-rich SiO,N, layer using F,., = 10.50 J/cm?.
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3.7 Laser impact on electrical properties

3.7.1 Evolution of R,

To evaluate the laser impact on Si surface sheet resistance, four-probe measurements have been per-
formed on the 90 patterns represented in Figure [3.5|after laser ablation, after PLA and after fluoride treat-
ment (NaHF; 1%, /,,+ 2 min). The measurements are realized under dark in the center of 1 x 1 cm? ablated
squares. On the p* front side, Rypec: should be equal to 85 2/sq for a non damaged Si surface. On the
n' rear side, as the bulk is also n-type, it must be taken into account on the Ryje+ calculation as shown in
equation If Si surface is not damaged during laser ablation, Rpc.: should be equal to 80 §2/sq and so
the Rsheet,meas 1S given by equation

Rsheet,meas X Rbulk Pbulk 1

ith Ry = = —— = 55.55Q. 3.4
RbulkfRsheet,meas wi butk Chulk 0.018 ( )

With Repeet,meas the measured sheet resistance, Ry, the bulk resitance, ppu the bulk resistivity (= 1 Q.cm) and

epulr. the bulk thickness (= 0.0180 cm).

Rsheet =

Rbulk X Rsheet 55.55 x 80
Rs eet,meas — = = 32.7802 3.5
eet Ryuik + Rsheet  55.55 + 80 /54 (3.5)

The impact of overlapping on Rxec+ on both sides is presented for four F,; in Figure Without
overlapping, Rsheer stays close to its initial value (85 §2/sq on the front side and 33 2/sq on the rear side)
even at high F,,c.;. However, R, is increased when overlapping is used, especially on the front side with

Fpear = 1.809 J/cm?. The increased Rpe.: with overlapping can be due to:

¢ Defects formation (dislocations, cracks...) caused by double impact on the surface;

* Doping profile modification or dopant activation/deactivation process under the thermal effect in-
duced by overlapping. Other characterization techniques, such as Deep Level Transient Spectroscopy
and Secondary Ion Mass Spectroscopy, would have been necessary to refine this study.

e Sisurface oxidation. As silicon oxide is less conductive than silicon, Rspc.; may be increased.

¢ Increased Si amorphization due to double impact leading to an higher thermal impact and thicker a-Si.
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Figure 3.30: Four-probe measurements for various F,..; without or with 50% overlapping a) on the rear
polished side, b) on the front textured side.

111



CHAPTER 3. SELECTIVE LASER ABLATION OF DIELECTRIC LAYERS

The effect of PLA and NaHF, treatments on R,,..; have been also investigated and results obtained with
four F,cqr are shown in Figure ﬂ

After PLA, the Rspee: value is reduced to its initial value and even lower. It is thus likely that increased
Rsheet values after laser ablation come from a-Si formation and that PLA enables to improve Si electrical
properties through a-Si recrystallization. Previous XPS measurements have evidenced the a-Si recrystal-
lization after PLA on the rear polished side with the recovering of the spin-orbit splitting of Si2p peak (see
section [3.5.3). Despite this phenomenon was not observed on the front side, four-probe measurements sug-
gest that PLA has indeed a positive effect on Si electrical properties on the front textured side. Therefore, it is
probable that PLA leads to a-Si recrystallization (at least partial) and that this phenomenon is not observed
on XPS spectra due to pyramid texturing. Indeed, as explained previously, the spin-orbit splitting of Si2p3 /»
and Si2p; s, contributions can may not appear in any case (even on non impact surface) due to complication
of XPS measurements on highly textured surfaces.

Fluoride treatment tends to slightly increase Rspc.: values on the front side. This is not the expected
effect because NaHF; etches the silicon oxide layer at the surface which is supposed to reduce the Rgpeet
values. However, if laser impact leads to increased dopant concentration at Si surface, the decrease of Rypeet

values after NaHF; treatment could be due to the slow etching of Si surface observed in fluoride media.

1: Fpeak = 0.448 J/cm? - no overlap

Rear polished side 1: Fpeak = 0.448 J/cm? - no overlap Front textured side 2: Fpeak = 0.505 J/cm? - no overlap
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3: Fpeak = 0.766 J/cm? - no overlap 4: Fpeak = 1.809 J/cm? - no overlap
4: Fpeak = 1.809 J/cm? - no overla
40 P P 904 o i L __ =] L
80 = T = x
35
= Ea3 =S - 70
g4 el meEl EEl T 3
£ %7 <
S S %1
+ 20 -
2 2
o 151 o 30 4
10 20 4
5+ 10 4
09w PLA[ PLA [NaHF2]no PLA] PLA [NaHF2]no PLA] PLA [NaHF2]no PLA] PLA [NaHF2 0T PLA] PLA [NaHF2]no PLA] PLA [NaHF2[no PLA] PLA [NaHF2]no PLA] PLA [NaHF2
a) 1 2 3 4 b) 1 2 3 4

Figure 3.31: Four-probe measurements obtained for various F,.,; without overlapping after laser abla-
tion, PLA and NaHF; fluoride treatment a) on the rear polished side, b) on the front textured side.

Results obtained for two extreme cases, higher Fp.r (2.159 J/ cm?) and important overlapping (d = 4
um) are presented in Figure 3.32}

In Figure a), the detrimental effect of overlapping is confirmed as when overlapping increases (d
decreases), the R;peet becomes higher. Overlapping on the front side is more critical because it is the emitter
side (p-n junction) and the Rjce: achieves values up to 300 2/sq. However, when there is no overlapping,
the Rspeet is barely impacted, even with the highest Fj,cqr =2.159 ]/ cm?.

In Figure 3.32]b), an important overlapping (d = 4 um) on the front side associated with high Fpe.x (>
1]/cm?) leads to significantly reduced Rype.: values (32-33 ©2/sq). Here, damages are so deep that the p-n
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junction is destroyed and we actually measure the Rypect of n/ nT stack, as for the rear side. R,c.: evolution
using lowest distance d = 4 um and various F,.,;, are shown in Figure b). As expected, with high Fpeqr

the n/p™ junction on the front side is destroyed as Rgp.: drastically decreases to 32-33 2/sq. However,

Rsheet is not much impacted with important overlapping if lowest Fpeqr = 0.269 ]/ cm? is used.

Fpcak = 2.159 J/cm? d=4pum
350 - 7 ]
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300 )
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Figure 3.32: Four-probe measurements on the rear and front side before and after PLA. a) F,..;, of 2.159
J/em?, variation of overlapping, b) d = 4 pm, important overlapping and variation of F ..

3.7.2 Charges carriers lifetime measurements

PL QSS-PC measurements have been carried out to investigate laser impact on the charges carriers life-
time. For this purpose, another pattern has been used with a reduced number of tested conditions to increase
the square size and facilitate PL QSS-PC image analysis. With the aim to optimize laser parameters, Fcqx
close to the Fy, identified previously (0.269 ]/ c¢m?) have been tested with various overlapping. Two high
F,car have been also investigated for comparison (Fpeqr = 1.75 and 0.72 ] /cm?). A picture of ablated samples

is given in Figure and the details of the 30 laser parameters tested are reported in Figure

F* = Heat-impactedzone
L~ ! butno ablation

30

Front textured side Rear polished side

Figure 3.33: Pictures of ablated samples with various laser parameters (only one side is opened on each
sample). Pattern surrounded in red are heat-impacted but not laser opened.

For this study, it is important to point out that spot overlapping is defined considering the light blue area
(HAZ) and not only the opened area as it was the case until now. CLSM images are given in Figure as
for example. Pattern numbers in orange indicate that laser opened areas are not in contact (dielectric layers

remaining). Due to the heat affected area, dielectric layers remain between opened lines. To achieve laser
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contact opening with opened areas in contact along a line and from one line to another, laser parameters

must be adjusted. These conditions have been used for patterns underlined in green in Figure [3.34]

1 2 3 4 5

1.75 J/em? - 75% | 1.75J/em?®-50% | 1.75 J/em® - 25% 1.75 J/em* - 0% 1.75 Jlem? - 25%
6 1 8 9 10

0.72 Jlem? - 75% | 0.72 Jem? - 50% | 0.72 J/em? - 25% 0.72 J/em? - 0% 0.72 Jlem?® - 25%
11 12 13 14 15

0.56 Jlem? - 75% | 0.56 J/em? - 50% | 0.56 J/em? - 25% 0.56 J/em? - 0% 0.56 J/em? - 25%
16 17 18 19 20

0.40 J/em? - 75% | 0.40 Jem? - 50% | 0.40 J/em? - 25% 0.40 J/em? - 0% 0.40 J/em? - 25%
21 22 23 24 25

0.32 J/em? - 75% | 0.32 J/em® - 50% | 0.32 J/em? - 25% 0.32 J/em?® - 0% 0.32 J/em? - 25%
26 27 28 29 30

0.24 J/em? - 75% | 0.24 Tem? - 50% 0.24 J/em? - 0% 0.24 Jem? - 75% | 0.24 J/em? - 50%
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Pattern 9: opened areas Pattern 10: opened areas in contact along a Pattern 12: overlapping
not in contact line and from one line to another of opened areas

Figure 3.34: Laser ablation parameters used for PL-QSS PC characterization and 3 examples of corre-
sponding CLSM images: overlapping percentage takes into account the light blue area.

As explained in experimental part, samples are re-passivated with a-Si:H before PL QSS-PC to suppress
the contribution of recombination due to dangling bonds at Si surface. Picture of re-passivated samples is
shown in Figure .35 The effective surface reflectivity is an important parameter to consider for PL QSS-PC
measurements, especially in this study because optical properties of samples after a-5i:H re-passivation are
clearly modified. Reflectivity measurements have been carried out using a UV-Vis-NIR spectrophotometer
from Agilent. Spectra have been obtained in the wavelength range 200 to 1100 nm with a 3 nm measure step.
Effective reflectivities were measured at 3.6% (front side) and 17.3% (rear side) before a-Si:H re-passivation

and at 30.3% (front side) and 59.2% (rear side) after re-passivation.

Front textured side

Figure 3.35: Picture of ablated samples using various F,..; and overlapping after a-Si:H re-passivation.

PL QSS-PC results are illustrated in Figure[3.36] Samples 1 and 1;;, have been re-passivated directly after
laser ablation while samples 2 and 2;;, underwent a post laser annealing (750°C) before a-Si:H deposition.

Differences between samples 1/1;s and 2/2;;, can be mainly attributed to PLA effect.
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Sample 1 (rear side) Sample 1uis (front side)

97 us
-90 us

64.85 us
60 us

80 us
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60 us 40 us
50 us
40 us
30 us
20 us

10 us

a) T

Sample 2vis (front side)

d)

Figure 3.36: PL QSS-PC results on samples re-passivated directly after laser ablation (a) and b)) and
re-passivated after laser ablation and PLA (c) and d)).

Laser impact on rear side charges carriers lifetime:

First, charges carriers lifetime into laser opened areas are almost three times higher for sample 2 (Figure
c)) where a PLA has been performed. This is consistent with a-Si recrystallization through PLA as
there are less recombination centers when Si crystallinity increases. Yet, on amorphous material, localized
states are present below the conduction band and above the valence band mobility edges as a consequence
of lattice disorder. Geminate recombinations, consisting of immediate recombination of electron-hole pairs
due to their proximity, , are more likely to occur which results in lower charges carriers mobility. In
case of patterns underlined in green in Figure[3.34, improvement of charges carriers lifetime can be only due
to a-Si re-crystallization as there are no more passivation layers. For all other patterns, effect of hydrogen
diffusion from remaining passivation layers could also have a beneficial effect on charges carriers lifetime.

Patterns having less remaining dielectric layers thanks to overlapping (6,7, 11, 12, 16, 17, 21), or even no
passivation layers (patterns in green in Figure .34 except pattern 5), show better charges carriers lifetimes.
Lower charge carriers lifetimes are obtained when dielectric layers remain (patterns in orange in Figure
B-34). This trend is visible for both samples 1 and 2 but is more significant after PLA. As a NaHF, treatment
was performed before re-passivation, that enabled to etch SiO,, layer and probably also a part of damaged
Si, which is beneficial for charges carriers lifetime. For patterns where few or no dielectric layers remain, the
damaged Si is etched by NaHF, and charges carriers lifetimes > 200 ps are obtained. Adversely, remaining
dielectric layers hinder damaged Si surface from the NaHF; leading to lower charges carriers lifetimes.

For patterns 1 to 5, charges carriers lifetimes are < 100 ps even after PLA and pattern 1 (75% overlapping)
is clearly the most impacted. It suggests that high F,,..;, induces not only Si amorphization but also defects

formation (cracks, dislocations...), which are more important when the surface is impacted several times.
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Laser impact on front side charges carriers lifetime:

On the textured front side, charges carriers lifetimes values after laser ablation are much lower than on
the rear polished side and no significant differences are observed between various laser parameters (except
for pattern 1 to 5 where high F,,.,\ leads to the worst charges carriers lifetime). Four probe measurements
allowed to affirm that the p/n junction was not shunted for all laser parameters tested here (we do not
observe a drastically diminution of Rspeer to = 33 ©/sq). The front side is more sensitive to laser ablation
due to optical diffusion mechanisms inducing an higher thermal impact. The lower charges carriers life-
times observed in comparison with the rear polished side may be due to a thicker laser formed a-Si and/or
an higher amount of defects such as cracks and dislocations. In addition, no significant improvements of
charges carriers lifetimes are visible after the PLA (Figure d)) which suggests that either a-Si recrystal-
lization does not occur or is partial. PL-QSS PC results demonstrate that laser ablation has an important

impact on charges carriers lifetime on the front textured side, even at low fluence and without overlapping.

3.7.3 Conclusions

On both sides, four probe measurements do not demonstrate a significant laser impact on R for all
Fpear when no overlapping is used. In contrast, Rspee: increases with overlapping, especially on the front
side where laser impact is enhanced by optical diffusion on pyramids. The p/n junction is likely to be
destroyed when F,cqr, > 1 ]/cm? with overlapping. Increased Rgpeet with overlapping can be due to an
higher thermal impact associated with a thicker a-Si layer. Impact of overlapping on Rgpee: remains low
when Fpeqr = Fyp.

PLA enables to significantly reduce Rxee: values through a-Si re-crystallization on the rear side. On the
front textured side, a-Si recrystallization after PLA has not been clearly evidenced by previous XPS mea-
surements as for the rear polished side. Consequently, the positive effect of PLA on R+ values observed
on the front side can not be attributed for sure to a-Si re-crystallization. Fluoride treatment has revealed
to slightly increase Rgpee: Values which could be due to the etching of Si surface that may have an higher

dopant concentration due to dopants diffusion during laser process.

PL-QSS PC measurements have demonstrated an important reduction of charges carriers lifetimes on
the rear polished side for high F,..k, even without overlapping. Thermal impact is supposed to be low
without overlapping so it is possible that cracks and dislocations are created. The importance of a-5i re-
crystallization has been evidenced by improvement of charges carriers lifetime after PLA. As NaHF; can-
not etch damaged Si surface in HAZ when dielectric layers remain between laser opened spots, that leads
to reduced charges carriers lifetimes. On the front side, laser impact on charges carriers lifetime is more
important even at low Fj..; and without overlapping. This is consistent with an higher thermal impact
(optical diffusion on pyramids), probably leading to a thicker a-Si layer and an higher amount of defects
(cracks/dislocations). Charges carriers lifetimes are not improved after PLA which suggests that a-Si re-

crystallization does not occur or is partial.
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3.8 Optimized laser parameters

Based on these results, two sets of laser ablation parameters have been chosen as shown in Figure

¢ Parameters 1: F,,; = 0.56 J/cm?, no spot overlapping (laser ablation n°15 in Figure : Fpear is just
above Fyj, such as a continuous ablation is obtained without overlapping of opened area. Low contact
opening width (= 14 pm) is obtained on both sides and the low thermal effect (thanks to low Fjcqx)
limits the impact on Rspee: and charges carriers lifetimes.

¢ Parameters 2: F,.,; = 0.32 J/cm?, 50% spot overlapping (laser ablation n°21 in Figure : Fpeak
~ Fy, and overlapping > 50% is necessary to continuously open the dielectric layers on both sides.
In this case, thermal impact caused by spot overlapping is limited by using Fpcqi as low as possible.
Pyramids on the front side are not too damaged. Main advantage of parameters 2 is the induced
roughness on the rear polished side. Continuous laser ablation has been also observed with Fp..1 =
0.269 J/cm?, 50% spot overlapping in this study but further experiments have demonstrated some dis-
continuities to opened a entire cell (fingers + busbars), probably due to slightly variation of dielectric

layers thicknesses on n-PERT precursors. Consequently, a slightly higher F,,..; has been preferred.

For both optimized parameters, a PLA at 750°C is performed after laser ablation. Moreover, opened lines are
just in contact from each others in busbars to limit HAZ proportion and promotes the etching of damaged

Si surface by fluoride treatment to improve charges carriers lifetime.

‘ Parameters 1: 0.56 J/cm? - no overlap ‘

Rear polished side Front textured side

Parameter 2: 0.32 J/cm? - 50% overlap ‘

© Mag= 10 kX

Rear polished side Front textured side

Figure 3.37: SEM images of laser ablated n-PERT precursors with optimized laser parameters (fingers).

It is possible to use parameter 1 on the front textured side and parameter 2 on the rear polished side. It
enables to avoid overlapping on the front side while providing roughness on the rear one. A comparison of

cell efficiencies with parameters 1, parameter 2 and non optimized parameters is performed in Chapter 5.
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MEMENTO

Based on literature considerations, a UV-ps laser has been used for this study. Several F,.qi and spot
overlapping have been tested on both sides of n-PERT precursors and the morphology and chemical com-
position of ablated areas have been characterized. An ablation mechanism based on partial lift-off has been
proposed and is summarized in Figure for the rear polished side. This mechanism enables to under-

stand the apparition of five concentric areas differently impacted related to laser fluence spatial distribution.

—— 3: heat-affected zone
F(J/cm?) 23

K Fpeak

2,s: 2:outer | 1:inner
coronna spot spot
—p

4: Double impacted

Mag = 20 kX

Area 1 (Fyeq > Fth_l)_: Absorption in Si + multiphotonic absorption in both dielectric layers
mix of remaining initial SiO, and laser formed SiO, + formed a-Si
Area 2 (Fy; > Fooo > Finp )t Absorption in Si + multiphotonic absorption in silicon nitride layer
Remaining initial SiO, + formed a-Si
Area 2, (Finp > Foea > Fina): - Absorption in Si underlying and lift-off dielectric layers + formed a-Si

Area 3 (Fpea < Fth_a)_: No ablation but formed a-Si
Area 4: Double impact, mix of remaining initial SiO,and laser formed SiO, + formed a-Si

Figure 3.38: Laser ablation mechanism based on partial lift-off on the rear polished side. Resulting
concentric areas having different morphology and chemical surface compositions are represented on
SEM and CLSM images (F,..; = 1.809 J/cm? with 10% overlapping, F;,3 ~ 0.269 J/cm?).

Overlapping promotes surface roughness on the rear polished side which is beneficial for further metal-
lization. Roughness is more important on the front textured side with the apparition of LIPSS even with no
overlapping.

Characterization of electrical properties (Rsxce: and charges carriers lifetimes) indicates that charges car-
riers lifetimes are impacted for all F,.,;. tested, even with no overlapping, due to a-5i formation and proba-
bly cracks and dislocations. Both parameters are highly impacted with overlapping due to higher thermal
impact. Overlapping must be avoided, especially on the front side.

A PLA at 750°C enables to improve Si electrical properties. This is related to a partial a-Si recristallization
on the rear polished side (phenomenon not clearly identified on the front side). When a fluoride treatment
(NaHF3 1%, /.,¢ 2 min) is realized after PLA, charges carriers lifetimes are increased thanks to etching of
the SiO,, layer observed after laser ablation as well the extreme damaged Si surface.

Finally, two optimized laser parameters have been proposed: Fjcq.x = 0.56 J/cm? with no overlapping

and Fpeqr =0.32]/ cm? with 50% overlapping.
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Chapter 4

Deoxidation and activation of silicon
surface
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CHAPTER 4. DEOXIDATION AND ACTIVATION OF SILICON SURFACE

4.1 Introduction

As observed in Chapter 3, laser ablation leads to incomplete removal of SiO, dielectric layer or laser
formed SiO, layer. A deoxidation step to etch this SiO, layer is necessary and must be followed by Si
surface Pd activation to prepare the Si surface before Ni/Cu plating steps. The quality of the metallic
contacts highly depends on the effectiveness of these steps. Deoxidation and activation are both based on
fluoride media, which are known to also etch silicon nitride layers. Yet, optical properties of the cell can
be modified and parasitic plating is more likely to occur on damaged silicon nitride layers. The aim of this
Chapter 4 is to optimize deoxidation and activation conditions to limit the etching of silicon nitride layers
while removing SiO,, layer and providing efficient Pd activation of Si surface. The etching rates of n-PERT
precursors SiO,N,, layers is compared with the one of two SiO,, layers: a PECVD SiO, layer and an anodic
5i0, layer (x < 2 in both cases). Two fluoride media are investigated: the well-known hydrofluoric acid
(HF) and the sodium difluoride (NaHF5), less studied in literature. Etching mechanisms are investigated
for both fluoride media and a better selectivity towards SiO, and S5iO,N,, layers is highlighted for NaHF,
which enables to optimize the deoxidation conditions. Activation in Pd-based solution is then studied in HF
and NaHF,. The aim is to achieve an homogeneous deposition of small Pd particles to activate the Si surface
with a limited metal consumption. For that purpose, reaction mechanisms of Pd galvanic displacement on

Si surface is investigated and bath composition as well as immersion time are optimized.

4.2 Study of silicon deoxidation in HF and NaHF,
4.2.1 State of the art

SiO, layers are commonly removed in fluoride-based solutions and various additives (acids, salts, alco-
hols) can be added to control etching rates, sensitivity, uniformity and solution stability [73]. Depending on
the fluoride species involved in the etching mechanism, SiO,, dissolution can be expressed by equation

or Soluble silicon hexafluoride (SiFE*) is found to be the dominant product of reaction 73], [174].

SiOg + 6HF — SiFy~ +2H0 +2H™ (4.1)
SiOg +6F~ +4H — SiFy~ + 2H,0 (4.2)
SiOy +3HFy + H' — SiFZ™ +2H,0 (4.3)

SiO, etching in hydrofluoric acid solutions has been studied intensively [175] but few of these works
have isolated the kinetics or the reaction mechanisms. On the one hand, etching rates and mechanisms
depend on the SiO, properties such as density and stoechiometry [175]. On the other hand, the difficulty
lies in the complexity of fluoride solutions which are not entirely understood [97], [176]. Nevertheless, some
concordant elements found in literature [73]], [97], [98]], [175]], [177], [178] are reported in this section.

According to Knotter M. [98], SiO,, is preferably etched by difluoride species (HF;) and this opinion is
shared by Judge et al. [178] and Monk et al. [175] who state that HF; and HF are the two main species
involved, with a faster etching rate with HF, . Kikuyama et al. have also demonstrated that addition of

NH4F in HF solution (buffered HF solution) favors the formation of HF, species and enables to increase
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4.2. STUDY OF SILICON DEOXIDATION IN HF AND NAHF,

SiO, etching rate [[177]. It is suggested that HF and HF; etch SiO,, layers faster compared to F~ ion thanks
to their hydrogen atoms which are susceptible to create weak hydrogen bonds with the SiO, network. As
a result, S5i-O bond is easily broken thanks to stabilization of HF and HF; species approaching the SiO,
surface and polarization of the Si-O bond. The possible mechanisms with HF are schematized in Figure
a). The higher etching rates observed with HF, in literature are likely due to its better stabilization with the

additional F atom, creating one more hydrogen bond compared to HF as represented in Figure[4.1]b).
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Figure 4.1: a) Possible reaction pathways resulting in the dissolution of SiO, in HF solution [73] (from
Monk et al. [175]), b) Stabilization of HF, molecule on SiO,, surface according to Knotter et al. [98].

Silicon oxides have various origins and their etching rate in HF solutions are different as observed in

Figure The most common SiO,, layers are described below [73]:

¢ Thermally grown SiO, is obtained between 900 and 1200 °C by using either water vapor (wet oxi-
dation) or molecular oxygen (dry oxidation) as oxidant. Reactions are given in equation 4.4 and
Thermal oxide is amorphous with an exact stoechiometry composition (x = 2) and is the most difficult

to etch.
Si+ Os(gas) — SiOqy (4.4)

Si + 2H20(gas) — SiOy + 2Hs(gas) (4.5)

¢ Chemical vapor deposited SiO, is obtained by reaction of silane with O; according to equation
The stoechiometry is not exact (x < 2) and depends on the deposition conditions (gaz flow, tempera-

ture, etc.)
SiH4 + 02 — SZOQ + 2H2 (46)

* Anodic SiO,, is formed electrochemically by monitoring the illumination onto a n-type Si surface or
by applying a forward potential on n or p-type Si surface. Thus, holes are available to oxidize the Si
surface according to the equation[£.7} Anodic SiO, has a low density and is not stoechiometric due to
incorporation of hydroxyl ions and water. Anodic SiO,, is etched faster than thermal and CVD SiO,,
as shown in Figure

Si+2H50 + 4h™ — SiOy + 4H ™" 4.7)
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1000
Wi Trend curves equations:

ﬁ 10 Thermal:y=0,87 x—0,12

2 Anodic:y=16x—1,87

£ 1 Quartz: y=0,11 x-0,34

i CVD:y =877 x-9,81
0.1 4 Densified CVD:y = 2,54 x—1,04
0.01 * . -

0.1 1 10

HF concentration, wi%

Figure 4.2: Etching rates of different SiO, layers as a function of HF concentration (%.,;/.,:) [73]. Equa-
tions of the trend curves have been extracted from the graph.

It has been demonstrated that Si is practically inert in fluoride media in dark and unbiased conditions
with an etching rate of 5.107% A.s™! [97]. As a consequence, etching process in fluoride media affects the
SiO, but the Si underlying is little impacted. However, a long immersion in a fluoride solution can slowly
etch the Si surface and increase its roughness. Si dissolution in fluoride media has been intensively studied,
in particular by Allongue et al. [179] and the mechanisms are shown to comprise an electrochemical and a
chemical part as detailed in reference [97]]. It has also been proved that Si surface treated in fluoride media
was covered with Si-H bond (and not Si-F bond as it was believed at first). This can be explained by kinetic
considerations: despite that Si-F bond has a stronger dissociation energy (=~ 7eV) than Si-H bond (3.2 eV),
Si-F is more polarized and so more susceptible to chemical attacks [73]], [97].

Si has a standard potential of - 0.85 V/SHE (see the Si-water system Pourbaix diagram in Appendix
and its stability area is below the line (a) representing the equilibrium condition of solvent reduction into
gaseous hydrogen (equation 2.37). Si is thus readily oxidized in aqueous solutions (wet oxidation) and un-
der air atmosphere (dry oxidation). The oxide film formed is called “native oxide” and is not stoechiometric
with a low density. As SiO; is placed above the line (a) in the Si-water system Pourbaix diagram (see Ap-
pendix , the surface becomes inert as soon as around 1 or 2 nm of native SiO,, are formed. Growth rates
are different under air atmosphere and in water and depend on whether Si surface has been pre-treated in
fluoride media (passivation effect of Si-H bond formed after fluoride treatment). As shown in Table a

HF pre-treatment allows to reduce Si oxidation by a factor ~ 6 and 3 for wet and dry oxidation respectively.

Table 4.1: Native SiO, growth rates in water and under air atmosphere for cleaved and HF treated Si [73].

Growth rate in water (0.6 ppm Growth rate under air
dissolved O,) (wet oxidation) (dry oxidation)
Cleaved-Si (untreated with HF) 3-4 A in 5-10 min 5-7 A'in 1 hour
Si after HF treatment 2-3 A'in 1 hour 2-3 A'in 1 hour

In order to compare both HF and HF; etching rates, solutions having HF or HF; as dominant species

must be prepared. However, predominant HF, species can not be obtained by dilution of HF solution,
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as we can see on the graph in Figure [96]. This graph provides the determination of the pH and re-
spective concentration of HF, HF, and F~ species for different concentration of HF solutions (log C). The
red curve represents the pH as a function of log C and does not pass into HF; predominance area. To
achieve conditions where HF; is predominant, NH4F can be added into the HF solution to help shifting of
fluoride equilibrium through difluorides. The resulting solution is called buffered HF solution because it
also promotes pH solution stabilization. In this work, we have chosen to use solid NaHFy, as it is easier to

manipulate this solid species instead of manipulating two different harmful liquid fluoride media.

1:pH=2.51-logC
2:pH=3.85+logC
3":pH=3.18

17:log (F) = log ((H*) — 107)
18:log (F) =-1.925

19: log (HF,) = 3.85—-3 pH

20: log (HF,) = log ((H*) = 107)
21:log (HF)=3.18 -2 pH
22:log (HF) = 1.26 - pH

8
-2 -1

Figure 4.3: Predominance areas and respective concentrations of HF,, HF and F~ species according to
the pH and the global concentration of fluoride species (log(C)). [96].

4.2.2 Study of PECVD SiO, etching rate by ellipsometry

The objective of this first study is to determine the etching rates of a PECVD SiO,, layer in HF and NaHF,
to estimate the immersion times needed to remove the remaining SiO,, dielectric layer after laser ablation

(deposited by PECVD too) and use the most suitable fluoride media.

Experimental details

Si0,, deposition has been performed on n-type polished mirror Si wafers (base resistivity ~ 1.5 Q.cm) us-
ing an home-made 2.45 GHz ECR (Electron Cyclotron Resonance) HDP-CVD system (High-Density Plasma-

Chemical Vapor Deposition). The deposition conditions to obtain a final thickness around 90-100 nm are:

¢ Gases flows: SiH, = 5 scecm / Oy = 40 scem;
¢ Pressure: 2 mTorr and Power: 1000 W;
¢ Temperature: Floating temperature, temperature does not rise above 50°C;

¢ Deposition time: 2 min 50.

The as-deposited SiO,, layers have been etched in HF and NaHF; at different concentrations as summarized
in Table Immersion times have been chosen empirically relying on etching rates reported in literature

(see Figure[d.2). Ellipsometry measurements have been carried out to follow the SiO,, thickness with immer-
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sion time and determine the corresponding etching rates (Uvisel2 equipment from Horiba, measure range

is from 1 to 5 eV with a 0.02 eV step).

Table 4.2: Immersion times and [HF] and [NaHF;] used for PECVD SiO,, layer etching.

Fluoride media | Concentration (%,,;/,:) | Molar concentration (mol/L) | Immersion time (sec)
1% 0.57 5,10, 15, 20, 30, 40
HF 2.5% 1.43 5,10, 15, 20, 30, 40
5% 2.87 2,5, 10,20, 30, 40
1% 0.16 15, 20, 25, 30, 40, 50
NaHF, 2.5% 041 10, 15, 20, 25, 30, 40
5% 0.84 2,5,10, 15, 20, 25, 30

Results

Results of ellipsometry have been analysed using a Bruggeman model (effective medium). Best fitting

have been obtained by considering a two layers model:

¢ Layer 1: one superficial SiO, layer having 50% of voids;

¢ Layer 2: an underlying SiO,, layer not etched by fluoride media and free of voids.

That suggests that PECVD SiO,, layers are not etched layer by layer in HF and NaHF, but rather in a
random manner, leading to porous oxide layer. SEM images in Figure[4.4]enable to compare the initial SiO,
layer morphology with the one of SiO,, layer after etching in NaHF; 0.16 M during 20 and 30 seconds. A low
porosity can be observed at initial state but after immersion in NaHF, 0.16 M the porosity is significantly

increased. This is observed for all conditions tested in this work.

PECVD SiO, Reference Etching NaHF,0.16 M 20 sec Etching NaHF,0.16 M 30 sec

200w

Mag = 200 kX

Mag = 500 kX Mag = 500 kX

Mag = 500 kX

Figure 4.4: SEM images of SiO, surface at initial state and after 20 and 30 seconds in NaHF; 0.16 M.

The remaining SiO, thickness after fluoride treatments has been determined by taking into account layer

1and 2 in the Bruggeman model. For instance, after 5 seconds in HF 0.57 M, fits indicate that layer 1 accounts
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for 17.5 nm and layer 2 for 78.5 nm. Remaining SiO,, thickness is thus calculated as follow:

e(Si04 ) after etching = e(layer 2) 4+ 0.5 x e(layer 1) 8

(S04 )after 5 secin HE0.57M = 78.5 4+ 0.5 x 17.5 = 87.25nm
In this way, remaining SiO,, thicknesses have been determined on the six samples immersed different
times for each fluoride media concentration. That allowed to determine the etching rates reported in Table
Figure[4.5a) represents the etching rates as a function of fluoride media concentration for HF and NaHF,

and Figure [£.5)b) shows the etching rate ratios for both fluoride media as function of the concentration.

Table 4.3: Calculated etching rates of PECVD SiO,, layer in HF and NaHF, solutions.

Fluoride media | Concentration (%.,;,,,;) | Molar concentration (mol/L) | Etching rate (nm/sec)
1% 0.57 23+£02
HF 2.5% 1.43 73+04
5% 2.9 16.8 £ 0.9
1% 0.16 1.94+02
NaHF, 2.5% 041 53£1.0
5% 0.84 8.5+£0.6
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Figure 4.5: a) Etching rates of PECVD SiO,, layers in HF and NaHF; as a function of fluoride media con-
centrations, b) etching rate ratios between HF and NaHF, as a function of fluoride media concentrations.

According to Figure a), SiO, layers are etched faster in NaHF,, which is consistent with literature.
The etching rate ratios (NaHF; /HF) reported in Figure [4.5)b) indicate two trends:
¢ For [fluoride media] < 0.8 M, the ratio increases when the fluoride media concentration decreases and
Si0O,, is etched until four times faster in NaHFs;

e For [fluoride media] > 0.8 M, the ratio stabilizes such as SiO,, is etched 2 times faster in NaHF,.

It also appears that curves in Figure(4.5/a) do not pass by zero but this is likely due to a change in etching
mechanisms from a certain dilution of fluoride media. Indeed, by dissolving the solution, HF and HF;
dissociation are favored through equations 4.9|and [96]. This leads to a shift to F~ predominance area

and modification of the etching kinetic.

HF =F +H" —— = —3.18 + pH (4.9)
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F— 2
HF; =2F + H* [[HF]_] — —3.85+ pH (4.10)
2

Etching rates of PECVD SiO,, from literature are presented in Figure [73] and are found to be lower

compared to our results. For instance, etching rate of CVD SiO,, in HF 1%, /1) is found to be in the range
[0.3 - 1] nm/sec (depending on SiO, density) while our results indicate an etching rate of 2.3 nm/sec (Table
[.3). This deviation could originate from a lower density of PECVD SiO, layers used in this work. Either
way, results obtained are relevant in terms of comparison between HF and NaHF; fluoride media.

Finally, immersion time to etch SiO,, can be reduced by using NaHF; fluoride media instead of HF. As an
example, 30 seconds immersion in HF 0.57 M removes 63.3 nm of SiO,, while the same thickness is removed
in after only 10 seconds in NaHF; 0.57 M. Silicon nitride layers damaging can be limited provided that

NaHF,; is not more aggressive than HF towards them.

4.2.3 Study of anodic SiO, etching rate by electrochemical impedance spectroscopy

The aim of this study is to determine the etching rate of a anodic SiO,, layer in NaHF, fluoride media
(etching rates of anodic SiO,, layers in HF are well documented in literature [73]] (see Figure for compari-
son with previous results on PECVD SiO,, layer. The objective is also to develop a methodology that enables

to determine precisely the SiO,, thickness on Si surface to adjust the immersion time in fluoride media.

Experimental details

Textured n-type Si wafers (base resistivity = 1 .cm, corresponding to a low doping level N = 4.83.10%°
at.cm ™3 according to abacus) have been used for this study. A roughness factor defined by the developed
surface divided by the planar surface has been determined with the Confocal Laser Scanning Microscope
and an average value of 1.46 + 0.03 has been obtained by analysing ten wafers. Anodic SiO, layers have
been grown by photo-oxidation using the experimental setup represented in Figure[4.6} The electrochemical
cell contains an electrolyte (H25SO4 0.1 M, pH = 0.95), a platinum wire as counter electrode and an Ag/AgCl
reference electrode. The electrolyte is concentrated so that the Gouy-Chapman layer is confounded with the
Helmholtz layer (see section[2.3) and it can be considered that the potential drop mainly occurs in the semi-
conductor during experiments. The electrolyte is bubbled with Ny 15 min before and during experiments
to remove dissolved O, and provide a soft solution agitation. This is recommended to limit spontaneous
Si surface oxidation (native oxide) by oxygen contained in the electrolyte. Thus, we can approximate that
grown SiO, layers mainly originate from the photo-oxidation. Before experiments, Si wafers are cleaned in
piranha solution (H2O5 (30%) : H2SO4 (96%), 1:3, 15 min) followed by HF 1%,,; treatment (1 min).

The experimental setup is placed in a Faraday cage to avoid electromagnetic distortion of the electro-
chemical response. Anodic SiO,, layers are grown by photo-oxidation by applying a direct illumination and
a forward bias potential (cyclic voltammetry under illumination, lamp power = 35 W). The photo-oxidation
reaction is given in equation The formed anodic SiO,, is stable and does not dissolve into silicates as

experiments are performed in acidic solution (see Si-water system Pourbaix diagram in Appendix[F.).
Si + 2H,0 + 4hT % SiOy + 4H* 4.11)
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Figure 4.6: Electrochemical cell for photo-oxidation of textured n-type Si wafers.

In order to determine the anodic SiO, thickness after various immersion times in fluoride media, a
methodology has been established to draw a reference standard graph giving the anodic SiO, thickness
according to the measured flatband potential (V ;). It is based on Electrochemical Impedance Spectroscopy
(EIS) and illustrated in Figure .7} EIS measurements are performed in dark from 0.1 Hz to 500 kHz fre-
quencies in a potential range where faradic current can be neglected (30 potential steps). EIS technique is
detailed in Appendix|G|and enables to measure SiO,, thickness on textured surface at nanometer scale.

Firstly, anodic SiO, is formed on n-type wafers by illumination of the sample into the electrochemical
cell. The more the applied forward potential is increased, the thicker the SiO, layer will be. SiO,, thickness
can be also increased by successive cyclic voltammetry. The theoretical thickness of as-obtained anodic SiO,,
e(5i0;,) can be determined using the charge formed during photo-oxidation experiment (Q;) according to
equation[#.12} As a first approximation, we consider that the whole current is used to grow the oxide layer
(100% faradic yield). Different density values for anodic SiO,, are reported in reference and a median
value equal to 2 has been taken for calculations. In addition, the molar mass has been approximated to
be equal to the one of SiOs (M(SiO2) = 60.08 g.mol ') and the studied area is multiplied by the roughness
factor such as: A =1II x radius? x 1.46.

M(SiO,) x Qy
(Si0;) x zx F x A

o(Si0;) = (4.12)

with M the molar mass, Qy the formed charge, d the anodic oxide density, F the Faraday’s constant, z the number of
charges exchanged and A studied area.

Then, EIS measurements are performed on bare and oxidized n-type wafers with various SiO,, thick-
nesses and the Bode and Nyquist diagrams are used to determine the Si capacitance in the SCR (Cgc).
The flatband potential is obtained by plotting the Mott-Schottky curve according to equation and the
reference standard graph (e(SiO,) = f(V3)) can be established.

1 2 kpT 2 kT
_ V —Ve) — - Vo — —2— 4.13
2., equND(( ) q ) equND( 50T Ty ) (4.13)

With € the material permittivity, €y the vacuum permittivity, q the electron elementary charge, Np the density of
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donors, V the applied voltage, V gy, the flatband potential, V sc the potential drop in the semiconductor, kg the Boltz-
mann’s constant and T the temperature.

Finally, EIS measurements are realized on oxidized samples after various immersion times in NaHF,
to determine the corresponding Vy;. By reporting, this value on the reference standard graph, the SiO,

thickness at various immersion times can be determined as well as the dissolution kinetic.

S EIS in dark (Bode and Nyquist diagram)
g - ‘
5 1.0x10° m
. Osoxw. Determination of C,.
y ¢ n-type Si
\\J) 00
D200 02 o4 08 08 10 12 Mott-Schottky curve and
Potential (V Vs Ag/AgCl) AAWMAAM
n-type Si determination of V4,
Anodic SiO, grown through sample types] . Lo i v Ry
Bare silicon 1, i . —_ Csc ccaNp q
illumination and application of a forward
bias potential (cyclic voltametry) )
n-type Si Establishement of the reference
standard graph e(SiO,) = f(Vs,)

"Qf

6 20 40 60 80 100 120 140
Times (sec)

SiO, thicknesses calculated with the charge
formed during photo-oxidation (Q;)

Figure 4.7: EIS-based methodology for establishment of the reference standard graph e(SiO,) = f(V ;).

In order to facilitate results analysis, the expected band diagram of n-Si/electrolyte interface at initial
state (bare Si) is represented in Figure respectively to Ag/AgCl reference electrode. Before contact,
Si band diagram is determined as explained in section In literature [71]], the OCP of Si immersed in
a fluoride media is experimentally found near to the redox potential of H" /H, couple at all pH values.
Consequently, the redox couple of interest is HT /H, on electrolyte side. Despite that this work is not
performed in fluoride media, there is no other redox couple in the electrolyte and a same behavior can be
expected. E g+, p,) can be determined at all pH values using equation (no Hy, relative pressure) [96]. In
this way, E(y+,1,) at pH = 0.95 is equal to - 0.246 V respectively to Ag/AgCl reference electrode (equation
[4.15). As represented in Figure a potential drop of 0.330 V/Ag/AgCl is expected (Vsc).

Em+ i) = Bly+ a,) — 0.059 pH (4.14)

Es+ ymy) = —0.190 — 0.059 x 0.95 = —0.246V (V/Ag/AgCl) (4.15)

In addition, acido-basic surface interactions induce a non negligible potential drop in the Helmholtz
layer (V) which varies with the pH solution according to equation [#.16][70]. That results in the sliding of
Si CB and VB borders from - 0.056 V.

2.3RT
AVy = Constant — — pH~ —0.059 pH (4.16)
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Figure 4.8: Predicted band diagram of Si/electrolyte interface in our experimental conditions: n-type Si,
Np =4.83.10'° at.em 3, [H2SO4] = 0.1 M, pH = 0.95.

Initial state: characterization of bare Si surface

Samples have been first characterized after cleaning and HF treatment (bare Si represents the initial state
without SiO,, on Si surface). The evolution of Eocp with time is reported in Figure4.9|a). This experiment is
directly followed by cyclic voltammetry to observe anodic and cathodic behaviors and resulting graphs are
shown in Figure [£.9|b). Both methods are performed in dark conditions. The experiment was reproduced
three times at 3 different days by using new samples and new electrolytes. As the Eocp in experiment 2

stayed stable, experiment has been stopped after 300 seconds.

0.0+
-0.204
Experiment 1 -5.0x10° 4
=~ -0.25- Experiment 2 _
Q ————— i Experiment 1
% Experiment 3 - peri
5 < 1.0x10°1 Experiment 2
& -0.30- = i Experiment 3
?/ H
w _ -5 ] i
-0.35 4 1.5x10 ’
-0.40 . . . ; ; ; -2.0x10°5 i ; | . .
0 100 200 300 400 500 600 -1.0 -0.5 0.0 0.5 1.0
a) Time (sec) b) E (V/Ag/AGC))

Figure 4.9: a) Evolution of Eocp with time, b) Cyclic voltammetry on bare n-type Si (cleaning + HF
treatment). Experiments are performed in dark conditions.

In Figure[d.9]a), the initial Eoc p in experiments 1 and 2 is close to the expected value of - 0.246 V/Ag/AgCl
(see Figure[4.8). However, experiment 3 shows a different initial Eocp value which can be due to the pres-
ence of surface states on Si surface. Moreover, the Eocp is not stable with time for experiments 1 and 3.
Considering that experiments are performed in aqueous electrolyte free of fluoride media, it can be sup-
posed that Eocp is not stable due to slow Si surface oxidation, enhanced with dissolved O, content. It is

therefore probable that electrolyte desaeration was less efficient for experiments 1 and 3 in comparison with
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experiment 2.

Cyclic voltamperogram of the three experiments in Figure £.9)b) are similar. In the anodic part, current
is very low, as expected for a n-type Si, and does not overpass 200 nA. Indeed, as described in equation
silicon oxidation requires holes which are the minority carriers in n-type Si. Consequently, Si oxidation
is very slow and anodic current can be neglected. A sharp increase of cathodic current appears at ~ - 1
V/Ag/AgCl and can be attributed to H reduction. It does not happen at the same potential valuefor the
three experiments but this is due to the different Eocp. In Table Eocp and the potential E for which the
current starts to drop are reported and it appears that the difference between these two values (' =E-Eocp)
is similar for the three experiments. It is worth to mention that Eocp at the beginning of cyclic voltammetry
experiments corresponds to Eocp at the end of experiments in Figure[4.9|a) as cyclic voltammetry has been
performed on the same samples.

To promote HT reduction, Si must be in accumulation which necessitates to apply a potential difference
of at least 0.330 V relatively to Eocp towards negative potentials (see Vg¢ in Figure . Thus, ' = 0.334
+ 0.043 V found in Table [4.4]is consistent with the expected band diagram in Figure 4.8 and supports the
validity of measurements. Moreover, a bump appears at around - 0.5 and - 0.6 V/Ag/AgCl for experiment 1
and 3 respectively. As mentioned above, dissolved Oy was probably still present during these experiments
so these bumps can be attributed to O, reduction according to equation[4.17}

Po,
[H205]

Oy 4+ 2H' +2¢~ = Hy0, E =0.682-0.0591 pH + 0.0295 log (4.17)

Table 4.4: Difference between Epcp and the potential at the beginning of protons reduction on voltam-
perogram in Figure[d.9|b).

Experiments Eocp EatI=-1x10"° A (V/Ag/AgCD | ¥ =E-Eocp
(V/Ag/AgCl) (beginning of H™ reduction)
1 - 0.150 - 0.465 0.315
2 -0.250 -0.674 0.384
3 -0.290 -0.553 0.303
Average and standard deviation | -0.23 & 0.072 -0.564 £ 0.104 0.334 £+ 0.043

EIS measurements have been then performed on bare n-type Si samples. The electrolyte/Si interface can
be simulated by the equivalent circuit represented in Figure a) where Rgo, is the electrolyte resistance,
Rer the charge transfer resistance (due to electrochemical discharge of the species at the interface) and Cg¢

is the Si capacitance. Corresponding Nyquist and Bode diagrams are schematized in Figure[4.10]b) and c).

a
) Csc

Rer

L I 1 1 L

0
0/420 40 60 80

Zaear, Ohm
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Figure 4.10: a) Equivalent circuit for bare n-type Si in
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EIS measurements have been performed in dark in the potential range [-0.3, - 1] V/Ag/AgCl with 30
potential steps. In this potential range, faradic current is negligible on the voltamperogram, which is a
necessary condition to plot the Mott-Schottky curve and perform EIS measurements. Five bare Si wafers
have been characterized and the obtained Nyquist and Bode diagrams look similar. For better readability,
results obtained for one sample at only four potential steps are given in Figure The appearance of
Nyquist and Bode diagrams is consistent with a Rsor, + Rer/Cgc equivalent circuit which suggests the
absence of 5iO, layer. Even after curves fitting with various equivalent circuits (EClab software), best fits
are obtained with Rgor, + Ror/Csc circuit.

Fit results enable to determine Rgoy, for the five experiments and values are shown in Table Rsor,
is supposed to be constant during measurements which is confirmed by the low standard deviations. Rsor,
is also supposed to be similar from one experiment to another but the slight variations observed in Table
are likely due to the distance between working and counter electrodes which can little differ for each
experiment. Ror values are not reported but are always above 10° /cm? which confirms that no current
exchange occurs during measurements, except the exchange current at equilibrium. Rgor, and Rer values

are in the same order of magnitude compared to literature for same type of experiments [181].
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Figure 4.11: EIS measurements on bare n-type Si: a) Nyquist diagram, b) Bode diagram.

Table 4.5: Rso, values for bare Si after fitting of EIS results with Rsor, + Ro7/Cse equivalent circuit.

Experiments Studied area (cm?) Rsor (Q.cm?)
1 0.288 248.51 +11.38
2 0.194 62.12 + 3.80
3 0.247 74.78 + 14.45
4 0.401 277.26 + 45.77
5 0.487 60.52 +£5.12

In addition, Cg¢ is determined at each potential step and the corresponding Mott-Schottky curve is

plotted using equation [4.13|for each experiment. Results are displayed in Figure Globally, Cg¢ values

vary from 1.5.1072 to 3.10~2 pF/cm? which is consistent with literature [70].
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Figure 4.12: Mott-Schottky curves obtained by EIS measurements for five experiments on bare n-type Si.

Table 4.6: Determination V, and Np from Mott-Schottky curves in Figurem

Experiments V, (VIAg/AgCl) Np (at.em—?)(x 10'%)
1 -0.397 431 +0.19
2 -0.401 432 4+0.28
3 -0.505 421 +0.28
4 -0.440 437 +£0.18
5 -0.400 428 £0.17
Average and standard deviation -0.429 £ 0.046 4.30 + 0.058

Mott-Schottky curves in Figure are similar for the five experiments which means that measure-
ments are reproducible. The flatband potential is determined by extrapolating the straight line in [0 -
1.2] V/Ag/AgCl potential range to x-axis intersection and the dopant concentration is calculated with
the corresponding slope. Results are summarized in Table Our results are nearby expected value of
4.83.10'° at/cm ™2, confirming the validity of measurements. The V f; is found to be equal to - 0.429 + 0.046
V/Ag/AgCl which is close to the expected value of - 0.576 V/Ag/AgCl (see Figure[d.8). The gap of ~ 150
mV could be explained by the presence of Si surface states. For instance, the formation of a native oxide
during experiments will shift the CB and VB anchoring levels (£¢ and £y) to more positive potential val-
ues due to apparition of positives charges on semiconductor side. Consequently, Vs, will be also shifted
towards more positive values which could explain why the V4 is little less negative than expected. Finally,

electrochemical characterization enables to retrieve the parameters on the expected band diagram described

in Figure

Oxidized states: Si surface characterization with various anodic SiO,, thicknesses

As described in Figure 4.8} bare n-type Si is in depletion at equilibrium with the electrolyte. To promote
Si surface oxidation according to equation[d.11} holes are necessary which necessitates illumination of n-type

Si surface. The behavior of the device under illumination is illustrated in Figure
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Under illumination, electron holes pairs are generated and a photo-potential (V;;q4) is induced such as
the potential barrier is lowered (V' s¢ = Vsc - Ving)- Therefore, band bending is lowered as well as the SCR
thickness. Thanks to the electric field in the SCR, photo-generated holes diffuse towards the Si surface,
leading to its oxidation, while photo-generated electrons diffuses towards the external circuit (cathodic
photo-current). In order to separate all the photo-generated charges carriers and achieve the maximum
photo-current, a forward bias must be applied to increase the band bending (and so the electrical field in
the SCR).

A cyclic voltammetry has been realized by alternating illumination/dark conditions at various potential
steps. Graph is displayed in Figure and it can be observed that the photo-current increases with the
applied potential and achieves a maximum value at E,ppjicq = 1.2 V/Ag/AgCL

[ s i IEF,rede =-0.246V
EV \®\®\{‘\\\\\§ Ez0V
: % E (V/Ag/AgCl)

Figure 4.13: Illustration of Si band diagram under illumination. V,, 4 represents the induced photo-
potential and V’ s is the resulting potential barrier when band bending is lowered.
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Figure 4.14: Evolution of the photo-current with the applied potential on n-type bare Si.

By following the protocol in Figure[4.7, anodic SiO, layers have been grown by photo-oxidation to obtain
samples with various SiO, thicknesses determined by equation[t.12] Oxidized samples are then analyzed by

EIS in dark conditions, in the frequency range from 0.1 Hz to 500 kHz. Potential range is adjusted for each
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sample by looking on cyclic voltamperogram obtained during photo-oxidation and identify the potential
range where faradic current can be neglected.

Five voltamperograms obtained after successive photo-oxidations have been superimposed in Figure
The apparition of anodic current occurs at higher potential values when e(SiO,) increases. This is
related to the blocking effect of the oxide (potential drop into the oxide layer). The same effect is observed on
cathodic side (not shown here) such as the H reduction starts at potential values more and more negative

when e(5i0,,) increases.
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Figure 4.15: Voltamperogram obtained after five successive photo-oxydations (20 mV scan rate).

Nyquist and Bode diagrams have been fitted with several equivalent circuits: Rsor + Rox/Cox +
Rer/Csc, Rsor + Rox /Qox + Ror/Qsc, Rsor + Cox + Rer/Csc and Rsor, + Cox + Ror/Qsc- Best
results (lower coefficient of determination (y?)) have been obtained with Rsor,+Cox +Reor/Csc equivalent
circuit represented in Figure where there is no contribution of oxide layer resistance. That could be
explained by the very thin SiO, layers studied (e(5iO,) < 4 nm). Cox represents the capacitance of the

formed SiO,, layer such as:
i0,) X

&(si0.) * €0 (4.18)
dox

where €(5;0,) and €y are the relative permittivity of SiO,, layer and vacuum permittivity respectively and d,, repre-

Cox =

sents the oxide thickness.

CSC

R °| TX__1
RCT

Figure 4.16: Representation of the equivalent circuit for Si/SiO_/electrolyte device.

An example of Nyquist and Bode diagrams obtained in these experiments is given in Figure In the
potential ranges studied, three different shapes of the curves have been observed. For a better readability,
results at only three potential steps, corresponding to each particular shape of Nyquist and Bode diagrams,

have been represented. The behavior of the device is explained below.
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Figure 4.17: Results of EIS measurements on photo-oxidized samples: a) Nyquist diagram, b) respec-
tive equivalent circuits, ¢) Bode diagrams. Only three potential steps illustrating the three behaviors
identified are represented for better readability.

* Behavior 1: At potential 0.1 V/Ag/AgCl, Nyquist and Bode diagrams are typical of a Rsor-Csc

equivalent circuit (see Figure [£.16). The following hypothesis can be proposed: the potential drop is
mainly supported by the SiO, layer so that the semiconductor is not impacted and its contribution
(Rer/Cse) in the equivalent circuit represented in Figure can be neglected.

Behavior 2: At potential 0.2 V/Ag/AgCl, Nyquist and Bode diagrams are such as both contributions
Cox and Cg¢ are involved. This is particularly visible on the representation of - ¢ (Z) in the Bode
diagram where two contributions can be noticed. The following hypothesis can be proposed: potential
is high enough to modify Si band bending but Cox is not yet negligible with respect to Cg¢ leading
to this shape of Nyquist and Bode diagrams.

Behavior 3: At potential 1 V/Ag/AgCl, Nyquist and Bode diagrams are typical of Rsor-Rer/Cse
equivalent circuit (see Appendix [G). By looking at the representation of - ¢ (Z) in the Bode diagram,
only one contribution is visible and likely corresponds to Cg¢ contribution. Thus, it seems that Co x
contribution becomes negligible in the impedance response. The following hypothesis can be pro-
posed: the oxide layer already supports the higher potential drop it can and additional potential drop
only occurs in the semiconductor. Variation observed on Nyquist and Bode diagrams are only caused

by phenomena related to the semiconductor.
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More than twenty samples have been studied and results obtained for eight of them are shown here.

By fitting Nyquist and Bode diagrams, Cox and Rgorz, have been determined and reported in Table 4.7}

Theoretical values of Cox theo i also calculated using equation with €gi0,) = €(si0,) = 3.9 as a first

approximation.

Table 4.7: Cox and Rgo, values for 8 oxidized samples determined by Nyquist and Bode diagrams fitted
with equivalent circuit in Figure Theoretical values of Cpx are also reported.

Sample || Area (cm?) | Charge Q; | e(SiO,) | Cox, theo (Flem?) | Cox eup (Flem?) | Rsor (Q.cm?)
(x 107?) Q) (x10~%) (nm) (x 107%) (x 107?)

1 2.88 4.29 1.16 29 1.7+04 299.86 + 97.14
2 2.88 4.74 1.28 2.6 29+1.7 442 .38 £ 57.26
3 2.88 8.86 2.39 1.4 1.9+03 382.12 +162.72
4 1.93 8.42 3.38 0.99 1.5+02 67.25 +£11.02
5 1.93 9.08 3.64 0.92 1.8+ 0.5 111.11 +=16.25
6 1.93 12.1 4.85 0.69 1.7+0.2 79.96 + 3.45
7 2.46 5.28 1.66 2.0 1.9+03 73.95 + 8.23
8 2.46 5.61 1.80 1.9 19+04 73.21 £ 5.66

For all samples, Cox theo = Cox,exp Which supports the accuracy of measurements. As for the initial

state (bare Si), Ror values (not shown here) are in the range of 10° Q/cm? and Rso;, values remain the

same (same electrolyte used for all experiments). By fitting the Nyquist and Bode diagrams, Csc have been

also determined at each potential step to plot the Mott-Schottky curves and obtain the V¢, value associated

to each SiO,, thickness. Csc values are also in the order of magnitude of 1072 pF/cm? which is consistent

with literature [70].

Initial state
2.0x1074{  (nooxide) / Increased SiO, thickness "
—~ 1.5x107 - i
< o . S
! e(Si0,) =1 nm o
E. .-'::"' / ( ) %
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Figure 4.18: Evolution of Mott-Schottky curves with anodic SiO, thickness on n-type Si surface.

It appears that Mott-Schottky curves are shifted towards high potential values when SiO, thickness

increases. Interestingly, three different areas can be distinguished and they correspond to the three behaviors
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identified before on Nyquist and Bode diagrams:

* Behavior 1: Firstly, the Mott-Schottky curves are flat which is due to the blocking effect of the oxide
layer. The potential drop is supported by the oxide layer so that Si band bending is not modified. The
thickness of the SCR stays constant when the potential increases and so Cg¢ value is constant too.
When the anodic SiO,, thickness increases, it can support an higher potential drop and the potential
range associated with this behavior 1 is larger.

* Behavior 2: Then, 1/C%_, value increases with the potential and a specific slope, identical for all mea-
sured samples, is observed. This slope enables to find the Si dopant density (= 4.10'® at.cm ™) which
indicates that this part of Mott-Schottky curve is relevant to determine V. In this part, Mott-Schottky
relation is verified and the Si material is in depletion regime. The flatband potential associated with
each anodic SiO,, thickness has been determined by extrapolation of the curve in this area and that
allowed to plot the graph in Figure (Experiment A).

It can also be noticed that Vy;, are shifted towards higher potential values. This is related to the
positive surface charges induced at the Si surface when an oxide layer is grown [73]]. Indeed, the CB
and VB anchoring levels (¢ and £y ) will slide to higher potential values and V¢, will be observed
at higher potentials. Therefore, the variation of the Vy; is proportional to the charge at the surface
(which increases with SiO,, thickness) according to equation [70].

A
AV, = CQS

= AVy (4.19)

with Qg the charge of surface states (C), C g the Helmholtz's layer capacitance (F) and A V g the potential drop
in the Helmholtz's layer (V).

Interestingly, the behavior 2 is confined in a potential range of about 200-300 mV from a certain
oxide thickness (= 1 nm). To explain this, we have to remind that minority carriers (holes in the
present case) start to accumulate at the Si surface as soon as the Fermi potential Er,, is below the
intrinsic Fermi level Er;. That corresponds to the middle of the Si bandgap positioned at 560 mV
below the CB level (1.12/2 = 0.56 V). As represented in Figure 4.8} 1. = 0.220 mV so only + 0.340 mV
potential drop is needed for Er ,, cross Er; value. From this value, minority carriers start accumulating
slowly at Si surface and the Mott-Schottky conditions are not anymore completely fulfilled. The slope
of the curve starts to change and this is the beginning of behavior 3.

* Behavior 3: In this part, the slope of the Mott-Schottky curves declines with increased SiO, thick-
ness. When the SiO, layer is still thin (< 1 nm, which corresponds to the six first Mott-Schottky
curves), minority carriers which start to be accumulated at the Si surface are not blocked by the oxide.
Therefore, the depletion regime can continue (non equilibrium depletion regime) and the behavior 2
is prolonged over higher potential values. However, for thicker SiO,, layers, minority carriers are pro-
gressively blocked by the oxide layer, leading to an inversion regime (see section 2.3). Mott-Schottky

conditions are not verified anymore and the curve is not related to dopants concentration and V y;,.

These three parts of Mott-Schottky curves have been already described in literature [182] and authors
have highlighted that V¢, determination is not relevant in some papers in which the wrong part of Mott-

Schottky curve has been used. The whole protocol to draw the reference graph e(5iO;) = f(V ;) has been
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performed three times at three different days to assess the reproducibility of this work. Results are depicted

in Figure .19 The three experiments give similar results and a linear evolution of Vy;, with e(SiO,) is

observed such as:

e(Si0,)(nm) = 2.47 x V,(V/Ag/AgCl) + 0.83.

(4.20)
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Figure 4.19: Established reference graph e(SiO,) = f(V;;). Experiment A is related to Mott-Schottky

curves in Figure[d.18

Etching rate of anodic SiO, in NaHF,

Finally, the etching rates of anodic SiO, layer in NaHF2 1%, /., (0.16 M) have been investigated. Two

samples have been photo-oxidized to achieve anodic SiO, thickness of 6.2 and 2.9 nm. Then, these samples

are immersed in NaHF, 0.16 M for few seconds and EIS measurements are performed to determine the

corresponding flatband potential. This latter is reported on the reference graph in Figure to determine

the remaining SiO,, thickness and calculate the etching rates displayed in Figure

Sample 1
6 °
Sample 2 Equation y =a+b*x
Intercept 6.085 + 0.27951
54 Slope -0.535 +0.0721
. R-Square (COD) 0.98213
£
£ 41
=
o
o 37
E’ Teel Equation y=a+b*x
el Intercept 2.84211 + 0.2271]
24 Seell Slope -0.43579 + 0.067
o PN R-Square (COD) 0.9766
14 Teel
-0
T T T T T T

Immersion time in NaHF, 0.16 M (sec)

Figure 4.20: Evolution of anodic SiO, thickness as a function of immersion time in NaHF, 0.16 M.

Etching rates appear to be so fast that no more oxide is present after less than 10 seconds immersion.
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That explains the low number of measurement points in Figure The average value of etching rate in
NaHF; 0.16 M is found to be equal to 0.48 nm/sec. Etching rates of anodic oxide in HF reported in Figure[4.2]
indicate a value of 0.26 nm/sec for HF 0.28%,¢/.,; (0.16 M) ((1.6 x 0.28) - 0.187). That represents an etching
rate of anodic 5iO,, two times faster in NaHF; compared to HF as observed for PECVD SiO,, studied before.
These results are consistent with literature and represent strong arguments to use NaHF, instead of HF,

provided that silicon nitride layers are not more damaged in NaHF,.

4.2.4 Conclusions and perspectives

Etching rates of PECVD and anodic SiO, layers in HF and NaHF; have been studied. For both SiO,
layers, it appears that NaHF; is more involved in the etching mechanism. A relationship between the
etching rate of PECVD SiO,, layer and the concentration of fluoride media has been established for HF and
NaHF; (see Table . PECVD SiO,, layers are etched more than 2 times faster in NaHF; compared to HF
for a same molar concentration. In both fluoride media, the PECVD SiO,, layer porosity increases during the
etching process. For anodic SiO,, a methodology based on EIS has been established to follow the evolution
of anodic SiO, thickness with immersion times in NaHF; 0.16 M. In comparison with etching rate in HF

0.16 M reported in literature, anodic SiO, layer is etched ~ 2 times faster in NaHF; (see Table[4.8).

Table 4.8: PECVD and anodic SiO,, etching rates (y) as a function of HF and NaHF, concentrations (x).

etching rate equation: HF NaHF,
y=ax+b
PECVD SiO, y =6.31x-1.48 y=9.93x+0.71
For 0.5 M: 1.67 nm/s For 0.5 M: 5.67 nm/sec
] Anodic SiO,, I For 0.16 M: 0.26 nm/s | For 0.16 M: 0.48 nm/s \

These results confirm the interest of using NaHF; instead of HF for deoxidation treatment. Indeed,
shorter immersion times can be used to etch SiO, layers which limits the impact on silicon nitride layers.
However, that is only true if NaHF; does not etch silicon nitride layer faster than HF does. It is thus neces-
sary to investigate the etching rate of SiO, N, layers in NaHF; and HF to determine which one has the best

selectivity.

4.3 Study of SiO,N, layers etching rate in HF and NaHF,

In this section, etching rate of n-PERT precursors SiO;N,, layers is studied in both HF and NaHF; fluo-
ride media. The objective is to determine a relationship between the etching rate and the concentration of
fluoride media to compare these results with the one obtained on SiO,, layers and identify the most selective

fluoride media.

4.3.1 State of the art

Etching kinetics of silicon nitride materials in fluoride media have been studied by few authors [98],
[183]-[186] and it emerges that material properties, such as density and hydrogen content, highly impact the
etching rate. The specific case of ARC silicon nitride layer deposited by PECVD is barely investigated, and
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most of the time, only HF species is considered in the etching mechanism. HF-based solutions contain free
fluoride ions (F~), un-ionized HF and partially ionized difluoride (HF; ) ions with respective proportions
depending on the solution concentration. The determination of each fluoride species role in the etching
mechanisms is not simple and authors do not agree when deciding which one is the most involved.

Knotter et al. have investigated the etching rate and mechanism of three silicon nitride layers in HF [98]:

* alow-pressure vapor deposited nitride (SiN), quasi-stoechiometric, with 3.6% hydrogen content;
e a PECVD nitride (SiNH) with a Si/N ratio of 0.81 and an hydrogen content of 19.5%;
¢ a PECVD antireflective coating (SINARC) with a Si/N ratio of 1.5 and an hydrogen content of 21.8%.

A statistical analysis of the results has been performed and equation has been established to calculate
the etching rate. Constants of reaction obtained for the three silicon nitride layers are reported in Table

[HEFy ]
1+ K3[HT)|

(k1 [HF] 4 ko[ F~]) K3[H™]
(14 K3[HT])

R = ko 4.21)

With k; the etching rate constants and Ks the equilibrium constant of [SINHZ I/A[SiNH2I[H*])

Table 4.9: Parameters of equation for the silicon nitride layers investigated by Knotter et al. [98].

ko (HF,) k. (HP) i (F) Ks
(ALmol ts™ 1) | (ALmol s 1) | (ALmol ts™!) | (L.mol!)

SiNARC 8.3 2.8 120 25

SiNH 10 9.1 820 25

SiN (quasi-stoechiometric) 0.29 0.21 28 25

It appears that F~ is the main etching species for the three silicon nitrides studied (k; >> k; and ko) but
some authors do not agree with this statement. Deckert et al. have worked on chemical vapor deposited
SisNy4 and claim that F~ species is not involved in the etching mechanism [186]]. Rathi et al. have studied
Si3Ny layers with various compositions deposited by chemical vapor deposition and they propose that HF;

is the main etching species [185].

Whatever the main etching species, similar etching mechanisms have been proposed by Liu et al. (see
Figure and Knotter et al. (see Figure for a quasi-stoechiometric silicon nitride (SizNy4). In both
cases, the rate limiting step involves a first step, which consists of the conversion of the superficial Si-NH,
site into a Si-F one. Knotter et al. give more details on the elementary reactions and suggest that nucleophilic
substitution (SN2) is not possible because the opposite site on Si atom in respect to Si-N bond is blocked and
the approach of the fluoride species onto the SiNH; is hampered. Consequently, the replacement of the NH;
group by a F atom is likely to happen through the breaking of Si-N bond and subsequent filling of the vacant
site by a fluoride species (F~ is the most probable one as it is the best nucleophilic). Due to the high pKa
value of amino-terminated groups, NH; group is easily protonated, which favors the breaking of Si-N bond
(see Figure a)). Then, the mechanism continues by successive breaking of Si-N bonds (see Figure [£.21).
According to Knotter et al., once the first Si-N bond is replaced by a Si-F site, subsequent reactions can take
place according to the SN2 mechanism, which is also favored by first protonation of the N atom (see Figure

[4.22]b)). Here again, F~ species is more likely to be involved due to its higher nucleoplilic ability.
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Concerning the SINARC nitride, Knotter et al. have found an etching rate constant related to HF (k;)
about three times smaller than the HF, one (ko). They suggest that the etching mechanism is slightly
different due to the presence of hydrogen. As Si-H bonds can be oxidized, and given that the breaking of

5i-O bond is favored with HF;, this latter would be more involved in the etching mechanism.
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Figure 4.21: Reaction mechanism for the etching of SizN, in HF proposed by Liu et al. [187], [188].
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Figure 4.22: Elementary reactions proposed by Knotter et al. to decompose the steps described in Figure
a) transition from step A to B, b) transition from step B to C [98].

In this section, the etching rate and mechanism of n-PERT precursors SiO,N, (ARC layers) is investi-
gated but results will be specific to the deposition technique and properties of these SiO,N,, layers. How-

ever, some similarities with the different opinions found in the literature will be highlighted.

4.3.2 Experimental part

The etching rates of n-PERT precursors SiO,N, ARC layers have been investigated as a function of
HF and NaHF; concentrations. 20 x 20 mm? samples have been immersed in HF or NaHF, solutions at
various concentrations (ambient temperature, no stirring). Immersion times have been chosen empirically

and experimental conditions are summarized in Table
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Table 4.10: Immersion times and concentrations of HF and NaHF, solutions used to etch n-PERT precur-
sors SiO, N, layers

Fluoride media | Concentration (%,,;/.,;) | Molar concentration (mol/L) | Immersion time (min)
1% 0.57 4,10, 20, 30, 45
HF 2.5% 1.43 4,8,11, 30,40
5% 2.87 2,4,10, 20, 30
1% 0.16 10, 20, 40, 60, 90
NaHF, 2.5% 0.41 8,11, 20, 40, 60
5% 0.84 4,10, 15, 40, 50

Concentration of commercial HF solutions are given in weight percentage (%./.,;) and NaHF; is a
solid. Thus, molar concentrations of HF and NaHF, have been calculated using equation and

respectively.

Towt Jwt Powt /wt
Xdyp e x 1150
HF] = 100 — 100 4.22
[HF] M(HF) 20.01 (4.22)

m(NaH Fy)for 1 L of solution  m(NaH Fy)for 1L of solution

[NaHF2) = M(NaHF) 62

(4.23)

Reflectivity measurements have been carried out on each etched sample using a UV-Vis-NIR spectropho-
tometer from Agilent (Cary 5000) to measure accurately SiO,N, layers thicknesses on both sides. Spectra
have been obtained in the wavelength range 200 to 1100 nm with a 3 nm measure step. As mentioned in
Chapter 1, equation [1.6| enables to calculate the ARC thickness for the A associated with the minimum re-
flectivity coefficient (Ap,in). SiO,Nj, thickness is thus given by equationaccording to Apmin and SiO, IV,
refractive coefficient ns;o, n,, which is equal to 2.03 on the front textured side according to the supplier and

2.05 on the rear polished side (see section [3.6).

/\min

To assess the evolution of anti-reflection properties, we have also calculated the effective reflectivity
(Ress) of SiO, N, layers in regards to standard AM 1.5 spectrum [189] by using equation [4.25]

2! R

St Jhd

Reyy = (4.25)

with [’y the standard AM 1.5 spectrum irradiance, A the wavelength and R the reflectivity. The range of measurement
is \; = 280 nm and Ay = 1100 nm.

4.3.3 Results

Evolution of 5iO;N,, thickness with immersion time in HF and NaHF; is visible to the naked eye through
color changing until the layer is completely removed and underlying Si appears in grey. An example is given
in Figure for etching in HF 0.57 M and NaHF, 0.41 M. We clearly observe a difference between both

sides, such as the rear one is slowly etched.
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polished side
HF 1%Wt/Wt
(0.57 M)
Front
textured side

Rear
polished side
NaHF, 2.5 %,
(0.41 M)
Front

textured side

Figure 4.23: Pictures of SiO,N, layers after various immersion times in HF 0.57 M and NaHF, 0.41 M.

The reflectivity spectrum of each sample has been used to determine the corresponding A,;,. For in-
stance, spectra obtained in case of HF 0.57 M are displayed in Figure and On both sides, Ain is
reduced with immersion time, which is consistent with a diminution of SiO,N, thickness. The etching rate

appears to be faster on the front side, where curves do not show a minimum wavelength value after 30 and

reference 4 min 10 min 20min 30 min 45 min

reference 8 min 11 min 20min 40 min 60 min

45 minutes immersion. This is related to a complete SiO, N, removal as visible in Figure

Using equation[4.24} the evolution of SiO, N, layers thickness with immersion time has been determined
for each fluoride media concentration which enables to calculate the etching rates summarized in Table[4.11}

Etching rates as a function of both fluoride media molar concentrations are plotted in Figure Etching

rate ratios on front and rear side are displayed in Figure
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Figure 4.24: Reflectivity spectra obtained on the rear polished side after various immersion times in HF

0.57 mol/L.

T T
200 300 400 5

T I§ T T 1
0 600 700 800| 900 1000 1100
wavelength (nm)

143



CHAPTER 4. DEOXIDATION AND ACTIVATION OF SILICON SURFACE
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Figure 4.25: Reflectivity spectra obtained on the front textured side after various immersion times in HF
0.57 mol/L.

Table 4.11: Etching rates of front and rear side SiO,N, layer in HF and NaHF solutions.

Concentration | Concentration Etching rate (nm/sec) Etching rate (nm/sec)
(%ot /i) (mol/L) on front side (n = 2.03) | on rear side (n = 2.05)
1% 0.57 273 +£0.15 x 10~ 0.75 + 0.04 x 10~?
HF 2.5% 1.43 4.62+1.48 x 1072 1.66 £0.11 x 102
5% 2.87 10.7 £0.90 x 102 2.57 +0.05 x 1072
1% 0.16 0.95 +0.05 x 10~2 0.33 +0.03 x 102
NaHF, 2.5% 0.41 1.92 4+ 0.18 x 1072 0.58 & 0.04 x 10~2
5% 0.84 3.46 £0.32 x 1072 0.88 £0.04 x 1072
1.4x1071 - m  HF front side
1 & NaHF, front side |
_ 121079 o HF rear side
] ] © NaHF, rear side
B 10x107 - 2
£ 1 ‘ :
= 2 Intercept: 4.07 x 10~ + 2.06 x 10
5 0x10 ] - Slope: 7.41x 107 +1.11 x 102
E 60)(10’2— Intercept: 2.1 x 107 £ 1.03 x 10
o ' ] Slope: 823 x 107 £1.99 x 101
% 4.0x1072 1 _ Intercept: 5.1x10° + 2.50 x 10 *
5 ] .;:-' Slope: 4.35x102+1.99 x 1022
20x102{ & Intercept: 3.38x 10% £ 6.16 x 10**
{1 & " Slope: 3.88x102£1.19x 10%®
0.0 T T T T T T T T
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Figure 4.26: SiO, N, etching rates as a function of HF and NaHF, concentrations on both sides of n-PERT
precursors.
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Figure 4.27: Front and rear side SiO, N, etching rate ratios with HF and NaHF, concentrations.

Results confirm that SiO,N, layer on the front textured side is etched faster than the one on the rear
polished side. By looking in Figure the ratio of etching rate on the front side to the rear side varies
from ~ 2 to 5 in the fluoride media concentration range 0.1 M to 2 M. This behavior is likely to come from
a difference of S5iO,N, layer density, which has been observed in literature [184], [185]. Indeed, on the rear
side, the dielectric stack has been used as diffusion barrier during the emitter formation (see section [2.6).
This additional thermal treatment at around 1000°C for 1 hour has certainly made the SiO;N,, layer denser
through loss of hydrogen content. As chemical bonds are less accessible in a denser material due to steric
considerations, SiO,N, layer is more difficult to etch. This SiO,N,, layer is also etched slowly due to its
higher refractive index compared to the front textured side SiO,N,, layer. Indeed, it has been demonstrated
in literature that silicon nitride layers having lower refractive index were etched faster in fluoride media
[190]. In term of etching mechanism, an higher refractive index is related to an higher Si content and so
more Si-Si bonds. As the etching mechanism is based on Si-N bonds breakage, it is consistent to observe
a lower etching rate in this case. Difference of etching rates between the front textured side and the rear

polished side can be also due to the difference of roughness.

As explained before, the etching rate of a silicon nitride layer highly depends on deposition conditions
and resulting layer properties. Thus, the comparison of our results with literature is delicate. Nevertheless,
in case of HF in the concentration range commonly used (1%t /wt = 5%t /wt), We obtain etching rates in the

range [1-10] nm/min which is in the same order of magnitude than values observed in literature [183], [186]].

No significant difference of etching rates in HF and NaHF; is observed contrary to some results re-
ported in literature. Indeed, Rathi et al. have proposed that HF; is the main etching species [185] but they
have studied a quasi-stoechiometric SizNy layer, different from the ARC silicon nitride studied in this work.
Knotter et al. have observed an etching rate for SINARC = 3 times lower with HF compared to HF; [98]
(see Table[4.9). They also suggest that F~ is the main etching species, which is unlikely in our case by con-
sidering the Figure Indeed, [F~]is constant in pH range [0-2], which corresponds to 0.1 mol.L~! < [HF]
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< 10 mol.L™! according to the red curve (pH = f(log C)). If F~ was the main etching species in this work,
the etching rate of SiO, N, layer should be similar in this HF concentration range which is not the case (see
Figure [£.26). The presence of oxygen into the silicon nitride layers studied in this work could explain the
differences obtained compared to literature. By stabilizing HF and HF; through weak hydrogen bond with

oxygen non-binding electron pairs, HF and HF; are more involved into the etching process than F~ ions.

Etching of SiO,;N,, layers can have two major impacts on n-PERT precursors:

1. Some cell areas can have no more or too thin SiO;N,, layer, favoring further parasitic plating. An

illustration of Ni parasitic plating is given in Figure .28

Figure 4.28: Example of Ni parasitic plating on textured front side. A pyramid has a too thin dielectric
layer or crack on its top leading to nickel deposition.

2. Effective cell reflectivity can be modified due to the etching of SiO,N, layers modifying their optical
properties. For instance, R. ;¢ has been measured on the front textured side after various immersion
times in HF 0.57 M, 1.43 M, NaHF; 0.16 M and 0.41 M using equation £.25] This side is of particular
interest because it receives more photons and it is the most impacted side by fluoride media. Results
are depicted in Figure[.29 The linear fits for the four conditions tested are similar which supports the
accuracy of previous thickness measurements. The following relationship is established: R.;; = -0.14
e(5i0,;Ny) + 12.5, which allows to estimate R.;; value by measuring the remaining SiO, N, thickness

after fluoride treatment using Figure [4.26]

14 4
® NaHF,0.16 M
12 4 ® HFO0.57M
’ + NaHF,0.41 M
104 + HF 143 M
fit NaHF, 0.16 M
9\‘_”/ 8 fit HF 0.57 M
= S A fit NaHF, 0.41 M
& 64 ~~~~~~ fit HF 1.43 M
4 4
|
2
0 T T T T T T T 1

0O 10 20 30 40 50 60 70 80
e (SiOyNy) (nm)

Figure 4.29: Evolution of effective reflectivity (R.;) with thickness of front side SiO,N, ARC layer.
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4.3.4 Conclusions and perspectives

Etching rates of n-PERT SiO,N, layers have been investigated in HF and NaHF; at various concentra-
tions. A relationship between the etching rate and the concentration of fluoride media has been determined
for both sides in HF and NaHF, as reported in Table For both fluoride media, SiO,N, layer on the
front textured side is etched 3-4 times faster compared to the rear polished side. This behavior is mainly at-
tributed to higher density and refractive index of SiO, IV, layer on the rear side but differences of roughness
could be also involved. No significant differences have been observed by comparing both fluoride media
suggesting a similar etching mechanism. Impact of SiO, N, layer etching on R.¢; has been investigated for

the front side and a linear relationship has been established between R.f; and e(S5iO,N,).

Table 4.12: Etching rates of SiO,N, layers on both sides of n-PERT precursors in HF and NaHF,.

| etching equationy =ax+b || HF ] NaHF, \
SiO,N, y=43510 2x +51.10 % y=3.8810 2x+34.10 %
(front textured side) For 0.5 M: 2.68.10~2 nm/s For 0.5 M: 2.28.10~2 nm/s
SiO;N, y= 7411073 x +4.1.1073 y = 8231072 x +2.1.1073
(rear polished side) For 0.5 M: 7.77.10~% nm/s For 0.5 M: 6.21.10~% nm/s

Finally, etching rates of SiO,N, layers are similar in HF and NaHF; while it has been demonstrated that
PECVD and anodic SiO,, layers are etched faster in NaHF;. NaHF; is therefore more selective than HF and

its use has a great advantage to remove SiO,, layers with limited SiO,N,, layers damaging.

4.4 Optimization of Si surface activation with palladium

Deoxidation is followed by Si surface activation by Pd galvanic displacement. In this section, a first
study is realized on n-type mirror polished Si samples to understand the Pd deposition mechanism and
optimize the bath composition. A second study is then performed to implement the optimized conditions

on n-PERT samples opened after laser ablation with the parameters optimized in chapter 3.

4.4.1 State of the art

As explained in section[2.5.2} the deposition of Pd particles on Si surface is needed to activate the further
nickel electroless deposition. Activation solution contains Pd ions and fluoride media and the process is
based on Pd galvanic displacement. Pd** ions are reduced into metallic Pd on Si surface and meanwhile
the Si surface is dissolved. Depending on the relative energy level positions, Pd ions are reduced through
electrons capture from the Si CB (reaction 1 in Figure[2.10]a)) or by injection of holes into the Si VB (reaction
4 in Figure a)). Gorostiza et al., have studied the Pt deposition on Si in HF and have proposed a
mechanism based on holes injection into the Si VB in regards with the energy diagram of the interface at
equilibrium (the Nernst’s potential of the solution lies close to the Si VB) [71], [191]. Such as platinum,
palladium is a transition metal and is a strong oxidant (E?Pd2+/Pd) = 0.915 V/SHE and E?Pt2+/Pt) =1.188
V/SHE) so it is likely to observe the same behavior in this study.

To verify this point, the energy band diagram of Si/activation solution interface has been drawn for the

experimental conditions used (detailed in the experimental part) in Figure The energy band diagram
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depends on solution pH and PdSO, concentration. HF and NaHF; solutions used in this work have a
pH around 1 and 3 respectively but the case of pH = 14 is also presented for comparison. To calculate
the Nernst’s potential of the solution, the medium PdSO, concentration tested in this work (2.5.10~* M)
has been considered which gives a value of 0.88 V/SHE according to Nernst’s relation (equation 2.5). The
energy level in Si has been calculated as for the band diagram drawn in Figure It can be noticed that
EF,, does not equalize with E(pg2+,pgy but at an intermediate value between Epg2+ /pqy and E g+ /pr,). As

E(pa2+/pay lies close to Si VB, the Pd galvanic displacement is mainly based on holes injection into Si VB.
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Figure 4.30: Energy band diagram relatively to SHE energy scale for n-type Si in fluoride media at pH =
1,3 or 14 before and after addition of PdSO,. Np = 3.10'° at/cm 3, T = 300 K, [PdSO,] = 2.5.10~* M.
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In that respect, Pd** ions are reduced through injection of holes into the VB of Si according to equation
That leads to Si surface oxidation according to equation[4.29] Between injection and capture, holes can
travel through Si and Pd deposition can occur at different surface locations. Not only Si surface must be free
of oxide layers to make a good contact with Pd, but activation solution also has to contain a fluoride media
to sustain the reaction by etching of the native oxide formed during the process (equation [4.30).

Pd?* ions reduction [96]:

2Pd>t = 2Pd° + 4hi;, (E =0.987 + 0.0295 log([Pd2"]) (V/SHE) (4.26)

Si surface oxidation [96]:

Semi-equation 1:  Si® + 4h{r 5 = Si'V (4.27)

Semi-equation 2: Si'V + 2H,0 = SiOy + 4H* (4.28)

Global equation: Si° + 4hi, 5, + 2H,0 = SiOy +4H* (E =-0.85-0.0591 pH (V/SHE) (4.29)
q VB p

SiO, dissolution [73]:

SiOg + 6HF = SiF;~ +2H' + 2H,0 (4.30)

Three models have been described in literature for the nucleation and growth of metallic films: 1) Frank-
van der Merwe (layer by layer growth) 2) Volmer-Weber (growth by islands) 3) Stransky-Krastanov (layer
by layer + islands growth) [192]. A Volmer-Weber growth mode is observed when the interaction between
metallic adatoms is stronger than the interactions between adatoms and the surface. In contrast, a Frank-
van der Merwe model is preferred when interaction between adatoms and the surface is stronger. The
growth mode depends on lattice mismatches between metallic atoms to be deposited and surface atoms.
For instance, nucleation and growth behavior of Pd on Cu surface have been studied by Huh et al. [193]
and a Volmer-Weber model has been demonstrated. Pd particles are first nucleated on the Cu surface and
grow by islands due to the mismatch between Pd and Cu (7.6% mismatch). A critical size is then achieved
so that an additional grow requires time to generate a misfit dislocation. With a lattice parameter of 3.88 A
for Pd and 5.43 A for Si, the mismatch is about 30% [194] so it is likely to observe a Volmer-Weber growth
mode. In addition, Carraro et al. have raised the following characteristics for the galvanic displacement of

metallic films on semiconductors [93]]:

* High surface states density enhances the deposition rate by facilitating nucleation on kinks or steps;

* The doping type of the semiconductor impacts the deposition rate due to transfer of charges carriers
through the substrate. p-type Si is favoured compared to n-type;

¢ Deposition rate increases with temperature;

e Stirring can be beneficial by improving film homogeneity;

e Thickness is limited to hundred of nanometers: as soon as the surface is completely covered by the
metallic film, it can not be dissolved anymore so the galvanic displacement reactions are stopped;

¢ The reaction is thermodynamically more favourable for metals with higher redox potentials;

¢ Efficiency of metal deposition varies according to the solution composition and pH;
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* Poor film adherence can be observed due to hydrogen evolution followed by hydrogen incorporation
into the film. This is explained by the standard redox potential of silicon oxidation (reaction [4.29)
which is more negative than the one of H* reduction (equation 4.14).

The quality of further Ni seed layer deposition highly depends on Pd particles size and density. Bajpai
et al. have worked on Pd activation in HF-based solutions and have obtained a conformal Ni layer, with no
interfacial voids, good adherence (> 23 MPa) and no junction shunting after annealing, which are the major
issues raised during the Ni electroless deposition on Si [13]]. They have highlighted that too long activation
leads to non-uniform Ni seed layer. The higher amount of Pd particles also implies increased costs (consid-
ering the high price of Pd) and affects the effectiveness of Ni barrier towards Cu diffusion. Small Pd particles
with high nucleation density help to control hydrogen evolution during Ni electroless deposition and limit
formation of pinholes like structures. They have also raised that Pd nucleation could be suppressed in case
of high surface hydrophobicity. Finally, their pre-requisites for a suitable Pd activation are: short activation

time (= 30 sec), high nucleation density, small Pd particles size and high surface wetting.

To optimize the Pd activation step, the influence of different parameters on the size, number and mor-
phology of Pd particles has been investigated. For that purpose, samples have been immersed different
times in activation solutions containing Pd?* ions (PdSO, solution) and either HF or NaHF,. The concen-
tration of components is varied and the impact of stirring is also investigated. So far, no study has been
carried out on Pd activation in NaHF, fluoride media so a comparison with Pd activation in HF will be

realized. Two studies have been conducted:

1. A quantitative study on n-type mirror polished Si samples to easily analyse Pd particles number,
size and morphology. Thus, a statistical analysis for the different experimental conditions can be
performed to determine the best activation conditions;

2. A qualitative study on laser opened n-PERT precursors to define if optimized conditions identified in

the first study are suitable or need to be adjusted.

4.4.2 Study 1: Pd galvanic displacement on n-type mirror polished Si wafers

Experimental approach

This study is performed on n-type (1.5 Q.cm, Np = 3.10'® at/cm~3) mirror polished Si wafers. At dif-
ferent immersion times in activation solutions, SEM analysis is performed and images are processed using
a Python code to calculate the number of particles, the dispersion and the average radius, the dispersion
and the average distance between particles (see Figure £.31). For each sample, five SEM images are real-
ized at various sample locations to obtain mean values. The influence of the following parameters has been

studied:

e Immersion time: samples are immersed from minimum 5 seconds to maximum 5 minutes;

¢ Concentration of Palladium ions is varied such as [PdSO4] =5.107°> M, 2.5.10~* M or 5.10~¢ M;

Solutions are either agitated with a magnetic stir (200 rpm) or not;

* A comparison between HF and NaHF, fluoride media is realized;
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¢ Different fluoride media concentrations have been tested for HF and NaHF,: [HF] =05 M or 1.5 M
and [NaHF>] = 0.16 M or 0.5 M.

B Python image
d  analysis

Nucleis radius dispersion

Distance between nucleis dispersion
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¢ ¢ Average nucleis radius: 59.94 nm
2 ¢ Average distance between
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Figure 4.31: Example of SEM images analysis with Python code on activated n-type mirror polished Si.

Results

IMPACT OF IMMERSION TIME

CONDITIONS TESTED

e HF0.5M
e PdSO, 5.107*M
* No solution stirring

¢ Immersion time: 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 seconds

Samples have been immersed in activation solution and the evolution of Pd particles number and size
with immersion time are plotted in Figure Two parts can be distinguished on the graph: 1) before 30
seconds immersion, Pd particles mean radius increases but the particles number increases slowly 2) after 30
seconds immersion, Pd particles mean radius decreases drastically which is associated with an important
increase of particles number.

Complementary information are obtained by looking at particles radius dispersion and corresponding
SEM images displayed in Figure for 5, 20, 30, and 45 seconds immersion. At 5 and 20 seconds im-
mersion, dispersion of particles radius is centered around one value (35 nm and 60 nm respectively). That
suggests a first nucleation step followed by particle growth. Then, at 30 and 45 seconds immersion, two
radius populations are observed: a first one centered around 40 nm and 50 nm respectively and the other
centered around 100 nm in both cases. That suggests a second nucleation step with the apparition of small

particles as visible on SEM images.
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Figure 4.32: Evolution of Pd particles number and mean radius with immersion time in HF 0.5 M +
PdSO, 5.10~* M (no stirring).
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Figure 4.33: SEM images and Pd particles radius dispersion after 5, 20, 30, 45 seconds immersion in HF
0.5M + PdSO, 5.10~* M (no stirring).

Regarding these results, the following scenario can be proposed. At the beginning, a first nucleation step
occurs and a certain number of Pd particles are deposited on Si surface (Figure 5 seconds). Until 30
seconds, particles are preferably deposited on existing particles rather than on Si surface (growth is favored
towards nucleation, Volmer-Weber growth model) and Pd particles size is thus increased (Figure 20
seconds). At around 30 seconds immersion, a critical size (radius ~ 75 nm) is reached due to constraints
between Pd and Si surface (lattice mismatch). Nucleation is more favorable at this moment and a second
nucleation step occurs, associated with a significant increase of particles number. As a result, two radius
populations can be observed and the average particles radius is reduced due to second nucleation step
(Figure 30 seconds). Finally, Pd particles deposited during the second nucleation step are grown as
visible on radius dispersion graphs in which the particles populations are shifted towards higher radius

values (Figure .33} 45 seconds).
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These two particles radius populations are also observed with HF 1.5 M and for other PdSO, concen-
trations, whether with or without solution stirring. An example is given in Figure after 30 seconds

immersion. It suggests that this behavior is independent of [HF], [PdSO4]and solution stirring.

o L g b e i - Mag =20 KX | AP /2 = 20 kX

HF 1.5 M + PdSO, 5.10%* M, no stirring HF 0.5 M PdSO, 2.5.10%, stirring HF 1.5 M PdSO, 2.5.10, stirring

Number

20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160 20 40 60 80 100 120 140
Radius (nm) Radius (nm) Radius (nm)

Figure 4.34: SEM images and Pd particles radius dispersion after 30 seconds immersion in various HF-
based activation solutions.

On the contrary, in case of NaHF; based activation solution, only one Pd particles size population is
most of the time observed as illustrated in Figure Some smaller particles are visible but after longer
immersion times > 1 min (not shown here) and the contrast of two particles sizes populations is much less

pronounced than with HE. A more detailed comparison between both fluoride media is presented further.
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NaHF, 0.16 M + PdSO, ~ NaHF, 0.4 M + PdSO, NaHF, 0.4 M + PdSO,

5.105 M, stirring 2.5.10"% M, stirring 2.5.10* M, no stirring
40 250
120
35
s 30 LIOO LZOO
] o ]
025 080 Q150
E 20 EGO E
=} =) =}
21 =2 =100
40
10
: MM ) JMAM ) M
o0l o - o0 .
20 30 40 50 60 70 80 90 20 40 60 go: 00 120 140: 160 20 40 , 60 80 100
Radius (nm) Radius (nm) Radius (nm)

Figure 4.35: SEM images and Pd particles radius dispersion after 30 seconds immersion in various
NaHF,-based activation solutions.

In regards with this first analysis, it seems to us that a satisfying Si surface activation is achieved for a

density > 3 particles/pm? with a good particles dispersion and a radius as small as possible (< 50 nm).
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An example is given in Figure For most of the conditions tested, 30 seconds immersion time were

sufficient to deposit enough particles while limiting particles growth.

4.5 particles/um?

20 40 60 80 100 120 140
Radius (nm)

Figure 4.36: SEM images and Pd particles radius dispersion after 30 seconds in NaHF; 0.16 M + PdSO,
2.5.10~* M (stitring).

IMPACT OF PDSO4 CONCENTRATION

CONDITIONS TESTED

e HF 0.5 M or NaHF; 0.16 M
e PdSO,2.5.107*Mand 5.10°° M
* Solution stirring

e Immersion time: 10, 30, 60, 300 seconds

Pd particles number and mean radius after 10, 30 and 60 seconds immersion are displayed in Figure
for HF 0.5 M with both PdSO, concentration tested. Results obtained in NaHF5 0.16 M fluoride media
are presented in Figure After 5 minutes immersion, statistical analysis is not possible due to the high
density of particles but SEM images are presented in Figure .39}
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Figure 4.37: Pd particles number and mean radius after 10, 30 and 60 seconds in HF 0.5 M + PdSO,
2.5.10~% or 5.10~° M (with stirring).
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Figure 4.38: Pd particles number and mean radius after 10, 30 and 60 seconds in NaHF; 0.16 M + PdSO,
2.5.10~% or 5.10~° M (with stirring).
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Figure 4.39: SEM images after 5 min immersion in the four activation solutions tested.

For both fluoride media, the density of Pd particles and the mean radius are increased with PdSO,
concentration, indicating that nucleation and particles growth are both favoured. This is particularly visible
by comparing SEM images after 5 min immersion in HF 0.5 M with PdSO, 2.5.10~* or 5.10° M (Figure
a) and b)). Long immersion times promote the formation of branched dendritic structures on
Pd particles, even with the low PdSO,4 concentration. A colored SEM pictures showing these dendritic
structures is presented in Figure This latter has been obtained after 5 minutes immersion in HF 0.5 M
with a high PdSO, concentration (5.10~* M)). This specific shapes have been already observed and are
not desirable in this study. For both fluoride media, it is preferable to use the lowest PdSO, concentration
(5.107° M) to obtain small particles. At this PdSO, concentration, only 10 seconds immersion are sufficient
for NaHF, 0.16 M (Pd particles number =~ 2) but HF 0.5 M fluoride media requires 60 seconds immersion

time to reach sufficient particles density.
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Figure 4.40: SEM image representing the branched dendritic structures of Pd particles after a long im-
mersion time (5 minutes) in HF-based activation solution with an high PdSO, concentration (5.10~* M).

/

Mag = 50 kX

IMPACT OF STIRRING

CONDITIONS TESTED

PdSO, 2.5.107* M

Stirring and no stirring

HF 0.5 M and NaHF; 0.5 M

e Immersion time: 30 seconds

Pd particles number and mean radius after 30 seconds immersion are displayed in Figure and the
corresponding SEM images are shown in Figure £.42} More homogeneous Pd deposition is observed with
stirring, as attested by the lower standard deviations in Figure Pd particles are also bigger as the so-
lution is continuously regenerated at Si surface, avoiding depletion of species needed for Pd ions reduction
(equation [4.26), surface oxidation (equation [#.29) and desoxydation (equation[4.30). However, there are less
particles with stirring due to the mechanical effect removing some particles from the surface. Even if Pd

particles deposition is more homogeneous with stirring, it is preferable to not agitate the solution to obtain

smaller Pd particles with an higher surface density.
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Figure 4.41: Pd particles number and mean radius after 30 seconds in NaHF; 0.5 M + PdSO, 2.5.10~* and
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Figure 4.42: SEM images after 30 seconds in NaHF, 0.5 M + PdSO, 2.5.10~* and HF 0.5 M + PdSO,
2.5.10~* M with or without solution stirring

IMPACT OF FLUORIDE MEDIA CONCENTRATION

CONDITIONS TESTED

e HF0.5M, HF 1.5 M, NaHF; 0.16 M and NaHF, 0.5 M
e PdSO425.107*M
¢ Solution stirring

e Immersion time: 10, 30 and 60 seconds

Results obtained after immersion in HF solutions are presented in Figure Pd particles are bigger
with a lower surface density in case of HF 0.5 M compared to HF 1.5 M but in both cases, the mean radius
increases until 30 seconds immersion and then decreases. This is due to the second nucleation step occurring
after 30 seconds immersion as highlighted before. To explain the differences observed with different HF

concentrations, it is necessary to report on Pd galvanic displacement reactions. Assuming that:

* Pdions reduction (equation [4.26) has a constant k;;
* Sioxidation (equation4.29) has a constant ks;
* deoxidation reaction (equation 4.30) has a constant k.

A non optimized fluoride media concentration induces a disequilibrium between Si surface oxidation
and deoxidation. For instance, when ks < ks Si surface deoxidation is not efficient enough to properly
remove native oxide formed during the process. Consequently, native oxide can hinder the Pd ions reduc-
tion on Si surface (holes injection into Si VB). As Si oxidation can still occur through electrons injection into

the electrolyte, formed electrons reach the existing Pd particles and reduce Pd ions. In this way, growth
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is favored towards nucleation which reduces the particles surface density but increases their sizes. This
is exactly the behavior observed in case of HF 0.5 M. With an higher HF concentration (HF 1.5 M), a best
equilibrium between ks and k; leads to smaller Pd particles with an higher density which is more suitable

in this work.

45 - HFO05M
36.74 80 - .
HF 0.5 M
40 0.5 64.35
p- 70 T 66.18 HF 1.5 M
E 35 HF 1.5M J z T egm
5 50 E601 5385 J I
.g 0 50 I 51.25
3 25 g 28.23
B8 20] 2 40 {
0 © 304
% 154 -g 30
QlO 220 J
kel ] je]
o 5.4 o
51 3.48 101
o 1 1.01 %
T T I 0 I T I T T ]
a) 10 sec 30 sec 60 sec b) 10 sec | 30 sec | 60 sec |

Figure 4.43: Pd particles number and mean radius after 10, 30 and 60 seconds in PdSO, 2.5.10~* M + HF
0.5 M or HF 1.5 M (with stirring).

In the opposite situation (k3 >> k»), the native oxide is removed as soon as it is formed and it can be
hypothesized that Si surface dissolution leads to removal of Pd nucleus through surface etching below
the particles. Therefore, particles are preferably deposited on existing ones rather than on Si surface. The
density is reduced but the mean radius is increased and this behavior is observed for NaHF, 0.5 M (Figure
. A Detter Si oxidation/deoxidation equilibrium is obtained for lower NaHF; concentration (0.16 M)
and smaller particles with higher surface density are observed. As shown in section[4.2.4} SiO, is etched at
least 2 times faster with NaHF,. Lower NaHF; concentrations are thus needed compared to HF to achieve

a good oxidation/deoxidation and deposit smaller Pd particles with an higher surface density.
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Figure 4.44: Pd particles number and mean radius after 10, 30 and 60 seconds in PdSO, 2.5.10~* M +
NaHF; 0.16 M or NaHF; 0.5 M (with stirring).

COMPARISON OF HF AND NAHF; FLUORIDE MEDIA

Differences between both fluoride media have been already raised but a closer comparison is presented
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4.4. OPTIMIZATION OF SI SURFACE ACTIVATION WITH PALLADIUM

in this part. Conditions tested are the same as for the study on the impact of fluoride media concentration
but results are shown in a different manner for better readability. Pd particles number and mean radius after
10 and 30 seconds in NaHF; 0.16 M, NaHF, 0.5 M, HF 0.5 M and HF 1.5 M solutions + 2.5.10~* M PdSO,
are reported in Figure [4.45)and [4.46] SEM images after 30 seconds immersion are presented in Figure [£.46]
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Figure 4.45: Pd particles number and mean radius after 10 and 30 seconds in NaHF; 0.16 M, NaHF; 0.5
M, HF 0.5 M and HF 1.5 M + PdSO, 2.5.10~* M (with stirring).
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HF 0.5 M + PdSO, 2.5.10* M 30 sec HF 1.5 M + PdSO, 2.5.10* M 30 sec

Figure 4.46: SEM images after 30 seconds in PdSO, 2.5.10~* M + a) NaHF- 0.16 M, b) NaHF 0.5 M, ¢) HF
0.5 M, d) HF 1.5 M (with stirring).

The higher surface density of particles after immersion in NaHF; suggests that nucleation is favoured
compared to HF fluoride media. By looking at the energy band diagrams in Figure the difference
between &y and E pg2+/pg) is greater at high pH values. Thus, the electromotive force is greater at high pH
and holes injection from the E(pg2+,pg) to the Si valence band to reduce Pd?7 ions is facilitated. Nucleation

is therefore favoured in NaHF, solution (pH ~ 3) compared to HF solution (pH =~ 1). In addition, it appears
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CHAPTER 4. DEOXIDATION AND ACTIVATION OF SILICON SURFACE

that NaHF, fluoride media leads to smaller Pd particles with an higher density for both concentrations
tested. The mean radius in case of HF (Figure b)) represents a mean value (particles from the first
nucleation step + smaller ones from the second nucleation step). SEM images are thus more suitable to
compare the particles size. After immersion in HF (Figure ¢) and d), two sizes populations are visible,
as already demonstrated earlier, while size is more homogeneous for NaHF, (Figurea) and b)). The first
particles deposited in case of HF are bigger than the particles observed after immersion in NaHF,. Globally,
Pd particles are grown slowly in NaHF, solution and the critical size is reached later. Two particles size
population are visible after 30 seconds immersion (and sometimes before) in HF solutions but this effect is

observed only after 1 minute in NaHF; solutions as shown in Figure .47
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Figure 4.47: SEM images and corresponding Pd particles radius dispersion graph after immersion in
NaHF, 0.16 M + PdSO, 2.5.10* M during a) 30 sec, b) 1 min (with stirring).

4.4.3 Conclusions and perspectives

In regards with these results, several conclusions have been deduced and are summarized in Table
Best activation conditions are also reported by keeping in mind that the aim is to achieve high surface

density of small Pd particles.

Table 4.13: Impact of various parameters on Pd activation on n-type mirror polished Si wafers.

PARAMETERS OBSERVATIONS BEST CONDITIONS|

e Successive nucleation/growth cycles occur during Pd galvanic
displacement deposition (Volmer-Weber model). Second nucle-
ation happens when the critical size (radius ~ 75 nm) is reached | 30 sec immersion
and two particle size populations are then observed times

o It is preferable to have only one particle size populations

e Branched dendritic structures appear for long immersion

e Bigger Pd particles with an higher surface density when
[PASO,] increases. Low concentration is better to have small par- | 51075 M or

Immersion time

[PdSO4] ticles but higher concentration is needed if surface density is not | 2.5.107* M
high enough
e Pd particles dispersion is slightly better with stirring but detri-

Stirring mental mechanical effect is observed No stirring
e Pd Particles are smaller with an higher density without stirring
e Fluoride media concentration must provide a suitable equilib-

[Fluoride media] rium between Si surface oxidation and deoxidation HF15M
e Lower NaHF; concentrations are needed to achieve this equi- | NaHF; 0.16 M
librium thanks to faster SiO,, etching rate (section(4.4.1

HF or NaHF, e Smaller particles and higher surface density in NaHF; thanks NaHF,

to a better energy band diagram configuration for holes transfer
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4.4. OPTIMIZATION OF SI SURFACE ACTIVATION WITH PALLADIUM

In this study, most experiments have been realized with stirring and best results have been obtained
with NaHF; 0.16 M + PdSO, 2.5.10~% M 30 seconds immersion (Pd radius = 48.7 nm and density = 5.99
particles/um?). A lower PdSO, concentration (5.10~° M) with the same conditions enables to limit metal
consumption and mean radius is reduced (46.1 nm). The particles surface density in these conditions is
lower (2 particles/pm?) but still satisfying. It has been observed that no solution stirring is preferable so a
perspective would be to perform these both optimized conditions without stirring.

Another perspective would be to directly deposit Ni particles on the Si surface. By considering equation
E(ni2+ /N4 is around - 0.25 V/SHE and does not lie to Si VB, except for high pH value (for instance pH
=14 in the energy diagram in Figure[4.30). Consequently, galvanic displacement of nickel on Si surface may

be possible in alkaline fluoride media such as NH4F.

Ni®* +2¢~ = Ni (E=-0.25+0.0295 log(Ni>*) (V/SHE)) (4.31)

4.4.4 Study 2: Pd galvanic displacement on laser opened n-PERT samples

Experimental approach

N-PERT precursors have been laser opened with laser parameters optimized in the Chapter 3:

1. Laser parameters 1: 0.56 ] /cm?, no spot overlapping

2. Laser parameters 2: 0.32 J/cm?, 50% spot overlapping

Then, samples have been deoxidized before immersion in different activation solutions. The best acti-
vation conditions identified in the study 1 are first implemented and SEM characterization is performed
to analyse the surface morphology. The aim is to determine if activation conditions optimized before are
suitable for laser opened n-PERT precursors and adjust these conditions accordingly. As deoxidation and
Pd activation are both performed in fluoride media, it is also interesting to investigate Si surface activation

without prior deoxidation step.
Results

Laser opened samples have been first immersed in the following activation solution: NaHF; 0.16 M +
PdSO, 2.5.10~* M 30 seconds without solution stirring (no prior deoxidation). SEM images are displayed
in Figure

White particles correspond to metallic Pd particles as confirmed by EDS analysis. On the rear polished
side opened with laser parameters 1 (no overlaping) (see Figure [4.48|a)) the activation is not homogeneous
and Pd particles deposition depends on the location in laser opened areas identified in Chapter 3: inner spot:
area n°1, outer spot: area n°2, corona: area n°2;;; and double impacted area: area n°4. Thus, the morphology
and chemical composition of the surface after laser ablation impact the deposition of Pd particles.

Results in Chapter 3 have revealed a lower oxygen content in area n°2;;; where dielectric layers have
been completely removed by lift-off. In this area, native oxide is removed during immersion in activation
solution containing NaHF, and Pd particles are properly deposited. However, it has been proposed that
areas 1 and 2 are still covered by SiO, layers (from remaining initial SiO, dielectric layer and/or laser

formed SiO,). In these areas, SiO, layers have not been removed during activation step and hinder the
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Pd particles deposition. In double impacted area, significant amount of Oxygen has been also detected
but Pd particles are deposited in this area. It confirms that laser spot overlapping provides the removal
of remaining SiO,, layers and so SiO,, detected in this area mostly corresponds to laser formed SiO,, easily
removed in fluoride media. This layer is removed by NaHF; during immersion in activation solution and
Pd particles deposition is also facilitated by the surface roughness. Therefore, Pd particles deposition is
homogeneous when 50% overlapping is used as observed in Figure .48)b)). Pd particles in area 2;;; and 4
will provide Ni electroless deposition but it is expected that Ni seed layer shows a poor adherence below
areas 1 and 2.

On the front textured side, the presence of LIPSS structures is favourable for Pd particles deposition and

Si surface activation is homogeneous for both laser parameters tested (see figure [4.48|c) and d)).
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Figure 4.48: SEM images after immersion of ablated n-PERT precursors in NaHF; 0.16 M + PdSO,
2.5.10~* M during 30 seconds (no stirring).

Then, a prior deoxidation has been performed in NaHF; 0.5 M to remove SiO, layers hindering Pd depo-
sition in area 1 and 2 on the rear side opened with laser parameters 1. SEM images are displayed in Figure
for two magnifications. Figure a) and b) have been obtained after 30 seconds prior deoxidation
while Figure c) and d) have been obtained after 1 minute prior deoxidation. A prior deoxidation in
NaHF; 0.5 M during 30 seconds is not sufficient to remove efficiently SiO, layers in area 1 and 2 and Pd
particles deposition is not homogeneous. Some isolated Pd particles are however visible in area 2, suggest-
ing that SiO, layer has been randomly etched. It is consistent with results in section [#.2.2]in which PECVD
SiO, exhibits a random etching leading to increased layer porosity.

For deoxidation longer than 1 minute, an higher surface density of Pd particles is observed in all opened
spot areas. It is however difficult to determine if SiO,, layers have been completely removed in area 1 and 2

or whether they are still present with an important porosity allowing more particles deposition.
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0.56 J/cm? - no overlapping

Deoxidation

Deoxidation
1 min

Figure 4.49: SEM images on rear side opened with laser 1 after deoxidation in NaHF; 0.5 M 30 seconds (a
and b) or 1 minute (c and d) followed by immersion in NaHF; 0.16 M + PdSO,4 251074 M during 30 sec.

A comparison of Figures and indicates that Pd particles are smaller with more homogeneous
size when a prior deoxidation is performed. This is particularly visible in area 2;;, (see Figure a) and
Figure a)). This behavior is also observed on double impacted areas on the rear side and on the front
side (not shown here). The following explanation is proposed: SiO,, thickness is not homogeneous and can
be etched at different speed depending on surface roughness. Underlying Si is therefore exposed more or
less quickly to the activation solution and nucleation steps are delayed at different sample locations. The
first particles deposited will grow as long as other Si surface locations are exposed to the solution and Pd
particles deposition is concentrated on few areas, leading to bigger particles with different sizes. Finally, a
prior deoxidation is preferable to achieve a more homogeneous and dispersed Pd particles deposition.

On the activated samples represented in Figure[4.49)c) and d), Ni electroless deposition has been realized
after a prior deoxidation in NaHF; 0.5 M during 1 minute. Important parasitic plating (PP) has been ob-
served (not shown here) which means that 1 minute deoxidation in NaHF; 0.5 M is too aggressive towards
5i0;N, layers. With a lower NaHF; concentration (0.16 M), it appears after several experiments that a total
immersion time (deoxidation + activation) must not exceed 3 minutes to preserve the dielectric layers and
limit PP. NaHF; 0.16 M is preferred to obtain smaller Pd particles size with higher surface density as demon-
strated in the first study (see section but 3 minutes exposition to NaHF; does not enable a uniform

removal of 5iO,, layers in area 1 and 2.

On this basis, this work has been pursued using NaHF, 0.16 M and PdSO, concentration has been
reduced to 5.107° M to reduce Pd particles size and metal consumption. Various deoxidation times in
NaHF; 0.16 M and activation times in NaHF, 0.16 M + PdSO, 5.10~° M have been tested such as the total
exposition to fluoride media does not exceed 3 minutes. A satisfying Pd particles deposition is obtained in

the two following cases and SEM images in Figure [£.50]show the surface morphology obtained for case 1.

163



CHAPTER 4. DEOXIDATION AND ACTIVATION OF SILICON SURFACE

e Case 1: Deoxidation in NaHF; 0.16 M 1 min 30 and activation in NaHF» 0.16 M + PdSO, 5.10~° M 30
seconds: Pd activation is satisfying on both sides for laser parameters 1 and 2.

e Case 2: Deoxidation in NaHF, 0.16 M 30 seconds and activation in NaHFs 0.16 M + PdSO, 5.107° M
30 seconds: Pd activation satisfying on front side for laser parameters 1 and 2 and on the rear side for

laser parameters 2 (thanks to spot overlapping).

0.56 J/cm? - no overlapping  0.32 J/cm? - 50% overlapping
P 3 P / o 8

Vi Ty

Figure 4.50: SEM images after deoxidation in NaHF; 0.16 M 1 min 30 and activation in NaHF; 0.16M +
PdSO, 5.10~°M 30 sec on rear and front sides for both optimized laser parameters.

In Figure the rear side opened with laser parameters 1 and 2 has been deoxidized and activated
with conditions described in case 1 but NaHF, 0.16 M has been replaced by HF 0.16 M. For laser parameters
1 (no overlapping), no Pd particles are observed in area 1 and 2 as it can be observed in Figure a)).
It indicates that 1 min 30 of deoxidation does not enable to etch sufficiently the SiO, layer in these areas
to expose the Si underlying and provide Pd deposition when NaH, 0.16 M is replaced by HF 0.16 M. It
confirms that NaHF; has an higher SiO, etching rate which is consistent with conclusions in section
Furthermore, Pd particles are slightly smaller when NaHF; is used. It is easily remarkable by comparing
Figure[4.50|b) and Figure[£.51|b). This is consistent with previous observations in section[#.4.2]
0.56J/cm?*-no o

verlapping

? >

0.32 J/cm? - 50% overlapping

Figure 4.51: SEM images after deoxidation in HF 0.16 M 1 min 30 min and activation in HF 0.16 M +
PdSO, 5.10~°> M 30 sec on the rear side polished side opened with laser parameters 1 a) and 2 b)
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4.4.5 Conclusions

In this part, n-PERT precursors have been opened on both sides using optimized laser parameters iden-
tified in Chapter 3. Based on the results obtained in the study 1 on activation of n-type mirror polished Si
wafers, various deoxidation/activation conditions have been tested on laser opened n-PERT precursors.

SEM characterization has revealed that Pd particles deposition depends on the surface morphology and
composition after laser ablation. In particular, when laser spots do not overlap for ablation on the rear
polished side, Pd activation is non-homogeneous in the different areas identified in Chapter 3 (area 1, 2
and 2;;5). The presence of remaining initial SiO, dielectric layer in area 1 and 2, hinders the deposition
of Pd particles if a suitable deoxidation is not performed. On the contrary, activation is homogeneous in
area 2,5 as dielectric layers have been lifted-off. A non-homogeneous Pd deposition is expected to cause
poor adherence of the further Ni seed layer. The deoxidation treatment to remove the SiO, layer in areas
1 and 2 and provide homogeneous Pd particles deposition is too aggressive for SiO, N, layers and leads to
significant parasitic plating. It appears that remaining SiO,, layers (deposited by PECVD) are etched in a
randomly manner in fluoride media which is consistent with results in section4.2.2} Thus, some Pd particles
are deposited at some locations in areas 1 and 2 when a prior deoxidation treatment is performed which is
expected to improve the adherence of further deposited Ni seed layer. In addition, Pd particles are smaller
when a prior deoxidation is performed. Finally, deoxidation/activation have been optimized to be suitable

for both sides surface morphology and composition obtained with laser parameters 1 and 2 ( see Figure

4.50):

¢ Deoxidation: NaHF;5 0.16 M 1 min 30
e Activation: NaHF; 0.16 M + PdSO, 5.10~° M 30 seconds

On the front textured side and on the rear polished side laser opened with 50% overlapping, shorter
deoxidation conditions are sufficient to obtain a satisfying Si surface activation. LIPSS on the front side and
roughness on overlapped areas favored Pd particles deposition. The homogeneous activation on double im-
pacted areas also confirms that dielectric layers have been efficiently removed. In these cases, the following

conditions are suitable:

¢ Deoxidation: NaHF, 0.16 M 30 seconds
¢ Activation: NaHF; 0.16 M + PdSO, 5.10~° M 30 seconds

Finally, the same optimized conditions using HF 0.16 M based solutions instead of NaHF; 0.16 M have
been tested. The results confirm that SiO,, is etched slowly in HF fluoride media and that Pd particles are

smaller when NaHF; solutions are used.
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PECVD SiO,, etching rate has been studied through ellipsometry measurements and a linear relationship
has been highlighted between the etching rate and HF and NaHF, concentrations. To study the etching rate
of anodic SiO,, layer, a methodology based on EIS has been established to obtain a standard reference graph

which gives the anodic SiO,, thickness as a function of V ¢;. The following observations have been made:

1. In both HF and NaHF,, PECVD SiO,, layer is etched randomly, leading to porous material.
2. Etching rates of both PECVD and anodic SiO,, layers are found to be >> 2 times faster in NaHF;.

Etching rates of n-PERT precursors SiO, N, layers have been investigated in both HF and NaHF; through
reflectivity measurements. A linear relationship has been established between etching rate and HF and

NaHF, concentrations. Two major conclusions have been settled:

1. The SiO,N, layer on the front textured side is etched 3-4 times faster than on the rear polished side.
This is mainly related to the higher density and refractive index of SiO, N, layer on the rear side.

2. At same fluoride media concentration, SiO,N, layers are etched at the same rates in HF and NaHF,.

These results indicate a better selectivity of NaHF, towards SiO, and SiO, N, layers. NaHF; is preferred

to HF as immersion time can be reduced to etch SiO,, layer and limit SiO,N,, layers damaging.

A statistical study of Pd galvanic displacement has been carried out. The influence of various parameters
on Pd particles number and size has been highlighted such as immersion time, [PdSO4], solution stirring,
[HF] and [NaHF;]. NaHF; provides smaller and more numerous particles compared to HF fluoride media.
Among the conditions tested, the best ones are: NaHF; 0.16 M + PdSO,4 2.5.10~* M or 5.10~° M 30 seconds,
no solution stirring. Finally, deoxidation and activation on n-PERT samples opened with laser parameters
optimized in Chapter 3 have been investigated. The non-homogeneous surface morphology and composi-
tion observed on the rear side when no spot overlapping is used highly impacts the Pd particles deposition.
Remaining SiO, layer in area 1 and 2 hinders the deposition of Pd particles. Unfortunately, the deoxidation
step needed to completly remove this SiO, layer is too aggressive towards SiO, N, and leads to important
parasitic plating. However, deoxidation conditions have been found such as dielectric layers are preserved
while some Pd particles are deposited randomly in area 1 and 2. Once again, NaHF; gives the best results

with higher SiO,, etching rate and smaller Pd particles.

DEOXIDATION

¢ NaHF; 0.16 M 30 sec for front textured side and rear polished side laser opened with 50% overlapping
e NaHF; 0.16 M 1 min 30 for rear polished side laser opened with no overlapping

PD ACTIVATION

e NaHF; 0.16 M + PdSO, 5.10~° M 30 sec, no solution stirring
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CHAPTER 5. NICKEL/COPPER PLATING AND N-PERT SOLAR CELLS EFFICIENCIES

5.1 Introduction

In the present Chapter, the impact of laser contact opening width and illumination conditions on the
homogeneity of Ni electroless deposition on n-PERT precursors is highlighted. The adherence of Ni layers
obtained using different electroless deposition conditions is also studied through Acoustic Picosecond Col-
ored (APiC) technique. To assess the quality of the metallic contact between Si and Ni layer after annealing
step, Transmission Line Measurements (TLM) are performed to determine the contact and line resistivities.
Various annealing conditions are investigated with the purpose to achieve lowest contact resistivities. Con-
cerning the Cu electrolytic deposition, the main purpose is to improve the experimental setup to contact
efficiently the cells to the external circuit. Important adherence issues observed on the rear polished side
after Ni/Cu plating and final annealing will lead to shift this work on double textured n-PERT precursors
instead of textured/polished precursors used until now. That enables to obtain non delaminated Ni/Cu
contacts and measure solar cells conversion efficiencies. Finally, optimized conditions for each plating pro-
cess step determined in this thesis are implemented and the conversion efficiency of as-obtained cells is
measured and compared to reference screen-printed cells. The impact of non-optimized laser ablation pa-

rameters and annealing conditions is also investigated.

5.2 State of the art

The different components of Ni electroless bath and the reactions involved have been introduced in the
section In this work, the Ni electroless bath used has a pH ~ 10, so the reactions involved are:
Reduction of Ni ions [96]

Ni?* 42¢~ = Ni (E=-0.25+0.0295 log([Ni**]) (V/SHE) (5.1)

Oxidation of hypophosphite ions [96]

HPO?>~
HyPO; + HyO = HPO3™ +2¢~ +3H" (E=-0.323-0.0886 pH + 0.0295 log (M) (V/SHE)) (5.2)
2
2— 2— - + [HPOE_]
HPO;™ + HyO = HPO]™ +2¢~ +2H" (E=-0.234-0.0591 pH + 0.0295 log (m) (V/SHE)) (5.3)
3

Parasitic reactions: hydrogen evolution and phosphorus incorporation [96])

2H" + 2 =H, (E=0-0.0591pH - 0.0295log(Pp,) (V/SHE)) (5.4)

HyPO; +2HT + e~ =P +2H,0 (E=-0.391-0.1182 pH + 0.0591 log ((H,PO; ]) (V/SHE)  (5.5)

Four main mechanisms have been proposed in literature to explain the elementary step behind the re-
duction of Ni ions and oxidation of hypophosphite ions [105]]. First one is proposed by Brenner and Riddel
[105] who postulate that reducting agent acts as atomic hydrogen. A second mechanism, named hydride
transfer mechanism, is proposed by Hersh [105] who suggests that hypophosphite acts as a donor of hydride
ions. The third mechanism, called electrochemical mechanism, has also been proposed by Brenner and Rid-
del [105]. The fourth mechanism established by Cavallotti and Salvago [105] is based on the coordination of

hydroxyl ions with hexaquonickel ion.
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Ni electroless deposition without prior Pd activation is possible on Si if the galvanic displacement re-
action is allowed and initiates the deposition. That requires to work in alkaline bath [195], [196] to have a
favorable position of E(y;2+ /n) relatively to VB and CB of Si. In case of Ni bath having pH > 10, native SiO,,
film tends to be dissolved into soluble silicates H,SiO3, HSiO; and SiOg_ [92] and a displacement reaction
between Si surface and Ni ions can occurs leading to spontaneous initiation of Ni deposition. This specific
case can only occur on n-type Si, where mobile electrons are the majority carriers and can be transferred to
the solution [[197]. It is also possible to add a fluoride species (NH4F) to the bath to continuously etch the
native oxide formed at Si surface.

However, Ni seed layers obtained without prior Pd activation are less adherent [103] and deposition
rates are significantly lower. Oxidation of hypophosphite ions can be enhanced by catalytic activity of Pd
particles, increasing Ni electroless deposition rate. Some authors have found lower deposition rates on p-
type surfaces compared to n-type ones [198]. Ni electroless deposition can be performed either in acidic or

alkaline bath but alkaline baths are generally preferred for the following reasons:
* Ni electroless deposition rate is increased with pH [199]

¢ Smaller Ninuclei are observed thanks to a better hypophosphite oxidation leading to an higher nucle-

ation rate [200]]. Smaller Ni particles are desirable to improve Ni film adherence.

¢ Higher pH decreases the phosphorus incorporation into the Ni layer which reduces the Ni film resis-
tivity [106]], [199]. It has also been demonstrated that P atoms could segregate at the nickel silicide/Si
interface during annealing process and act as donor impurities which reduces the contact resistivity
[201]. However, an increased phosphorus incorporation improves the barrier property towards Cu
diffusion [202] and reduces the internal stress into Ni layer. Consequently, an appropriate balance
of the phosphorus content is needed to promote low Ni film resistivity while maintaining good Cu

diffusion barrier properties.

A schematic representation of the Ni deposition mechanism is given in Figure

2H,0 H,PO,

&
N
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HPO,2 ¢m s

-

Catalytic Pd

Semi-conductive silicon

Figure 5.1: Schematic representation of nucleation and growth process of Ni layer electrolessly deposited
on Pd-activated Si surface (from [203]).

The catalytic activity of Pd particles provides the oxidation of hypophosphite ions according to reactions
b.2]and 5.3 which releases four electrons. As silicon is a semiconductive material, electrons can flow on the
surface and reduce the Ni?T ions at various surface locations according to reaction However, at the

initial stages of the process, Ni nucleation is more likely to occur at the vicinity of Pd particles. As a result, a

169



CHAPTER 5. NICKEL/COPPER PLATING AND N-PERT SOLAR CELLS EFFICIENCIES

high density of dispersed Pd particles will lead to a Ni layer growth similar to a layer-by-layer model rather
than a island model, which improves Ni film adherence.

Philipsen et al. have worked on electrodeposition of Ni layer on Si surface and have demonstrated that
hemispherical nuclei are formed on Si-H terminated surfaces while spherical nuclei are formed on oxidized
surfaces [204]. Spherical nuclei are not advantageous for Ni film adherence due to less contact between
Ni and Si surface compared to hemispherical shape. As a consequence, the formation of native SiO, on Si
surface during the Ni electroless deposition is a significant issue as it will block the Ni deposition [114] in

the worst case or lead to spherical Ni nuclei in the best case.

Ni electroless films are amorphous when phosphorus proportion is higher than 6.5% . /.:) [201] but
a thermal treatment above 330°C leads to semi-crystalline face centered cubic Ni interspersed with inter-
metallic compounds such as NigP [106]. Ni seed layer acts as a barrier for Cu diffusion into Si and Ni-P
allow electrolessly deposited is a most effective barrier to prevent Cu diffusion compared to electrolytically
deposited Ni layer. It can be explained by the formation of intermetallic NiP compound able to block the
Cu diffusion path through Ni layer [202]. In contact with Si surface, heat treatment leads to Ni/Si interdif-
fusion and formation of nickel silicides Ni,Si,. Silicide formation on solar cells from plated Ni layers is still
not completely understood. Based on references [13], [92], [114], the following temperature ranges can be
proposed: Ni,Si is formed between 200 and 350°C, NiSi between 400 and 530°C and NiSi; above 650°C.

The objectives of the annealing step are the following:
* Obtain the NiSi phase which demonstrates the lower contact resistivity [114];

* The nickel silicide layer formed should be preferably less than 0.1 pm to avoid shunt formation [198]].
It has been demonstrated that the diffusion length of Ni depends on the initial Ni layer thickness [205];

* Obtain an uniform nickel silicide layer to reduce the contact resistivity and improve the metallic con-
tact adherence. Unfortunately, SiO,, presence at Ni/Si interface is critical as it blocks the Ni/Si in-
terdiffusion, leading to unbalanced Ni/Si interdiffusion velocities. As a result, unexpected Ni,5i,
phases can be observed and several phases can be formed at the same time. Kirkendall voids can be

also formed between Ni and Ni,Si, layer leading to adherence issues [133].

After Ni seed layer deposition, a suitable thick conductive layer is needed to reduced line resistance
of the metallized grid. Copper is a good candidate due to its high conductivity and low price. The main
issue is the Cu ability to easily diffuse into Si as a positively charged ion Cu™. Cu diffusion coefficient in Si
increases with the temperature and depends on the Si dopant type. Indeed, diffusion in p-type Si is reduced

due to the attraction between positively charged Cu™ and negatively charged B~ ions [202].
5.3 Ni electroless deposition: homogeneity issues.

5.3.1 Impact of laser opened area geometry on Ni thickness.

This study has been realized early in this thesis. At that moment, only a UV-ns laser was available to open the dielectric

layers and deoxidation and Pd activation conditions were not optimized. However, this part deals with the impact of
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line width on Ni homogeneity and it is reasonable to consider that results will be applicable to optimized conditions

determined in previous Chapters (identical kinetic ratios for Ni electroless deposition between the different line width).

The dielectric layers of n-PERT precursors have been laser opened on both sides with a UV-ns laser at
INL (Institut de Nanotechnologies de Lyon) using a F,cqx, = 1.6 ] /cm? and 50% overlapping. As represented
in Figure a pattern has been designed with four different line widths. One of them is related to finger
width and another one to busbar width typically used.

1ch

1 1 1: One line of 1500 um

2: One line of 750 um (busbar)

3: Three lines of 50 pm

<>
LT_H_'_) 5 4: Three lines of 20 um (fingers)

Figure 5.2: Picture of pattern for laser ablation: the different line widths are detailed next to the picture.

Samples are then immersed 30 seconds in activation solution HF 1%.,,; + 1.25.10—* M PdSO, without

stirring before 3, 5, 7 or 9 minutes immersion in the Ni electroless bath detailed below.

NICKEL ELECTROLESS BATH

Nickel electroless deposition is performed using the Enthone commercial bath “Enplate Al-100”. As
this bath is dedicated to Ni deposition on aluminum (indeed there is no commercial bath for Ni electroless
deposition on Si), the quantities of each component have been adapted for our application. Consequently, 3
components are mixed in water according to the quantities depicted in Table The bath is alkaline (pH
~ 10) and is agitated during the make up and experiments (200 rpm). Once the components mixed up, the
solution is heated at 40°C in a water bath. The pH solution is controlled regularly to verify that it does not
fall below 9.5. The bath is kept maximum two days to ensure good Ni electroless deposition conditions for

all experiments. The conditions detailed above remained unchanged in this thesis work.

Table 5.1: Made up of Enplate Al 100 Ni electroless bath from Enthone

Name Quantity Chemical species
Enplate Al-100 A 70mL/L Complexing agent (tetrapotassium pyrophosphate)
+ Nickel ions (nickel bi(sulfamidate)) + ammoniac
Enplate Al-100 C 150 mL/L Reducing agent (sodium hypophosphite)
Enplate Al-100 Stabilizer 0.8 mL/L Stabilizing agent (lead di(acetate))

On both sides, sectional SEM characterization has been performed to measure the Ni thickness after
various immersion times in Ni electroless bath and results are reported in Table For each sample, four
SEM images are realized and Ni thickness is measured at 3 or 4 locations on each image to calculate the

deposition rates. SEM images after 7 minutes immersion are shown in Figure 5.3|as an example.
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Table 5.2: Ni thicknesses on both sides for different line widths and calculated deposition rates.

Line width Nickel thickness (nm) Deposition rates
(um) (nm.min—1')
3 min 5 min 7 min 9 min

4*Rear 20 146 £20 | 287 +47 | 436 +41 | 509 + 64 57.9
side

50 151+8 245+ 8 336 £22 | 431+32 48.0

750 123+ 7 209+ 6 | 306+18 | 369 + 20 41.6

1500 95 +4 187 £ 8 284 +11 | 332+ 14 37.8

4*Front 20 122 +18 | 241+21 | 345+30 | 453+45 49.6
side

50 104 + 14 192 +9 295+ 10 | 386+ 12 40.2

750 69 £5 139 £7 200 + 8 262 + 12 27.7

1500 62+4 113+ 6 159 £18 | 208 +£18 229

750 pm line width 20 pm line width

Front
textured side

Rear
polished side

Figure 5.3: Sectional SEM images after 7 minutes Ni electroless deposition on both sides for 750 pm line
width (a) and c)) and 20 pm line width (b) and d)).

According to the results in Table[5.2} two main observations can be made:

* On both sides, the wider the line width, the lower the Ni deposition rate is (comparison of Figure[5.3]
a)-b) or ¢)-d)). This is consistent with literature and can be explained by the geometry of narrow
line width, enabling the mass transfer of species in a semi-cylindrical volume. The ratio of deposition
rate on fingers (20 pm line width) to the one on busbars (750 pm line width) is equal to 1.8 for the
front side and 1.4 for the rear side. To limit Ni thickness difference between fingers and busbars and
reduce the risk of junction shunting during annealing, a busbarless metallization pattern seems more
suitable. Another alternative could be to performe laser ablation of busbars with several fingers not
in contact from each other but close enough to provide coalescence of nickel clusters from each finger

during the deposition process.
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* Ni deposition rate is slower on the front textured side than on the rear polished side (comparison of
Figurea)-c) or b)-d)). Deposition rate ratios of rear side on front side are equal to 1.2, 1.2, 1.5and 1.6
for 20 pm, 50 pm, 750 pm and 1500 pm line width respectively. As nickel ions require electrons to be
reduced on Si surface, the p* front side may be disfavoured compared to the n™ rear side. However,
subsequent experiments on Ni deposition have brought out reproducibility issues. With same process
conditions before Ni deposition, significant Ni thickness variations are observed on the front textured
side (sometimes no Ni is deposited at all). These issues have not been observed on the rear side. As
already mentioned, holes are majority carriers on the front side and can disfavour Ni deposition so
it is probable that fume-hood and lab light enhance this behavior thought photogeneration of holes.

This point is investigated in the next part.

5.3.2 Effect of illumination conditions on Ni electroless deposition.

These experiments have been realized before optimization of laser parameters and deoxidation/activation conditions.

Twelve 10 x 5 mm? n-PERT samples have been used in this work. A laser ablation using a UV-ps laser
with Fpear = 0.72]/cm? and 50 % overlapping has been performed on both sides in order to obtain a 1 cm
line with 750 pym width (busbar geometry). 9 samples have been immersed 30 seconds in HF 1%,,; + PdSO4
5.107° M and 3 samples have only been deoxidized 30 seconds in HF 1%,,; (no activation). Samples have
been finally immersed 5 minutes in the Ni bath under various illumination conditions as reported in Table
[lumination was performed either on rear n™ or front p* side using a lamp (power 20 or 35 W, 30 cm
distance). The impact of various solution agitation conditions has also been investigated (if not mentioned,

stirring conditions are equal to 200 rpm). Pictures of the experimental setup are shown in Figure[5.4]

Temperature

probe Sample

Ni electrolesss
bath

Sample holder

Water bath

Hot plate

Figure 5.4: Experimental setup used to assess the impact of illumination on Ni electroless deposition.

For each sample, Ni thickness has been measured on both sides using X-ray fluorescence (XRF) (simpler
and faster than SEM). XRF tool has been calibrated using samples in section for which the Ni thick-
nesses have been accurately determined with SEM. Therefore, the twelve samples have been analysed by
XREF after Ni deposition to determined the Ni thickness displayed in Table[5.3] On each sample, 4 measure-
ments are performed at various locations to evaluate the homogeneity along the busbar. SEM images of

samples 1, 3 and 10 are given in Figure[5.5]to illustrate the results analysis.
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Table 5.3: Ni layers thicknesses after 5 minutes deposition under various illumination conditions.

Sample | Illumination conditions || Frontside (p*) Ni | Rearside (n") Ni
thickness (nm) thickness (nm)
1 Dark 262 + 40 290 £+ 16
2 Fume-hood few Ni clusters 309+5
3 20 W (n' side) I 0 313+ 8
1 20W (p side) 0 287 £ 15
Pd activation 5 35 W (nT side) | 0 300 + 6
6 35W (p* side) 0 281 + 38
7 Dark - no stirring | 185 £+ 32 282 + 38
8 Dark - 300 rpm 80 + 35 110 £+ 126
9 Dark - 400 rpm I 0 0
10 Dark 0 0
No Pd activation 11 35 W (n side) | 0 19.7 +20.6
12 35 W (p* side) 0 55.6 + 65.0

Analysis of activated samples (1 to 9):

In dark conditions, results in Table [5.3|indicate that Ni is properly deposited on both sides with similar
thicknesses (sample 1, see Figure a), b), ¢) and d)). Ni seed layer completely covers the Si surface and
no cracks are observed. This is important to prevent further Cu diffusion into Si. The doping type does not
seem to impact the Ni deposition rate in dark conditions. However, it appears that the speed of solution
stirring must be carefully chosen. When the solution is not agitated, Ni layer is thinner on both sides (sample
7) than with 200 rpm stirring (sample 1), which is probably due to the depletion of reducing agent and nickel
ions at the surface without stirring. Ni deposition rate is thus decreased due to limited species diffusion.
When solution stirring is too fast, Ni layers are thinner on both sides (samples 8). No nickel is observed for
400 rpm on sample 9. In these cases, Ni deposition is not limited by species diffusion but by the mechanical
effect of stirring which removes Ni clusters during deposition. A soft stirring at 200 rpm is the most suitable.

When samples are illuminated, Ni deposition only occurs on the rear side (n) (samples 2 to 6, Figure
e) and f)). Photogenerated charges carriers are separated by the p/n junction and holes diffuse towards p*
area (front side). Illumination also reduces the band bending in the semiconductor which favors the charges

transfers. Two phenomena avoiding Ni deposition can be proposed:

1. Holes on the p™ side recombine with electrons released by the oxidation of the reducing agent. These
electrons are thus not available anymore for Ni?* ions reduction;

2. Holes on the p* side serve for Ni or Pd particles dissolution. Indeed, in Figure [5.5/e) Pd is not de-
tected in EDS. However, Pd is sometimes not detected in EDS when particles are very small (limit of
detection). It would be interesting in a further work to perform an analytical analysis of Ni bath for

samples 2 to 6 in order to investigate the presence of Pd ions.

For their part, photogenerated electrons diffuse towards the n side (rear side) where they can poten-
tially by involved into Ni ions reduction. However, Ni thicknesses on the rear side are very similar whatever
the illumination conditions used. It suggests that Ni deposition is limited by the mass transfer on this side.

It can also be noticed that no differences are observed when samples are illuminated on the n™ or p* side.
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Some Ni clusters are observed on sample 2 suggesting that fume-hood light disfavours Ni deposition
but does not completely prevent it. That could explain the reproducibility issues observed on previous

experiments as well as the differences of Ni thicknesses on front and rear sides.

Mag =50 kX d) Eﬂg’“ i,

Figure 5.5: SEM images on front and rear side of sample 1, 3 and 10 after Ni deposition.

Analysis of non activated samples (10 to 12):

Without Pd activation, thee is no Ni deposition on both sides in dark (sample 10, Figure|5.5(g) and h))
which confirms the necessity to activate the Si surface with Pd particles. It is not surprising to observe that
illumination does not promote Ni deposition on the p* front side. On the contrary, Ni is detected by XRF
measurements on the rear n™ side of illuminated samples (samples 11 and 12). However, Ni deposition is
thin and not homogeneous, as attested by the important standard deviations for these both samples in Table

On SEM images (not shown here), some parts of the samples are not metallized.
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5.3.3 Conclusions and perspectives

Ni electroless deposition rate is impacted by the geometry of laser opened area. Narrow opened areas
are metallized faster than larger ones. Therefore, the deposition rate (nm/min) is around 1.6 times higher
on fingers (20 pm width) than on busbars (750 pnm width). To tackle this homogeneity issue between fingers
and busbars, busbarless metallization pattern could be a great alternative. Laser ablation of busbars with
several fingers having a suitable spacing from each other could be also considered.

Ni electroless deposition on the p* doped Si surface (front textured side) is highly affected by illumina-
tion conditions. This is due to the diffusion of photogenerated holes to p™ side of the cell. A reproducible
deposition on the front textured side p™ with a similar Ni thickness than on the rear polished side n* re-
quires to perform Ni electroless deposition in dark. Stirring must be carefully chosen to provide constant
regeneration of solution species at the surface without inducing a detrimental mechanical effect.

In the following of this work, it would be interesting to investigate the impact of bath components
concentrations, pH and temperature on the Ni electroless deposition rate, the morphology of Ni clusters

and phosphorus incorporation.

5.4 Ni electroless deposition: adherence issues.
5.4.1 Experimental part

This study has been carried out before optimization of laser parameters and deoxidation/activation conditions. More-

over, the necessity to perform Ni electroless deposition in dark conditions has not yet been highlighted.

This work has been realized in collaboration with the Fraunhofer ISE in order to compare the adher-
ence and homogeneity of three different Ni electroless deposition processes. Five 156 x 156 mm? tex-
tured/polished n-PERT precursors have been laser opened on both sides at Fraunhofer ISE using a UV-ps
laser with a Fpqr = 0.448 J/cm? and without spot overlapping (H-pattern: 5 busbars of 500 um + 120 fingers,
see Figure[5.6). It appears that dielectric layers have not been properly removed at some sample locations,
indicating that a slightly higher F,..;, should have been used as demonstrated in the Chapter 3 (see opti-
mized laser parameters in the section [3.7.3). Ni seed layers have been then deposited on both sides, with

the aim to obtain a thickness ~ 500 nm, with one of the electroless processes below:

* Ni electroless deposition performed at IPVF (2 samples)
* Ni electroless deposition performed at Fraunhofer ISE (2 samples)

* Ni LIP deposition performed at Frauhofer ISE (1 sample)

For concerns of confidentiality, details of processes performed at Fraunhofer ISE were not communi-
cated. At IPVF, samples have been immersed 1 minute in HF 1%, /ws) + PdSO4 1.25.10~* M before 7
minutes immersion in Ni electroless bath detailed above (see Table[5.T). Solution is not agitated and illumi-
nation is not controlled (fume-hood light). For Ni electroless deposition at IPVF and Fraunhofer ISE, two
samples have been metallized: one is not annealed and the other is annealed during 3 minutes at 230°C

either at IPVF or Fraunhofer ISE. The experimental procedure is summarized in Table
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Table 5.4: Experimental procedure for metallization of 156 x 156 mm? textured/polished n-PERT precur-
sors using three different Ni deposition processes.

Sample name Step 1: Laser ablation Step 2: Ni deposition Step 3: Annealing
IPVEF ell Electroless deposition at IPVF No
IPVF el2 Fpear = 0.448]/cm? Electroless deposition at IPVF Yes
ISE ell No overlapping Electroless deposition at ISE No
ISE el2 Both sides opened Electroless deposition at ISE Yes
LIP LIP deposition at ISE No

A picture of front and rear sides for IPVF sample ell is given in Figure[5.6, Adherence issues are already

visible at naked eye on the rear polished side.

b
) Adherence issues

Figure 5.6: Picture of sample IPVF ell after Ni deposition: a) front textured side, b) rear polished side.

Non annealed samples have been characterized by XRF and APiC measurements to assess the homo-
geneity of Ni layers and the adherence at Ni/Si interface respectively. 13 XRF measurements have been
performed along each busbar on both sides as schematized in Figure 5.7/ a). 3 APiC measurements have
been performed in the central busbar as shown in Figure 5.7]b). CLSM images have been also realized
to observe the surface morphology. For their poart, annealed samples have been characterized by APiC
measurements to compare the adherence of Ni layers for both Ni electroless processes. Measurements are

performed at various locations on the samples as schematized in Figure[5.7]c).

XRF measurements location APiC measurements location APiIC measurements location
on no annealed samples for no annealed samples for annealed samples
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Figure 5.7: Location of a) XRF measurements on non annealed samples, b) APiC measurements on non
annealed samples, ¢) APiC measurements on annealed samples.

Most techniques to measure the adherence of thin metallic films are destructive as they imply the me-
chanical removal of the film. The APiC method is a contactless and non destructive technique enabling to

compare adherence of a thin film relatively to a reference (semi-quantitative). Acoustic waves are generated
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with a picosecond laser beam and their reflections at thin film/substrate interface are analysed which gives

information on the interface quality. The method is detailed in Appendix

5.4.2 Results on non annealed samples

CLSM characterization

Images have been realized on the rear side of samples IPVF ell, ISE ell and LIP in the center of the wafer

and at a BB-finger intersection. Images are displayed in Figure

HEIGHT PROFILE

HEIGHT PROFILE

[um] 4
—~ =
2[um)

40.000pm
i

Figure 5.8: CLSM images on the rear side of non annealed samples a) IPVF ell, b) ISE ell, c) LIP. For each
sample, 3D and 2D height intensity images are shown as well the height profile for a finger is displayed.

On the three samples, Ni deposition is thicker on the border of fingers (border effect). This effect is more
significant for LIP sample, while ISE ell sample shows the less important border effect. These differences
are probably due to different operating conditions between the three processes.

As demonstrated in the Chapter 3, laser ablation with F..; = 0.448 ] /cm? and no spot overlapping leads
to different areas (1, 2 and 2;;5). It has been demonstrated that during the activation step, Pd particles are
preferably deposited on area 2;;5 (external corona of laser opened area). In area 1 and 2 (center of laser spot),
remaining SiO,, layers are not easily removed in fluoride media and Pd particles deposition is hindered. As
Ni electroless deposition is promoted by the catalytic activity of Pd particles, this specific morphology after
laser ablation and Pd activation can explain the morphology of Ni seed layers on fingers. Even if Ni could

be deposited in the center of laser opened areas, it is likely to observe adherence issues.
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XRF characterization

Ni thicknesses are reported in the Table 5.5/ and [5.6|for the rear and front side respectively. The higher
standard deviations observed for LIP sample indicate that Ni thickness homogeneity along a busbar and
from one busbar to another is worst with this process in comparison with both electroless processes. With
LIP process, Ni deposition is enhanced by sample illumination so the non homogeneity observed could be
due to uneven light power dispersion on the sample during experiments.

Both IPVF ell and LIP samples demonstrate Ni thicknesses about 2 times higher on the rear side than on
the front side. As a reminder, Ni electroless deposition at IPVF has not been performed in dark conditions
and as explained in section[5.3.2} light tends to inhibit Ni deposition. The detrimental effect of light on the
p* front side could therefore explain the higher Ni thicknesses observed on the n™ rear side. These results
confirm the importance to realize Ni electroless deposition in dark conditions. Ni electroless deposition

realized at Fraunhofer ISE leads to the best thicknesses homogeneity between front and rear side.

Table 5.5: Results of XRF measurements on the rear side of IPVF ell, ISE ell and LIP metallized samples.

Samples Ni average thicknesses (nm) for each busbar (rear side) Average
Busbar n°1 | Busbar n°2 | Busbarn°3 | Busbar n°4 | Busbar n°5

IPVF el 1 473 + 35 407 £ 26 431 + 43 421 + 33 433 £ 22 433 £+ 32

ISE ell 514 £ 25 542 + 21 541 + 14 540 + 14 534 + 16 534 £ 18

LIP 496 + 36 649 + 128 482 + 66 670 £+ 158 598 + 46 579 + 87

Table 5.6: Results of XRF measurements on the front side of IPVF el1, ISE ell and LIP metallized samples.

Samples Ni average thicknesses (nm) for each busbar (front side) Average
Busbar n°1 | Busbar n°2 | Busbarn°3 | Busbarn°4 | Busbar n°5

IPVF el 1 231 + 102 224 + 36 227 + 36 182 £+ 30 168 + 32 206 + 47

ISE ell 624 + 46 655 + 16 669 £+ 15 655 + 17 656 + 18 652 + 23

LIP 282 + 54 252 + 38 345 + 41 298 £ 72 266 + 51 289 + 51

APiC characterization

APIC spectra obtained on the rear side for IPVF ell, ISE ell and LIP samples are displayed in Figure
The corresponding echo amplitudes and shapes are summarized in Table

IPVF ell sample ISE ell sample LIP sample

Electronic peak

g - - Ni/Si interface echo
8z : z
s g 8 = g =4
< Ni/Si interface echo | § 51 T £5
- 8 = . . . i
5 & < Time of flight  Ni/Si €
2 g < | . 88
= g interface 2
& echo =

a) 0 50 100 150 200 250 300 350 b) 0 50 100 150 200 250 300 350 c) 0 50 100 150 200 250 300 350
Time-delay (ps) Time-delay (ps) Time-delay (ps)

Figure 5.9: APiC spectra on rear polished side for non annealed samples a) IPVF ell, b) ISE ell, c) LIP.

179



CHAPTER 5. NICKEL/COPPER PLATING AND N-PERT SOLAR CELLS EFFICIENCIES

Table 5.7: Echoes amplitudes and shapes on the rear side of IPVF ell, ISE ell and LIP samples.

y I IPVF ell \ ISE ell \ LIP
Echo amplitude 85 100 130 64 74 46 23.2 16.8 25
Echo shape bipolar | down | bipolar || down | up | down down | down | down

Electronic peaks are difficult to interpret but their sign is generally related to the surface chemistry.
Therefore, the opposite electronic peak signs observed for the three samples suggest different surface chem-
istry of the Ni layers. It is maybe related to various components in Ni electroless baths used, leading to
different chemical bonds at Ni surface. Time of flight for echoes observed in Figure 5.9 have been analysed
and the corresponding Ni thicknesses (not shown here) determined by equation are similar to the ones
measured by XREF. It supports that these echos correspond to acoustic wave reflection at Ni/Si interface. In
Table the lowest echoes amplitudes are observed for LIP sample, meaning that this process gives the
best adherence at Ni/Si interface. On the contrary, Ni electroless deposition process at IPVF leads to the
poorest adherence as echoes amplitude are the highest observed. The asymmetric bipolar echo shape for
IPVF ell sample suggests the presence of an interfacial layer between which could correspond to the pres-
ence of Pd particles between Ni layer and Si surface. Indeed, a numerical modelling introducing a 40 nm

thick layer having a 12 g.cm ™3 density (Pd density) gives a great agreement with experiments as shown in

Figure 5.10}

— |PVF ell sample

Simulation parameters z — Simulation
fayer Thickness| Mass density | Sound velocity % E
(nm) (g.cm-3) (m/s) t g
Ni 390 5,00 6050 <
Pd 40 12,00 5000 g
Si infinite 2,33 8430

50 100 150 200 250 300 350 400
Time-delay (ps)

Figure 5.10: Simulation of echo shape with an interfacial Pd layer at Ni/Si interface.

Results on the front textured sides have not been presented here but observations are similar except that
echoes amplitude are lower, indicating a better adherence in comparison to the rear polished side. This is
consistent as pyramids and LIPSS observed after laser ablation are beneficial for adherence of the deposited

nickel layer.

5.4.3 Results on annealed samples

APiIC measurements have been then performed on annealed samples IPVF el2 and ISE el2. Spectra
obtained for measurements on the central busbars are displayed in Figure[5.11]and the corresponding echoes
shapes and amplitudes are summarized in the Table Results on the front side are more difficult to
analyse due to signal noise induced by optical diffusion on pyramids but identified echoes have been framed
in Figure5.11]b) and d) to not be confounded with the signal noise.

During annealing, the interdiffusion of nickel and silicon leads to the formation of a nickel silicide layer
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Ni,Si,. As aresult, it is expected to observe two echoes on APiC spectra: one corresponding to the reflection
at Ni/Ni,5i, interface and the other one to the reflection at Ni,Si, /Si interface. However, a single echo for
each measurement has been identified on both sides as shown in Figure Even for measurements at
longer time delays (not shown here), a second echo has not been detected. Two hypothesis can be raised to

explain the absence of the second echo corresponding to Ni,Si, /Si interface:

¢ HYPOTHESIS 1: The adherence at Ni,Si, /Si is good, implying a low amplitude of the corresponding
echo. Thus, the second echo can not be discerned from signal noise;

* HYPOTHESIS 2: The formed Ni,Si, layer is very thin so that the second echo related to Ni;5i, /Si
interface appears at similar time delays than the first echo related to Ni/Ni,Si, interface. Both echoes

are “mixed” and a single echo is observed.
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Figure 5.11: APiC spectra obtained on the central busbars of annealed samples a) IPVF el2 rear side, b)
IPVF el2 front side, c¢) ISE el2 rear side, d) ISE el2 front side.

Table 5.8: Echoes amplitudes and shapes for annealed samples IPVF el2 and ISE el2.

I IPVF el2 \ ISE el2
Echo amplitude (rear side) 39 66 103 23 36 11.5
Echo shape (rear side) bipolar | bipolar | bipolar down down | bipolar
Echo amplitude (front side) 14 7 n.a 6 16 7
Echo shape (front side) up up n.a up bipolar | bipolar

Comparison of non annealed and annealed samples:

For sample IPVF el2, echoes amplitudes on the rear side are lower compared to non annealed sample

IPVF ell (comparison of Table[5.7jand [5.8). The same observation is realized for ISE samples. The reduction
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of echo amplitude is linked to the reduction of acoustic waves at the encountered interface and suggests a
better adherence. By providing Ni/Si interdiffusion and formation of Ni,Si, layer, annealing is supposed to
improve adherence at the Ni,Si, /Si interface. As echoes amplitudes are reduced after annealing, it is likely
that they correspond to reflection at Ni,Si,, /Si interface and thus hypothesis 2 is the most probable.

For ISE el2 (annealed sample) echoes are observed at lower time delays than ISE ell (non annealed sam-
ples) which is consistent with smaller Ni thicknesses after annealing due to interdiffusion process. However,
echoes for IPVF ell and IPVF el2 samples appear at similar times delays suggesting that interdiffusion pro-
cess is less efficient. It could be related to the poor adherence at Ni/Si interface observed before annealing

as lack of contact between Ni and Si surface will hinder atoms interdiffusion.

Comparison between ISE el2 and IPVF el2 samples:

The lower echoes amplitudes observed for sample ISE el2 compared to sample IPVF el2 indicate a bet-
ter adherence with Ni electroless deposition process performed at Fraunhofer ISE. Echoes shapes are also
thinner for ISE el2 sample which suggests a more abrupt interface. The poor adherence observed on IPVF
samples likely comes from inefficient Ni/Si interdiffusion. Some measurements on sample IPVF el2 (not
shown here) even show very high echo amplitude (> 300 for instance) which could correspond to locations
where Ni or Ni/Ni,5i, stack have been delaminated.

Despite the complexity of the signal on textured surfaces, lower echoes amplitudes have been observed
compared to the rear side which indicates a better adherence. As already mentioned, this is not surprising as
pyramids and LIPSS on the front side are beneficial for Ni layer adherence. Amplitudes are similar for both
electroless processes at IPVF and ISE suggesting that adherence properties are similar on the front textured

side with both processes.

Measurements along the busbsars:

The comparison of results obtained at different parts of samples (see Figure[5.7|c)) is not shown here but
revealed a large dispersion of echoes amplitudes and times of flight, in particular for IPVF el2 sample. This

indicates that Ni/Si interdiffusion process is not uniform along a busbar.

5.4.4 Conclusions and perspectives

The specific surface morphology and composition observed after laser ablation on the rear polished side
with no overlapping (area 1, 2 and 2y,,) leads to non homogeneous Ni electroless deposition. A border effect
is observed due to higher Pd particles density in laser opened area 2;;, identified previously. In laser opened
area 1 and 2, remaining SiO, layers can hinder Ni deposition and probably leads to poor adherence of Ni
seed layer.

LIP and Ni electroless deposition performed at IPVF have demonstrated Ni thicknesses about 2 times
lower on the p™ front side probably due to detrimental effect of light identified before. Ni electroless depo-

sition process performed at Fraunhofer ISE is the best one in terms of Ni thickness homogeneity between
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rear and front side and LIP process shows the best adherence at Ni/Si interface before annealing. After
annealing at 230°C during 3 minutes, Ni electroless deposition at Fraunhofer shows better adherence than
samples metallized at IPVF. However, Ni/Si interdiffusion is not uniform on the samples. For all samples,
adherence has been found to be better on the front textured side compared to the rear polished one thanks
to higher roughness (pyramids and LIPSS). To better explain these results, it would have been necessary
to know the details of deposition processes at Fraunhofer ISE. Nevertheless, it indicates that Ni electroless

process performed at IPVF can be improved.

APiC technique has enabled to compare different Ni electroless deposition processes in term of Ni thick-
ness homogeneity and adherence. However, this technique must be improved for highly textured surface
(important signal noise). On the rear polished side, the complexity of interfaces (presence of Pd particles,
non homogeneous Ni,Si, layers, remaining silicon oxide layers after laser ablation etc.) leads to complex
echoes shapes not completely understood. Moreover, it has not been possible to analyse separately the
echo from Ni/Ni,Si, interface and the one from Ni,Si, /Si interface, probably due to too thin Ni,Si, layer.
It would be interesting to further perform measurements in other conditions to investigate adherence at
Ni/Ni,Si, and Ni,Si, /Si interfaces independently. For instance, nickel layer could be directly deposited on
a flat Si surface (no laser ablation needed, no roughness, no palladium interlayer) and a longer annealing

could be used to increase Ni,Si, thickness and observe the echoes related to each interface.

Some authors have proposed alternatives to improve the adherence of Ni electroless layer on Si. The
Ni layer can be first annealed, followed by the removal of the unreacted Ni before redeposition of Ni to
act as Cu diffusion barrier. Moreover, addition of fluoride species in the Ni bath (NH4F for an alkaline Ni
bath) enables to avoid the formation of native oxide (causing voids formation during annealing and poor
adherence) between Si an Ni layer. These alternatives require additional process steps and have therefore

not been investigated at first. However, they could be promising for an upcoming study.

5.5 Contact resistivity at nickel silicide/Si interface: impact of anneal-
ing conditions.

5.5.1 Experimental details

In this part, the impact of annealing conditions on the metallic contact quality is investigated. This study
is focused on the front textured side (emitter) for two reasons: 1) adherence issues observed previously on
the rear polished side can complicate the study 2) unsuitable annealing conditions have more impact on the

emitter side due to risks of junction shunting so this side is more important to investigate.

10 x 40 mm? n-PERT precursors samples have been used and dielectric layers have been opened using
a UV-ps laser with one of the parameters optimized in the Chapter 3: Fpeqr = 0.56 J/cm? without spot
overlapping. Laser ablation has been performed according to the TLM pattern represented in Figure[5.12]a).
The TLM technique is detailed in Appendix[A]and the pattern geometry has been chosen under the light of
reference [[69]. A picture of the measuring bench is given in Figure[5.12]b).
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Line width (L) 0,2 mm
Line length (W): 10 mm

Distances:
L,-L,=1.8 mm
L;-l3=4.8 mm
L,-L,=7.8 mm
L,-L; = 1.18 mm
L;-Lg = 1.58 mm
L,-L; =2.08 mm
L,-Lg=2.68 mm
L;-Lg =3.38 mm

Figure 5.12: a) TLM pattern geometry, b) Picture of the TLM measurement bench.

After laser ablation, deoxidation and Pd activation have been performed with optimized conditions
deduced in the Chapter 4. On the front side, 30 seconds deoxidation in NaHF; 0.16 M are sufficient and
activation is performed by 30 seconds immersion in NaHF, 0.16 M + PdSO,4 5.10~° M. Ni deposition is then
realized in dark in the bath described in section A designed experiment to study the impact of initial
Ni layer thickness and annealing conditions on the quality of metallic contact has been established using
the JMP software. 3 input and 2 output parameters have been chosen and lead to the various experimental

conditions detailed in Table[5.91

¢ Input parameter 1: Ni deposition time (1, 3.5 or 6 min)

e Input parameter 2: Annealing plateau temperature (230, 340 or 450°C)
¢ Input parameter 3: Annealing plateau duration (3, 6 or 9 min)

* Output parameter 1: Contact resistivity

¢ QOutput parameter 2: Line resistivity

Table 5.9: Parameters of the designed experiment for the 11 samples. Annealing is performed in a RTA
furnace with a heating up at 115°C/min.

Sample Ni deposition Ni thickness Temperature Plateau
time (min) (nm) plateau (°C) duration (min)
1 3.5 236 £ 8 230 9
2 6 346 £+ 2 450 3
3 1 52+5 450 9
4 3.5 209+ 6 450 3
5 1 58 +1 450 6
6 6 311 + 49 450 9
7 1 52+1 340 3
8 6 314+ 6 230 3
9 1 46 £ 8 230 9
10 3.5 229+ 6 340 6
11 3 49+ 3 230 3

TLM measurements have been performed for a non annealed sample (NA) and for each sample after
annealing with the methodology described in Appendix[A] The line resistivity and resistance of the Ni layer

have been also measured by placing the probes on both edges of a 1 cm metallized line.
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5.5.2 Results

TLM measurements allowed to determine the contact resistivity (p.), the contact resistance (R¢), the
sheet resistance Rgpcet, the transfer length (Lr), the line resisitivity (pr) and the line resistance (Rz). Results
are summarized in Table It can be noticed that transfer lengths (Lr) are higher than metallized line
widths (L) such as L < 0.5 Ly. As described in Appendix|[A] the equation needed to calculate p. in this case

is the following:

pc:%XLXW (5.6)

Good contact quality of Ni seed layer is expected to give p. around 1 m{2.cm? before annealing and
around 0.1 mQ.cm? after a suitable annealing (see Figure . The values obtained in this work are higher
with an order of magnitude of 100, even for the non annealed sample. It is unlikely that such a difference
only comes from a poor contact quality. Experiments have been realized using other TLM patterns and
values appeared to significantly vary depending on the pattern used. It indicates that the issue does not
come from a non suitable TLM pattern but rather from the measurement procedure. According to reference
[69], the voltage distribution along the lines is not homogeneous when the metallization is too resistive. In
this case, a voltage drop is induced and leads to wrong contact resisitivity values (overestimation). Ni line
resistivities in Table are ten times higher compared to the standard Ni resistivity in literature (7.10~°
Q.cm). That could be due to phosphorus incorporation during Ni electroless deposition. These high line
resistances are likely to induce an important voltage drop during TLM measurements, leading to overesti-
mation of p. values. Moreover, Ni layers are few hundred nanometers thick and follow the pyramids shape
so the measurement probes will not be properly in contact with Ni layer at some locations. To tackle these

issues, it would have been better to deposit the conductive Cu layer before TLM measurements.

Nevertheless, some trends can be observed by comparing the different samples. A global view of the

results is given in Figure

Table 5.10: Values of contact resistivity p., contact resistance R, sheet resistance R;:, transfer length
L7, line resistivity p;, and line resistance R;, determined by TLM measurements.

| Sample || p. (mQ.cm?) [ Ro () | Rsheet (Usq) | Ly (em) | pp (.em).10° [ Ry (/em) |

1 177.1 £11.0 8.85 43.76 0.202 4.3 24.04
2 96.1 £5.3 4.80 55.02 0.087 21 8.05
3 250.8 +10.4 12.54 51.53 0.243 24 65.22
4 148.9 + 22.2 7.44 39.42 0.189 2.0 12.77
B 276.1+19.3 13.81 45.11 0.306 29 68.76
6 126.6 £4.5 6.33 52.35 0.121 1.6 6.59
7 291.2 £14.7 14.56 57.29 0.254 3.0 77.21
8 145.8 £ 8.9 7.29 46.22 0.158 4.0 17.28
9 316.2 £12.1 15.81 54.40 0.291 3.2 96.11
10 5244 +9.0 26.22 39.69 0.715 3.7 21.54
11 1225+ 44 6.13 41.90 0.411 1.7 44.7
NA 158.5 £ 10.0 7.92 44.94 0.176 4.9 19.94
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Figure 5.13: Measured contact resistivity for each sample (from s1 to s11) depending on Ni deposition
time, annealing plateau temperature and annealing plateau duration.

Best contact resistivities have been obtained for samples 2, 1, 6, 8 and 4 as visible in Figurem Thus, a
short annealing plateau duration (3 min) at either 230 or 450 °C with the longer Ni deposition times tested
(6 min) seem to be preferable to achieve the lowest contact resistivity. As described in section[5.2} the NiySi
phase is formed between 200 and 350°C while NiSi phase is formed between 400 and 530°C. Sectional
SEM image of a non annealed sample is shown in Figure a) in comparison with sample 2 in which the
NiSi phase formed during annealing at 450°C during 3 minutes is visible.The formation of NiSi layer is not

uniform on the surface as suggested by APiC results in section[5.4.2]

No annealed sample Sample 2

_oA

Mag = 100 kX

Figure 5.14: Sectional SEM images of a) non annealed sample, b) sample 2 after annealing.

As the NiSi phase has the lowest resistivity and Schottky barrier with Si, it was expected to obtain best
results at 450°C rather than 230°C which is not the case. Additional X-ray Diffraction (DRX) measurements
would have been necessary to investigated the Ni,Si,, phases formed and complete this analysis.

All samples annealed after 1 minute Ni electroless deposition have demonstrated high p. values. For

these samples, thin Ni layers (= 50 nm) seem to have completely reacted with underlying Si. The SEM
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images of sample 9 and 3 are presented in Figure b) and c) respectively in comparison with a non
annealed sample (Figure a)) to illustrate this phenomenon. The complete interdiffusion of Ni layer
with underlying Si could explain high p. values thought an increased voltage drop for instance. Moreover,
it is preferable to keep some Ni above Ni,Si, layer to provide Cu diffusion barrier properties. Not only
short annealing plateau duration (3 minutes) gives the lowest p.. values but it enables to limit the risk of too

deep Ni/Si interdiffusion and junction shunting. The thermal budget is also reduced.

Sample 9: Sample 3:
No annealed sample Ni deposition time 1 min Ni deposition time 1 min

Annealing 9 min at 230 °C Annealing 9 min at 450 °C

Figure 5.15: SEM images of a) non annealed sample, b) sample 9 after annealing, ¢) sample 3 after an-
nealing.

5.5.3 Conclusions and perspectives

This preliminary study to optimize annealing conditions has consisted of varying the Ni deposition
time, the annealing temperature and the duration of annealing plateau. TLM measurements have been
performed to determine the contact and line resistivities. Line resistivities of Ni layers appeared to be ten
times higher compared to standard values reported in literature, leading to voltage drop and overestimation
of p. values. The deposition of a thick Cu layer (around 8-10 nm), more conductive than Ni layer, would
have been necessary before TLM measurements to avoid this phenomenon. However, it has been possible
to highlight a trend for the best conditions to obtain lower p. values.

Annealing at 230 and 450°C both lead to lower p. values in comparison with 340°C. Short annealing
plateau (< 3 minutes) must be preferred to avoid a deep Ni/Si interdiffusion and risks of junction shunting.
This is particularly the case at 450°C where a > 200 nm thick NiSi layer has been observed on SEM images
after 3 minutes annealing. In addition, thick enough Ni layer must be deposited such as unreacted Ni re-

mains after annealing and acts as Cu diffusion barrier.

In a further work, it would be useful to identify the different Ni,Si, phases present after the various
annealing conditions through DRX measurements. Palladium silicides can also be formed during annealing
step and impact the quality of metallic contact so identification of these phases should also be per-
formed. Moreover, the impact of annealing temperature built-up rate and Ni layer phosphorus content on
pc values could be studied. In addition, laser parameters as well as deoxidation and activation parameters

could affect p. values so this point could be investigated too.
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5.6 Cu electrolytic deposition and measurement of cell efficiencies

After the Ni electroless deposition, the Cu layer is deposited electrolytically before performing the final
annealing. The Ni layer could be annealed before Cu deposition but it is more practical to deposit the Ni/Cu
stack without interrupting the metallization process.

On the rear polished side, adherence issues of the nickel seed layer (= 500 nm) have been identified and
are enhanced after the deposition of thicker Cu layer (= 10 pm) due to induced internal stress. Consequently,
important fingers delamination have been observed on the rear polished side and sometimes on the front
textured side too. A sectional SEM image of delamination on the front textured side is given in Figure[5.16]to
illustrate that delamination of metallic contacts seems to occur at Ni/NiSi interface. Accordingly, the photo-
generated charges can not be properly collected by the metallic contacts which affects severely the measured
cell efficiency. Improvement of adherence on rear polished side would have required more experiments so

it has been decided to work on double textured n-PERT precursors presented in section 2.6]

Figure 5.16: Sectional SEM image of a delaminated finger on the front textured side after Ni/Cu plating
and final annealing at 380°C during 3 min.

5.6.1 Experimental details

The overall Ni/Cu plating process has been performed on 50 x 50 mm? pre-cells having one busbar
(40 x 0.75 mm?) and 38 fingers with a pitch of 1 mm. Therefore, nine pre-cells can be laser opened and
pre-cutted in a 156 x 156 mm? double textured n-PERT precursor. Pre-cutting of the cells is needed because
n-PERT precursors have a clivage orientation at 45°. This step is performed on the rear side to avoid junction
shunting and the laser parameters used are: Fp.,; = 10 J/cm?, scan speed = 1 m/s and number of repetition
=100.

For each Ni/Cu plating process step, optimized conditions determined previously have been imple-
mented and I-V measurements have been performed to determine cells conversion efficiencies before and
after final annealing. Before the final annealing, pre-cells borders must be laser cutted to avoid copper
diffusion during annealing. The Cu thickness homogeneity at different sample locations have been also in-
vestigated by Confocal microscopy (CLSM). The different process steps are schematized in Figure[5.17/and

reminded below.
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Step 1: Laser contact Step 2: Post laser Step 3: Deoxidation and Pd Step 4: Ni electroless
opening of dielectric layers annealing activation (displacement) deposition

p—n - s oy n

oY

AV N . 5
g 5 R
200 n 4 b \iag - 100 kx

Pre-cutting on rear side Deoxidation: NaHF, 0.16 M (30 's) . =
Fpeak = 0.56 J/cm? no overlap T° built-up 115°C/min to Activation: NaHF, 0.16 M + Pds0, | |7 min in dark. Stirring 200 rpm
or

|
Zpete

»
750°C and cooli : . . .
Foear = 0.32 J/cm?, 50% overlap ahgicooling 5.10° M (30s) 400 nm Ni deposited
Step 5: Cu electrolytic deposition Step 6: Laser border cutting Step 7: Final annealing
Front side Rear side

(emitter p*) (n*)

10 min in dark. No Stirring. ASD = - 50 mA/em? Foeok = 10 J/cm’, 1m/s, T° built-up 115°C/min to 230°C,
= 10 um Cu deposited 100 repetitions plateau 3 min and cooling

Figure 5.17: Optimized Ni/Cu plating process steps to metallize bifacial double textured n-PERT cells.

e Step 1: Laser contact opening. Optimized laser parameters determined in Chapter 3 have been im-
plemented. Pre-cells have been therefore laser opened using either Fpeqr = 0.56 J/cm? without spot

overlapping, or Fpc,i, = 0.32]/cm? with 50% overlapping. Pre-cells are also pre-cutted.

* Step 2: Post laser annealing (PLA). This step is needed to promote hydrogen diffusion from dielectric
layers (S5iO,N,, layers) and promote passivation properties. As explained in Chapter 3, it is advan-
tageous to perform the PLA after laser ablation as it improves electrical properties through recrystal-
lization of the a-Si formed during laser ablation. PLA is performed in a RTA furnace (SEMCO Jipelec
Jetfirst) under Ny flow. Temperature is built up at 750°C (115°C/min) and directly cooled down.

* Step 3: deoxidation and activation of Si surface. Pre-cells are clived to be individually deoxidized
and activated with Pd particles. Optimized conditions identified in Chapter 4 have been used: 30
seconds in NaHF; 0.16 M followed by 30 seconds in NaHF; 0.16 M + PdSO, 5.1075 M.

* Step 4: Ni electroless deposition. Pre-cells are immersed 7 min into the Enthone Ni electroless bath
(see bath description in section[5.3.1)) to deposit ~ 400-500 nm of Ni seed layer. This step is realized in

dark conditions with solution stirring at 200 rpm.

* Step 5: Cu electrolytic deposition. Samples are then immersed in the Cu bath described in Table[5.11}
Based on the calculation in reference to optimize the grid geometry, the height of Cu layer must
be ~ 10 um. According to equation and considering as a first approximation that the current

189



CHAPTER 5. NICKEL/COPPER PLATING AND N-PERT SOLAR CELLS EFFICIENCIES

efficiency 5 is equal to 1, the time necessary to deposit 10 pm of Cu can be estimated such as:

hxFxzxpo, 101072 x 96485 x 2 x 8.96 .
‘= _ — 544 seconds ~ ¢
M(Cu) x j 63.54 x 50.10-3 544 seconds ~ 9 minutes

with t the deposition time, h the height of Cu layer, F the Faraday’s constant, z the number of electrons exchanged,

pcw, the Cu density, M(Cu) the molar mass of Cu and j the density of current applied.

COPPER ELECTROLYTIC BATH

Cu electrolytic deposition is performed using a commercial bath from KMG. This bath is made of 4
components given in Table The bath is acidic (pH =~ 0.6) and is agitated during the make up but
not during the deposition process. The solution is kept in a water bath at 22°C and the pH is regularly

controlled. This bath can be kept one week.

Table 5.11: Made up of TSV Fill copper bath from KMG

Name Quantity Chemical species
OmniCu HC electrolyte Electrolyte Copper sulfate , Sulfuric acid
TSV Fill Leveler 1.5mL/L Copper sulfate, sulfuric acid
TSV Fill Accelerator 2mL/L Copper sulfate, sulfuric acid
TSV Fill Suppressor 5mL/L Sulfuric acid

A setup with 3 electrodes is connected to the potentiostat:

* The working electrode (solar cell). The ASD current must be comprised between - 20 and - 50 mA /cm?
according to the technical data sheet and the ASD of - 50 mA /cm? has been used in this work. The
pre-cells surface is equal to 2.765 cm? which necessitates to apply a current of - 138.25 mA.

* A counter electrode: two Cu plates placed on both sides of the solar cell (bifacial metallization).

e A saturated calomel electrode as reference electrode.

The difficulty has been to connect the solar cells without breaking them. As for Ni electroless deposition,
experiments are performed in dark conditions to avoid a detrimental light effect on the p™ side. The condi-

tions detailed above remained unchanged in this thesis work.

 Step 6: Laser cutting of cell borders. This step is needed as the borders of pre-cells is also metallized.
Laser cutting is performed at 5 mm distance from cell borders.

e Step 7: Final annealing. Regarding the results obtained in section[5.5) pre-cells have been annealed at
230°C during 3 minutes (temperature built-up = 115 °C/min) under N, flow in the same RTA furnace

than for PLA. I-V measurements are then performed before and after this final annealing.

The conversion efficiency of as-obtained metallized bifacial double textured n-PERT precursors is com-
pared to screen-printed references. Meanwhile, the impact of non optimized laser parameters and annealing
temperatures have been also investigated. For that purpose, pre-cells laser opened with strong laser param-
eters (Fpeqr = 1.8 ]/cm?, no spot overlapping) have been metallized. In addition, pre-cells opened with one
of the optimized laser parameters (Fp.qr = 0.56 J/cm?, no spot overlapping) have been annealed at 300°C or

380°C instead of 230°C.
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5.6.2 Results: impact of non-optimized laser ablation parameters on cell efficiency

Three 156 x 156 mm? double textured n-PERT precursors cells have been laser processed to obtain nine
pre-cells opened with different laser parameters as shown in Figure [5.18a). It seemed interesting to inves-
tigate not only the impact of laser parameters on carriers lifetime through PL QSS-PC measurements, but
also to determine if the ablation process affects both sides similarly. For that purpose, one cell has been laser
opened on both sides (Figure b)) and the two others have been laser opened only on the front (Figure
c)) or the rear side (Figure d)). The pre-cells used for further Ni/Cu plating are framed in green
(optimized laser parameters) and red (non optimized laser parameters).

As observed in Figure[5.18] few differences are visible for the different parameters tested except for the
high F,,cqx = 1.8]/cm? where carriers lifetime is significantly reduced. Regarding the study in section@ the
use of high Fpeq = 1.8 ] /cm? with 50% overlapping or no overlapping is likely to lead to cracks/dislocations
formation. Moreover, by looking at Figure[5.18|c) and d), the laser ablation seems to be more critical on the
front side (emitter p™) than on the rear side (n™). It is particularly visible at Fpqr = 1.8 ]/cm? with 50% and
no overlapping. Considering that the junction is not supposed to be shunted for these laser parameters (see
results in Figure[3.30|b) in Chapter 3), the differences observed on both sides may be due to different initial
dopant concentration profiles, a different sensitivity of doped layers depending on dopant type (phosphorus

or boron) or a slightly different pyramids texturation.

1 DT-1-1
0.56 Jfcm? = 0.321/cm? 0.32})/cm?
50% overlap 50% oyerlap 75% dverlap

0.76)/cm* 0.76[J/cm? - 0.56 }/cm? DT-1-2
50% gverlap 75% gverlap 0% overlap

DT-1-3

1.8)/cm*> 1.8J)fcm® 0.76 }/cm?
0% operlap 50% overlap 0% overlap

Both sides opened Front side opened Rear side opened

Figure 5.18: PL QSS-PC results using various laser parameters (represented in picture a) b) on both n-
PERT precursors sides, c¢) on the front side only (emitter p™), d) on the rear side only. Measurements
have been performed after PLA. Framed laser opened pre-cells are named and then metallized.

Morphology of nickel and copper plated layers and investigation of thickness homogeneity.

Then, the three pre-cells framed in Figure[5.18a) have been metallized according to the process described
in Figure For sample DT-1-1, SEM images after Ni/Cu plating are given in Figure to show the
layers morphologies. In Figure[5.19|a), the Ni seed layer is ~ 22 pm width and two regions can be discerned:
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* Region 1: In the center of the finger, Ni has been deposited on the laser opened area of about 12 pm

width and various sizes of Ni clusters are visible.

* Region 2: On the borders, Ni layer appears less rough and has been deposited directly on the dielectric

layers due to overflow of Ni layer deposited on laser opened area.

In Figure b), Cu layer is ~ 25 pm width which is slightly broader than Ni layer observed before.

Thus, overplating is mainly due to Ni deposition rather than Cu deposition. Finally, the total metallized

width is about two times larger than laser opened width.

Region 2 o
overplating I
Region 1
metallization
opened area b
Region 2 I -
overplating

Figure 5.19: SEM images on DT-1-1 pre-cell after a) Ni electroless and b) Cu electrolytic depositions.

CLSM images have been realized on the front side of DT-1-1 cell to measure thickness and width of
Ni/Cu metallic contacts. As represented in Figure a), measurements have been performed at various
locations to investigate the homogeneity of the metallic contact geometry. An example is displayed in Figure

5.20)b). For each location, five measurements have been realized and results are given in Table

Contact with external circuit

Heigth profile

Figure 5.20: a) Location of CLSM measurements on the front side of Ni/Cu plated DT-1-1 cell (five mea-
surements performed at each location), b) example of CLMS image processing.

192



5.6. CU ELECTROLYTIC DEPOSITION AND MEASUREMENT OF CELL EFFICIENCIES

Table 5.12: Ni/Cu metallic contact thickness on fingers and busbars at various DT-1-1 cell locations (av-

erage values have been obtained with five measurements at each location).

Location Busbar height (um) | Finger height (um) | Finger width (um) | Ratio height/width
Fri 8.29 £0.19 8.22 £0.21 30.87 £+ 3.25 0.26 £ 0.02
Fro - 9.67 £0.23 3418 £1.19 0.28 +0.01
Frs - 11.71 £ 0.21 33.32 £1.25 0.35 £ 0.01
Fp1 8.42 +0.28 9.67 £0.29 34.54 +3.39 0.28 £0.02
Fpo - 10.61 £0.56 32.11 £ 0.27 0.33 £ 0.01
Fps - 11.88 + 0.32 31.06 £ 5.27 0.39 £0.08

First, results for location Fr1, Fr2 and Frs have been compared each other and same comparison has
been realized for Fp1, Fps and Fps location. It can be observed that the height and width of Ni/Cu stack
depends on the finger distance relatively to the busbar. Indeed, fingers tend to be higher and narrower
when they are far from the busbar. That gives an indication of the current dispersion on the cell during Cu
electrolytic deposition. The current density reaching the external part of fingers is thus higher and decreases
by approaching the busbar. As a result, fingers on the borders of the cell have a better aspect/ratio, limiting
shadowing effect and collecting more efficiently the photogenerated charges carriers.

Then, results for location Fr;, Fre and Frs have been compared with results for locations Fp;, Fp2 and
F g3 respectively to determine if the distance from the contact area with external circuit affects the Cu depo-
sition rate. Fingers seem to be globally higher and narrower (better aspect ratios) when they are far away
the contact area with external circuit. This suggests an higher current density for locations far away the con-
tact area with external circuit. However, the differences are small and in the range of standard deviations
so these results must be taken with precaution. Busbars are globally thinner than the fingers which can be

related to the larger area to be metallized as observed for Ni electroless deposition in section

I-V measurements:

I-V measurements have been carried out on DT-1-1, DT-1-2 and DT-1-3 metallized cells, before and after
the final annealing at 230°C during 3 minutes. It is not possible to implement I-V measurement technique
explained in section for bifacial solar cells so measurements have been performed on front side and
rear side successively. Results are given in Table and Table respectively. I-V and SunsVo¢ curves
have been plotted for the front side in Figure and a comparison of I-V before and after annealing for
each cell is given in Figure Results have raised the following points:

1. Cells parameters are globally better on the front side rather than on the rear side. On double textured
n-PERT cells, more parasitic plating (PP) has been observed on the rear side which could be due to
worse quality of the dielectric layers. This additional PP could explain the systematically higher Rg

and lower Js¢ observed for the rear side.

2. Forboth sides of the three cells, R, is reduced after the final annealing, which is related to the formation
of nickel silicide layer at Ni/Si interface. However, the cells parameters Js¢, Voc, FF and 1 are reduced

after the final annealing. This behavior is likely due to Cu diffusion during the final annealing because
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the Ry, is also significantly reduced.

3. The laser parameters have an impact on the cell efficiency as attest by the different I-V curve shape
in Figure Best parameters have been obtained with DT-1-1 cell, closely followed by DT-1-2 cell
which are both cells opened with optimized laser parameters. DT-1-3 cell demonstrates the worst

parameters related to higher impact of the laser observed on PL QSS-PC images.

4. DT-1-1 cell demonstrates a better efficiency 7, Jsc, Voc and Rgj, before annealing than reference SP
cells which is a promising result. However, efficiency is reduced after the final annealing and to ad-

dress this issue the final annealing should be performed just after Ni electroless deposition to suppress
the risk of Cu diffusion.

5. FF and R, are lower compared to SP reference cells. The higher R, values for Ni/Cu plated cells
indicates a worse quality of contact between Ni and Si. This could be due to adherence issues at

Ni/Si interface and/or formation of a thin native oxide before Ni deposition which hinders the Ni/Si

interdiffusion process and the formation of voids.
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Figure 5.21: I-V and SunsV ¢ curves before and after annealing on the front side of a) DT-1-1, b) DT-1-2,
¢) DT-1-3 cells.
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Table 5.13: Results of I-V measurements on the front side of DT-1-1, DT-1-2 and DT-1-3 cells. A: Annealed

cells, NA: Non annealed cells.

Cells Jsc Voc FF (%) n (%) R, (Q.cm?) (from R,

(mA/cm?) (mV) Suns-Voc) (Q.cm?)

DT-1-1 NA 38.99 629.25 71.07 17.44 1.77 35855.99
DT-1-1 A 38.87 625.87 70.06 17.04 1.63 2006.41
DT-1-2 NA 38.24 626.91 72.17 17.30 1.58 13314.05
DT-1-2 A 38.02 622.26 70.40 16.66 1.42 1711.00
DT-1-3 NA 38.08 614.23 71.53 16.73 1.40 7957.53
DT-1-3 A 37.86 610.14 70.59 16.30 1.47 1964.84

| SPreference || 3594 | 618 | 7811 [ 1735 | 0.75 | 25408 |

Table 5.14: Results of I-V measurements on the rear side of DT-1-1, DT-1-2 and DT-1-3 cells. A: Annealed

cells, NA: Non annealed cells.

Cells Jsc Voc FF (%) 1 (%) R, (Q.cm?) (from R,
(mA/cm?) (mV) Suns-Voc) (Q.cm?)
DT-1-1 NA 36.95 628.17 72.02 16.71 1.72 34916.87
DT-1-1 A 37.00 625.16 70.27 16.25 1.71 1978.10
DT-1-2 NA 37.10 626.43 72.72 16.90 1.50 13657.01
DT-1-2 A 37.01 621.90 70.76 16.29 1.57 1741.98
DT-1-3 NA 35.79 612.60 71.16 15.60 1.65 7715.91
DT-1-3 A 35.80 608.89 70.72 15.41 1.50 2077.83
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Figure 5.22: Comparison of I-V curves obtained on the front side for the three laser parameters tested a)
before final annealing and b) after final annealing,.

In a previous work, TLM measurements have been realized after Ni/Cu plating on samples with various

laser ablation parameters (2 parameters optimized in Chapter 3 and 2 parameters non optimized). The

metallization was not optimized at this moment neither the final annealing so results can not be related to

this study. The TLM pattern was also slightly different than the one represented in Figure a) such as

distances between lines were smaller. Results are displayed in Appendix [l Contact and line resistivities

have been measured and it appears that p. is lower with optimized laser parameters which highlights the

impact of non optimized laser parameters on metallic contact quality. Best contact resistivity is obtained

with Fpeqr, = 0.32 ]/em?, 50% overlapping (p. = 10.47 mQ.cm?) and line resistivity is equal to 3.7.107% Q.cm.
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5.6.3 Results: impact of non-optimized annealing conditions on cell efficiency

In this part, we have investigated the impact of final annealing conditions (temperature and plateau
duration) on cell efficiency. First, it has been evidenced that a too long annealing at 380°C during 20 minutes
lead to the shunting of the cell due to nickel silicide spiking. This phenomenon is illustrated on SEM images
in Figure EDS analysis indicates that Ni and Si are the two major elements in the spikes observed

which suggests that spiking originates from a too long Ni/Si interdiffusion.

Silicon

Figure 5.23: SEM images of Ni/Cu plated contacts after annealing at 380°C during 20 minutes: illustration
of nickel silicide spiking: a) planar SEM images b) colored sectional SEM image.

Then, three pre-cells laser opened with F..; = 0.56 J/cm? with no overlapping have been metallized
according to the process described in Figure One cell has been annealed at 230°C (DT-1-2 cell), another
at 300°C (DT-2-2 cell) and the third at 380°C (DT-3-2 cell). Built-up temperature is performed at 115°C/min
and the temperature plateau is 3 minutes for the three cells. Cells parameters determined by I-V measure-
ments before and after the final annealing are reported in Table and for the front and rear side
respectively. I-V and SunsVo¢ curves before and after final annealing are also displayed in Figure[5.24]and
a comparison between the three cells is given in Figure[5.25]

The detrimental effect of too high annealing temperatures is clearly visible in Figure b) with the
modification of I-V curve shape when annealing temperature is increased. In Table and [5.16] it can be
noticed that cell parameters are reduced after annealing at 300 and 380°C. R}, drastically falls down at these
both temperatures which suggests that cells are shunted. This is likely due to Cu diffusion during the final

annealing and this phenomenon is enhanced by increased the annealing temperature.

Before annealing, Jg¢ and Voc are better than SP reference cells and conversion efficiency 7 is similar
and even better for DT-2-2 cell. It means that the Ni/Cu plating process developed has the potential to
improve cell efficiency compared to standard SP process. However, the annealing step must be improved
to avoid Cu diffusion and cell shunting. As already mentionned, an alternative could be to perform the

annealing step before Cu deposition but this implies to interrupt the wet chemical process steps.
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Table 5.15: Results of I-V measurement on the front side of DT-1-2, DT-2-2 and DT-3-2 cells. A: Annealed
cells, NA: Non annealed cells.

Cells Jsc Voc FF (%) 1 (%) R, (Q.cm?) (from R.n
(mA/cm?) (mV) Suns-Voc) (Q.cm?)
DT-1-2 NA 38.24 626.91 72.17 17.30 1.58 13314.05
DT-1-2 A 230°C 38.02 622.26 70.40 16.66 1.42 1711.00
DT-2-2 NA 38.63 629.33 71.95 17.49 1.62 17721.80
DT-2-2 A 300°C 38.45 614.90 62.15 14.69 1.52 301.88
DT-3-2 NA 38.12 627.85 71.72 17.16 1.62 16745.45
DT-3-2 A 380°C 37.88 224.39 54.84 4.66 0.26 9.63
| SPreference [ 3594 | 618 | 7811 | 1735 | 0.75 | 25408 |

Table 5.16: Results of I-V measurement on the rear side of DT-1-2, DT-2-2 and DT-3-2 cells. A: Annealed
cells, NA: Non annealed cells.

Cells Jsc Voc FF (%) 1 (%) R, (Q.cm?) (from R,
(mA/cm?) (mV) Suns-Voo) (Q.cm?)
DT-1-2 NA 37.10 626.43 72.72 16.90 1.50 13657.01
DT-1-2 A 230°C 37.01 621.90 70.76 16.29 1.57 1741.98
DT-2-2 NA 36.97 627.59 72.66 16.86 1.56 20189.24
DT-2-2 A 300°C 36.55 612.83 62.16 13.92 1.49 302.29
DT-3-2 NA 36.68 626.51 72.62 16.69 1.60 15706.59
DT-3-2 A 380°C 34.46 221.24 54.54 4.15 0.28 10.39
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Figure 5.24: I-V and SunsV ¢ curves before and after annealing for the front side of a) DT-1-2, b) DT-2-2,
¢) DT-3-2 cells.
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Figure 5.25: Comparison of I-V curves on the front side for the three annealing temperatures tested a)
before final annealing and b) after final annealing.

5.6.4 Conclusions and perspectives

In this study, an optimized Ni/Cu plating process has been implemented and the morphology of Ni/Cu
plated contacts has been observed. 400 nm of Ni seed layer were deposited in ~ 7 min and 8 pm of Cu were
deposited in ~ 10 min in our experimental conditions. Overflow of the metallization is about two times
the laser opened area width on fingers and Ni/Cu stack thickness is not homogeneous on the cell. Current
density dispersion during Cu deposition leads to better aspect ratios on fingers far away from the busbar.

Moreover, I-V measurements have been carried out to determine the cell parameters: Jsc, Voc, FE 1, Rs
and R,;,. Among both laser parameters optimized in the Chapter 3, best cell has been obtained with Fpeqx
=0.32 J/cm? and optimized Ni/Cu plating process steps in Figure Cell parameters are reported in
Table in comparison with parameters of SP reference cell. Better Jsc and Vo have been obtained and
for non annealed best cell, R,;, are also higher in comparison with SP reference. Conversion efficiencies are
very close to the one of SP references and even better for the front side of best cell non annealed (+0.09%4s).
However, R, are higher compared to SP references and Ry, are significantly reduced after the final anneal-
ing, suggesting Cu diffusion into Si. These higher R, values may be due to the presence of native SiO, layer

between Si and Ni layer, affecting the Ni/Si interdiffusion. In a further work, a fluoride media could be
added in the Ni bath (NH4F for alkaline bath) to avoid the formation of this native SiO,, at Ni/Si interface.

Table 5.17: Best cell parameters (DT-1-1 cell) for the front and rear side, before and after annealing in
comparison with parameters of SP reference cells.

Cells Jsc Voo FF (%) 1 (%) R, (Q.cm?) (from R.n
(mA/cm?) (mV) Suns-Voc) (Q.cm?)
Best cell non annealed 38.99 629.25 71.07 17.44 1.77 35855.99
(front side)
Best cell annealed 38.87 625.87 70.06 17.04 1.63 2006.41
230°C (front side)
Best cell non annealed 36.95 628.17 72.02 16.71 1.72 34916.87
(rear side)
Best cell annealed 37.00 625.16 70.27 16.25 1.71 1978.10
230°C (rear side)
SP reference 35.94 + 618 + 78.11 £ 17.35 &+ 0.75£0.13 25408 +
0.053 0.3 1 0.3 20400

198



5.6. CU ELECTROLYTIC DEPOSITION AND MEASUREMENT OF CELL EFFICIENCIES

Furthermore, annealing conditions must be optimized to prevent Cu diffusion into Si. In particular, the
annealing should be performed just after the Ni deposition to suppress the risk of Cu diffusion.

Sectional SEM images of the best cell DT-1-1 after annealing are given in Figure[5.26] At this temperature,
Ni,Si phase is formed and can be observed on the SEM images. Poor adherence at Ni/Ni;Si interface is

visible and still need to be tackeled.

200 nm
|

Mag = 150 kX i

Figure 5.26: Sectional SEM images on front side of the best cell (DT-1-1) after the final annealing at 230°C
during 3 minutes.

The impact of non optimized laser ablation parameters and annealing temperature on cell parameters
have been investigated. Non optimized laser parameter F,.,;, = 1.8 J/cm? with no overlapping leads to
significantly lower conversion efficiency in comparison with the cell opened with Fpeq, = 0.32 J/cm? with
50% overlapping (-0.74%gss on the front side after final annealing). It has been also demonstrated by PL
QSS-PC measurements that laser is more critical on the front side rather than on the rear side. The more the
annealing temperature is increased, the more the cell parameters are affected. It is likely that Cu diffusion
in enhanced at 300°C and 380°C, explaining the significantly worse cell parameters obtained compared to

the one obtained with annealing at 230°C.

In the following of this work, the impact of deoxidation and activation conditions on cell efficiency
could be studied. In addition, the importance of the PLA could be investigated by comparing cells with and
without PLA. Grid design could be also improved using Quokka software to optimize the pitch between
fingers, the width of busbars or the height of Ni and Cu layers.
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MEMENTO

Ni electroless deposition rate is higher on narrow laser opened areas (fingers) compared to large ones
(busbars). Under illumination, the photogenerated holes diffuse to the p™ side (front side of n-PERT pre-
cursors) which prevents the reduction of Ni** ions on Si surface. Ni electroless deposition must therefore
be performed under dark conditions. In addition, the surface morphology and composition observed after
laser ablation on the rear polished side with no overlapping (area 1, 2 and 2;;5) lead to non homogeneous
Ni electroless deposition with a border effect and probably a poor adherence in the center due to remaining
SiO,. Among the two laser parameters optimized previously, Fpeqr = 0.32 J/cm? with 50% overlapping
must be preferred than Fcqr, = 0.56 ]/ cm?, no overlapping to avoid this phenomenon.

APiC technique enabled to compare the adherence of different Ni electrolessly deposited seed layers
(Fraunhofer ISE and IPVF processes). For all samples, adherence is better on the front textured side thanks to
higher surface roughness. Ni/Si interdiffusion is not uniform along the samples but this is more significant
on samples metallized at IPVE. That may be related to the presence of native SiO,, at Ni/Si interface, leading
also to poor adherence on the rear polished side (delamination) of Ni seed layer deposited at IPVE. These
results led to shift this work on double textured n-PERT precursors.

TLM have been performed to determine the contacts and line resistivities of Ni plated contact depending
on Ni layer thickness, annealing temperature and duration of annealing plateau. Despite an overestimation
of p. values, due to voltage drop in the Ni layer, a trend has been identified. Among the conditions
tested, lower p. values are obtained for short annealing plateau (3 min) and annealing at 230 and 450°C in

comparison with 340°C.

Based on optimized Ni/Cu plating process step conditions determined in previous Chapters, double
textured n-PERT pre-cells (50 x 50 mm?) have been metallized. I-V measurements have been carried out
and best cell has been obtained with F,..x = 0.32 J/cm? and final annealing at 230°C during 3 minutes.
Results are promising as cell parameters are found to be similar to reference SP cells, and even better for

non annealed (NA) cells.

Jsc Voc FF n(%) | R, (Q.cm?) (from R,

(mA/cm?) (mV) (%) Suns-Voe) (Q.cm?)
Best cell NA (front side) 38.99 629.25 71.07 17.44 1.77 35855.99
Best cell A (front side) 38.87 625.87 70.06 17.04 1.63 2006.41
Best cell NA (rear side) 36.95 628.17 72.02 16.71 1.72 34916.87
Best cell A (rear side) 37.00 625.16 70.27 16.25 1.71 1978.10
SP reference 35.94 + 618 + 78.11 17.35 0.75+0.13 25408 +

0.053 0.3 +1 + 0.3 20400

The impact of non optimized laser parameters and annealing temperature on solar cell parameters have
been demonstrated. For instance, at 380°C cell parameters are severely impacted and this is related to Cu

diffusion into Si. An alternative could be to perform the annealing step just after Ni electroless deposition.
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Main conclusions and perspectives

In this doctoral research project, Ni/Cu electrochemical metallization (also called “plating”) for c-5Si solar
cells has been studied as an alternative to standard screen-printing (SP). The aim was to address the issues
related to Ni/Cu plating and develop an optimized process in order to achieve same or better conversion
efficiencies than reference SP cells. For that purpose, the methodology has been to understand the involved
reaction mechanisms to improve the Ni/Cu plating process accordingly. This work has been mainly carried
out on n-PERT precursors and metallization has been performed on both sides to obtain bifacial cells. The
front side is boron doped (p™) and textured while the rear side is phosphorus doped (n*) and polished.
5i0, /510, N, dielectric stack on the rear polished side is denser and has a lower refractive index than the
BSG/SiO; N, stack on the front textured side. For the different Ni/Cu plating process steps investigated,

main conclusions are detailed and some perspectives are proposed.

SELECTIVE LASER ABLATION OF DIELECTRIC LAYERS

The first step of Ni/Cu plating process consists of selectively ablate the dielectric layers on both sides.
The difficulty is to efficiently remove the dielectric layers while limiting the laser impact on underlying Si.
Laser ablation has been performed with a UV-ps laser by varying the F.,; and spots overlapping.

On the rear polished side, five concentric areas having a different surface morphology and chemical com-
position have been observed after laser ablation with no spots overlapping. This is related to the Gaussian
shape of the laser beam and an ablation mechanism based on partial lift-off has been proposed to explain
these observations. The presence of 5iO, layers in the center of laser opened areas has been detected and
probably originates from remaining initial SiO,, layer and/or laser formed SiO,.

Overlapping promotes surface roughness on the rear polished side which is beneficial for further met-
allization steps. On the front textured side, Laser Induced Periodic Surface Structures (LIPSS) have been
observed and increase the surface roughness even with no spots overlapping. Due to optical diffusion
mechanisms on pyramids, thermal impact is more important on the front textured side and overlapping
must be preferably avoided to limit the impact on electrical properties (Rgpee: and carriers lifetime). Laser
ablation on the front textured side is more critical because of the risk to shunt the p/n junction.

A heat-affected area has been observed next to the laser opened areas and Si surface amorphization has
been evidenced on both sides for all laser parameters investigated. Carriers lifetime is impacted for all Fpcqx
tested, even with no overlapping. This is due to Si amorphization and probably the formation of cracks and
dislocations. Laser impact on Rt is low provided that no spots overlapping is used. With overlapping,

higher Rce: values are observed, especially on the front textured side, due to the higher thermal impact. A
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post-laser annealing at 750°C allows to partially recrystallize the amorphous Si and improves the electrical
properties. Moreover, a fluoride treatment enables to etch the SiO,, layers and the damaged Si surface which
improves the carrier’s lifetimes.

Finally, two optimized laser parameters have been proposed: Fjcq; = 0.56 J/cm? with no overlapping

and Fpeqr, = 0.32]/cm? with 50% overlapping.

Perspectives: To better understand the laser impact on electrical properties, it would be interesting to perform Sec-
ondary Ion Mass Spectroscopy (SIMS) analysis to determine the dopant profiles after laser ablation. Moreover, other
post-laser annealing conditions could be tested (higher temperature, longer annealing time etc.) with the aim to achieve

a complete recrystallization of amorphous Si.

SI SURFACE DEOXIDATION

Deoxidation in a fluoride media is needed to remove native oxide layer and remaining SiO, observed
after laser ablation. The aim is to completely remove the SiO,, layers without damaging the SiO,N,, dielec-
tric layers to limit the risk of parasitic plating. Two fluoride media (HF and NaHF,) have been investigated
and etching rates of PECVD and anodic S5iO, have been determined and compared to the ones of S5iO, N,
layers on both sides of n-PERT precursors.

Etching rates of both PECVD and anodic SiO,, layers are >> 2 times faster in NaHF; while SiO,N,, layers
are etched at the same rate in both fluoride media. Therefore, NaHF; has a better selectivity compared to
HF and SiO,N,, layers damaging can be limited as shorter immersion times are needed to etch SiO,, layers.
In both fluoride media, the SiO;N,, layer on the front side is etched 3-4 times faster than the one on the rear

side. This is mainly related to the higher density and refractive index of SiO,N,, layer on the rear side.

Perspectives: In a future work, the etching rates of SiO, layers present on Si surface after laser ablation could be
investigated in NaHF,. The methodology based on EIS measurements and established to study the etching rate of
anodic SiO,, could be used. That will allow to determine the exact immersion time necessary to completely remove

SiO,, layers on both sides after laser ablation.

SI SURFACE ACTIVATION THROUGH PD GALVANIC DISPLACEMENT

Pd particles have a catalytic activity for the further Ni electroless deposition. The Pd galvanic displace-
ment deposition has been studied in both HF and NaHF; and the aim was to achieve an homogeneous
deposition of small Pd particles to activate the Si surface with a limited metal consumption.

A statistical study has been first carried out on n-type mirror polished wafers and the influence of several
parameters (immersion time, [PdSO4], solution stirring, [HF] and [NaHF:]) on Pd particles size and density
has been understood. NaHF, fluoride media provides smaller Pd particles with an higher density compared
to HF. This behavior has been explained regarding the Si energy band diagram configuration in both fluoride
media. Among the conditions tested the best ones are the following: 30 seconds immersion in NaHF; 0.16
M + PdSO, 2.5.10~* M (or 5.10~5 M), no solution stirring.

These activation conditions have been implemented on n-PERT precursors after ablation with optimized

laser parameters. On the rear side opened with no spots overlapping, Pd particles deposition is not uniform
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on the different concentric areas observed previously. Remaining SiO, layers in the center of laser opened
areas hinder the activation process but the fluoride treatment needed to obtain a uniform Pd particles depo-
sition (NaHF; 0.5 M, 1 min) is too aggressive towards the dielectric layers and leads to important parasitic
plating. Nevertheless, a good compromise has been found to start depositing some Pd particles in the center
of laser opened areas (random etching of SiO,, layer) while preserving the SiO,N, dielectric layers. It con-
sists of: a prior deoxidation in NaHF; 0.16 M during 1 m 30 followed by Pd activation in NaHF; 0.16 M +
PdSO, 5.10~° M 30 seconds (no stirring). Prior deoxidation is not mandatory for Pd activation on the front
textured side and the rear polished side opened with laser spot overlapping. Nevertheless, this treatment is
recommended as it enables to obtain smaller Pd particles. Best conditions are summarized in Table

Table 5.18: Best deoxidation and Pd activation conditions on both n-PERT precursors sides after laser
ablation using optimized parameters.

Focar = 0.56 J/cm?, no overlapping Focar = 0.32 J/cm?, 50% overlapping
Deoxidation: NaHF5 0.16 M 1m30 NaHF; 0.16 M 30s

Rear polished side | Activation: NaHF; 0.16 M + PdSO, | Activation: NaHF; 0.16 M + PdSO,
5.10° M 30s, no stirring 5.1075 M 30s, no stirring
NaHF; 0.16 M 30s NaHF; 0.16 M 30s

Front textured side | Activation: NaHF; 0.16 M + PdSO, | Activation: NaHF,; 0.16 M + PdSO,
5.107° M 30s, no solution stirring 5.1075 M 30s, no stirring

Perspectives: A perspective of this work would be to avoid the use of expensive Pd material. In alkaline fluoride media
(NHF), the Si band diagram configuration is theoretically favourable for the galvanic displacement of Ni*T ions.
Therefore, a thin layer of nickel could be deposited and further thickened by Ni electroless deposition process.

NI ELECTROLESS DEPOSITION

Ni electroless deposition has been then investigated and homogeneity as well as adherence issues have
been evidenced. The geometry of laser opened areas affects the Ni electroless deposition rate such as the
fingers are metallized faster than busbars.

Moreover, both sides are not metallized at the same rate if illumination conditions are not controlled
(front p* side is not metallized at all in some cases). This can be explained by the photogeneration of charges
carriers, leading to an increased holes concentration on the front pJr side and a diminution of band bending
in the semiconductor. Thus, holes on the p™ side can recombine with the electrons resulting from oxidation
of the reducing agent which are not available anymore to reduce the Ni** ions. It has also been proposed
that holes may dissolve the catalytic Pd particles and/or the Ni nuclei as soon as they are deposited. Ni
electroless deposition must therefore be performed in dark conditions. Stirring must also be carefully chosen
to regenerate the solution at Si surface without removing mechanically the Ni clusters from the Si surface
(200 rpm was suitable for our experiments).

The adherence of Ni layers deposited with 3 different electroless processes (Fraunhofer collaboration)
have been investigated with APiC method. Poor adherence at Ni/Si interface has evidenced on the rear
polished side for samples metallized at IPVE. Consequently, Ni/Si interdiffusion during annealing was
not uniform and adherence issues remained. SEM images suggested that delamination mainly happens at

Ni/Ni,Si, interface. In any case, adherence is better on the front side thanks to higher roughness. Due to ad-
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MAIN CONCLUSIONS AND PERSPECTIVES

herence issues on the rear polished side, this work has been pursued on double textured n-PERT precursors.

Perspectives: To address homogeneity issues, a further work could be performed on busbarless cells and it would be
interesting to laser open the busbar with several fingers closed to each other but not in contact. A better control of Ni
deposition requires additional experiments to understand the influence of different bath components, temperature and
pH. The formation of a native oxide at Ni/Si interface is believed to lead to high contact resistivity and poor adherence
so it should be considered to add a fluoride media (NH4F) into the Ni electroless bath. To tackle adherence issues
at Ni/Ni,Si, interface, the following alternative, proposed in literature, could be implemented: the Ni layer is first

annealed and unreacted Ni is chemically removed before the redeposition of a Ni layer acting as Cu diffusion barrier.

CU ELECTROLYTIC DEPOSITION AND FINAL ANNEALING

Transmission Line Measurements (TLM) were performed after Ni electroless deposition and annealing
by varying the annealing temperature, annealing plateau duration and Ni layer thickness. The contact re-
sitivities appeared to be overestimated due to potential drop into Ni layer during TLM, indicating that Cu
layer should have been deposited before measurements. Some trends have been nevertheless observed:
lower contact resistivities have been observed with short annealing times (3 min) at 230 or 450°C in com-
parison with longer annealing times (6 and 9 min) and other annealing temperature tested (340°C).

The main difficulty of Cu electrolytic deposition is to contact both sides of the cell without breaking it.
Globally, the width of metallized fingers is about 2 times larger than laser opened area and this is mainly
due to overflow of Ni electroless deposition. Regarding the results obtained in this work, 50 x 50 mm? dou-
ble textured n-PERT precursors have been metallized with the optimized Ni/Cu plating process in Figure
(best laser parameters = Fcq. = 0.32]/cm?, 50% overlapping). -V measurements have been carried out
and similar cell parameters than reference SP cells have been obtained. The best cell non annealed has even
better parameters than SP reference with: 1 =17.44 % (+ 0.09 %), Voc = 629.25 mV (+ 11.25 mV), Is¢ = 38.99
mA.cm~2 (+ 3.05 mA.cm~2), FF = 71.07 % (- 7.04 %) (I-V performed on the front side). The impact of non
optimized laser parameters and annealing temperature on cell parameters have been demonstrated. For
instance, after an annealing at 380°C during 3 min, cell parameters are severely impacted which is probably

related to Cu diffusion into Si.

Perspectives: It would be useful to study in more details the impact of annealing conditions on nickel silicides (and
palladium silicides) phases formation through DRX measurements (in-situ DRX). With the aim to suppress the risk
of Cu diffusion during annealing, an alternative could be to perform the annealing step just after Ni deposition. The
impact of deoxidation and activation conditions on cell efficiency could also be studied and cell efficiency with and
without a PLA could be compared. Finally, the pitch between fingers as well the width of busbars and the height of Ni
and Cu layers should be optimized (grid design with Quokka software for instance).
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Appendix A

Contact resistance determination by
Transmission Line Measurements (TLM)

Double probe 1 Double probe 2
’ A
Rcs 4 d :
v<—1—> : — - d >
Silicon g >
subsrate

Metallic pads 1 to 4

Figure A.1: Schematic representation of typical TLM structure.

Transmission Line Measurements consists of measuring the resistance between two metallic pads by
means of two probes, as represented in Figure and repeating this at different distances d; between
probes. For each measurement, the current passes through 1) the metallic contact of pad 1 having a resis-
tance R, 2) the metal/Semiconductor interface of pad 1 having a contact resistance R. 3) the semiconductor
having a resistance R, 4) the interface Semiconductor/metal of pad 2 5) and finally through the metallic
contact of pad 2 (blue arrow in Figure . In a first approximation, we consider that R., Rs. and R,,, are
homogeneous along the TLM structure. The total resistance Ry for each measure is given by equation

and R;. depends on the distance d; as shown is equation

Ry = 2Ry, + 2R, + Rae (A1)
se X d; d;
sc — pé CX W = Rsheet X W (AZ)

with R, the metallic pad resistance (2), R the contact resistance (2), Rsc the semiconductor resistance (X2), ps. the
semiconductor resistivity (Q.cm), e the semiconductor thickness (cm), d; the distance between the two pads (cm), W
the pad length (cm), L the pad width (cm) and Rgpeer the semiconductor sheet resistance (€1/sq).

In Si solar cells, doped areas such as the emitter are not homogeneous and dopant atoms are mainly

present close to the surface. The thickness is thus complex to determine and the parameter R+ is used to
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APPENDIX A. CONTACT RESISTANCE DETERMINATION BY TRANSMISSION LINE
MEASUREMENTS (TLM)

evaluate Si doping such as Rgpeer = p—ec
Finally Ry is given by equation and can be plotted as a function of distance d; as represented in
Figure a). On the as-obtained curve, the slope gives Rypeet /W, y-intercept is equal to 2(R. + R,,) and

x-intercept allows to determine the transfer length parameter (Lr).

RT = 2}%m + QRC + Rsheet X ﬁ (A3)
w
R (Q)
A P
/xf
2(R.+R,) o/
5 |__|_ P j slope Rsheet
L2 o L
or-2 (T) p//
L s
or-2L; coth(L—) _t |_T

T \I/// | l l Il - [—

0 d1 dz ds d4 d (cm) | H—Jj
a) b)

Figure A.2: a) Curve obtained by plotting total resistance as a function of pads spacing d; b) Illustration
of transfer length (L) concept.

L7 corresponds to the average distance travelled by charges in the semiconductor beneath the contact,

before passing into the contact (Figure b)). It is defined as:

Pc
Ly = A4
T Rsheet ( )

with Lt the transfer length, p. the contact resistance and Rgpcer the semiconductor sheet resistance.

Most of the time, R, contribution can be neglected (or easily determined by measuring the pad line
resistance) and R, is given by y-intercept (O.0O). It can be expressed according to the contact resistance p. in

three different ways depending on Lt value against L:

Pec L
for 0. <L<1. = —1 h A.
or05Lr <L <15Ly  Re= 3 x cot (LT) (A.5)
Pe
>1. =P .
forL>15Lr R, T (A.6)
Pe
forL<05L; R,— A7
ort= T LxW (A7)
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Using equations and Ly can be determined with the x-intercept (A.O) such as:

for05Lr <L <15Lp forL>15Lyp for L<0.5Lp
2R. + Ropeer X 552 =0 2R. + Rgpeer X 552 =0 2Rc + Rgpeer X 52 =0
2L X coth () + Raneet X 432 =0 | 2255 + Raneer X 552 =0 2785 + Ropeer X 42 =0
27&2;6;#% xcoth (LL—T)—i—Rsheetx% =0 27RL’T;;VL% + Rapeet X 22 =0 271%5»15?;/% + Ropeet X 32 =0
A.O = —2Lg coth () A0 =—2L; A0 = 2Lt
Finally, the contact resistance can be expressed as follow:
for0O5Lr <L <15Lrp forL>15Lp forL<05Lp
pe=Rex Lp xW pe=R. X Lp xW pe =R x LxW
pc can be calculated by defining Lt as Pe = % X —,g.o x W Pe = % x L xW

solution of equation
A.O = —2Lr coth (£)

We have described the ideal case but different factors can influence the accuracy of TLM measurement:

pad length (possible drop voltage), edge shunting, current flow through intermediate pads, non-uniform

contact resistance, non uniform sheet resistance. Some methods to take into account these parameters and

optimize TLM structure geometry for accurate measurements are described in reference [69].
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Appendix B

Laser ablation parameters

Laser opening

Distance between
spot center (um)

Fpeak (chmz]

number \ I /
\ | /
1 z.:sg z.fsg 2 2.1125 4 2;29 3 2.2129 & 2.21:9 7 2.21859 & 2.312;9 ? 2.31659
B | o0 [ 4 oo [ s [0 1o (B9 1 00 B8 1oms (8 2 o0 [ 1 s [ 100
19 1.:85 L 1.335 21 1.1355 22 1.;25 = 1.2325 24 1.2325 2 1.23885 = 1.3325 27 1.3325
= n.ggs e n.ggs 20 o.t;s e u.;gs = n.zags 33 u.zsgs = n.fais 2t 0.331;5 i u.asgs
4 n.:ss 38 n.?ss 3 0.1726 A0 0.1725 4 0.2725 42 0.2725 43 n.z:iis 44 0.371:;5 k) 0.37665
g o.:sa 47 n.:ss = ojszsa = u.:sssa ot 0.2628 2 ujs?ss 2 n.zsis 21 o.gsfsa = 0.35?53
| o505 ™ 0505 7| 0.%05 || 0505 52| o.s0s [0 o505 |82 | 0505 |2 0305 || 0505
e 0.243 2 n.fas £o oj;ia 2 u.iis os uiia i D.ﬁs 2 n.ﬁs i 0.34:,8 L 0.3433
2 n.:sg 13 0‘2859 A 0.12259 28 0.1229 e 0.2229 78 0.22?59 /e n.zzis = 0.3229 Al 0.3229
B u.:an 83 n.fzn A4 U.]:.I.;D A u.11§n £o El.zlgﬂ 87 n.z;;n oo n.zlaan B3 0.31230 i D.igﬂ
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Appendix C

Morphological characterization
techniques

C.1 Scanning electron microscopy (SEM)

The scanning electron microscope produces images by scanning the sample with a focused electron
beam. This latter penetrates to a depth of a few microns, depending on the accelerating voltage and the
sample density. Interactions between electrons and matter produce secondary electrons (SE), backscattered
electrons (BSE) and X-rays (Figure b)) collected by different detectors (Figure a). As represented in
Figure[C.T|c), they are extracted more or less deeply from the analysed material and the interaction volume
between the incident beam and the material has a peer-like shape. These signals allow to display an image

of the analyzed surface with topography and/or chemical composition contrast.

Electron =
o ] I % E
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)
Scan generator Primary
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-

Objective

lens 4\
L
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electron detector . §
Electron-sample
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X-ray - 8
detector ‘% *\ 4 ' Secondary 8
2 \\ ”/ electron detector g
\ \il/ -3
L\ i 5
\\l/ .Transmltted Thick sample
A \ Sample primary electrons SE 2 =

2 [

Figure C.1: a) Representation of the different components of a SEM b) interaction between the sample
and the incident electron beam c) peer-like shape interaction volume. [207]

The BSE come from the incident electron beam deviated after interaction with atoms nuclei. Their ener-

gies are close to the incident electron beam one but vary depending on atomic number of elements analyzed.
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APPENDIX C. MORPHOLOGICAL CHARACTERIZATION TECHNIQUES

Typically, heavier elements appear more brightly on SEM images than lighter ones. BSE give mainly infor-
mation on chemical composition contrast while SE are more suitable to obtain topography contrast. SE
come from the analyzed sample: incident electrons beam transfers a part of its energy to extract an elec-
tron low-energy electrons emission. SE come from superficial layers of the sample due to their low energy
and their intensities depend on sample inclination. Topography information are thus obtained. Finally, the
incident electrons beam can knocked-off electrons from sample atoms and create a subsequent transition
occurs; an electron from an higher-energy shell fills the hole created. The energy difference of this transition
is released in the form of a characteristic X-ray and the corresponding energy can be directly attributed to a
specific element. This analysis is called Energy Dispersive Spectrocopy (EDS).

In this work, images have been realized with a Zeiss Merlin VP compact SEM. Unless otherwise, images
are obtained at 15 keV as operating voltage, 3.8 mm working distance and by detection of BSE. EDS anal-
ysis are obtained using Bruckers silicon Drift Detectors and 10.5 mm working distance. Unless otherwise,

operating voltage is 15 keV.

C.2 Confocal Laser Scanning Microscopy

In conventional microscopy, the whole sample is illuminated and image is not completely clear due
to emitted light from non focal plans. To tackle this, Confocal Laser Scanning Microscope (CLSM) uses
laser light focused onto a defined spot at a specific depth within the sample. The sample is scanned in x-y
directions and then along z-axis to re-construct a clear three dimension image. The different components
of a CLSM are schematized in Figure In this work, we used LEXT OLS 5000 CLSM equipment from
Olympus (405 nm laser source). The equipment analysis software enables to analyse the surface morphology

and in particular the roughness of the samples.

How It Works

Laser

Confocal
wmm —— Pinholes

Dichroic
Mirror

_______________

-=--=--= Met In Focal Plane
In Feeal Plane
-------- Mot In Focal Plane

Figure C.2: Working principle of a Confocal Laser Scanning Microscope [208].
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Appendix D

Surface and bulk composition analysis
techniques

D.1 X-ray Photoelectron Spectroscopy (XPS)

XPS consists of using an X-ray source (AlKa and MgKa are the main sources available in laboratory)
to bombard the analyzed surface and ionise atoms. Emitted electrons are collected by a detector which
determines their kinetic energy (Ex ). Then, binding energy of each electron (Egg) is calculated according
to equation[D.T} As a result, an XPS spectrum represents the number of electrons detected as a function of
their binding energy (Figure .

Exgp=hv— KEpg (D.1)

with Ex g and E gy the electron kinetic and binding energies, h the Planck’s constant, v the X-Ray frequency and K a

constant.

Electron Spectrum

Cu XPS
Survey Spectrum
of Pure Copper
(Cu)

Cu Auger Cu
electrons Cu

Usual Analysis

LICEELL DI

Figure D.1: Working principle of XPS and typical obtained spectrum || .

The Epg calculated are specific to atoms present in the material so the elemental composition of the

surface can be determined. As the number of collected electrons is related to the atomic concentration of

215



APPENDIX D. SURFACE AND BULK COMPOSITION ANALYSIS TECHNIQUES

each element identified, XPS is a also a quantitative technique. XPS is also sensitive to chemical states of
elements and chemical environment. The analyzed depth is ~ 10 nm but it is possible to etch the surface
with an inert gas ion gun (Argon) to investigate sample composition in its depth (profiling).

In this work, analyses have been carried out with a Thermo Electron K-Alpha't spectrometer using a
monochromatic Al-Ka X-Ray source (1486.6 eV). The Thermo Electron K-Alpha™ spectrometer procedure
is used to calibrate the spectrometer and verified using Cu and Au samples following the ASTM-E-902-94
standard procedure. Acquisition parameters of high energy resolution photopeaks are: 400 pnm spot size,
12 kV primary energy, 6.0 mA emission intensity, Constant Analyser Energy mode (CAE) 10 eV and 0.05
eV energy step size. Data are processed using the Thermo Fisher scientific Avantage data system with the
sensitivity factors of AIThermol library. The background is calculated using the Shirley method. The peaks

modeling is performed using Gaussian/Loretzian mix (30%).

D.2 Scanning Auger electron Microscopy (SAM)

Like XPS, SAM measures the kinetic energy (Ex ) of an emitted electron to determine its binding energy
(Epg) and identify the elements present in the sample and their chemical state. However there are two main

differences with XPS:

¢ Firstly, XPS uses an X-ray beam to eject an electron while SAM uses an electron beam.
* Secondly, XPS analyzes electron directly ejected from inner-shell (typically K shell) while SAM anal-
ysed emitted electron created by an Auger process and coming from higher shell (typically L or M).

An Auger electron comes from a cascade of events described in Figure SAM spectrum displays the
number of collected Auger electrons as a function of electron kinetic energy and peaks intensity is related
to each elements concentration. SAM analyses the extreme surface of sample with a depth limited to 1-5 nm

and an analysis spot size ~ 10 nm.

1: High energy electron beam ejects a core electron
(typically from K shell) creating a vacancy;

2: A electron from an higher shell (typically from L
shell) drops down to fill the vacancy;

energy 3: The photon energy released by process 2 enables
electron " 3

to eject another electron from an higher shell (from L
or M shell). This electron is called « Auger electron »

Figure D.2: Illustration of electron Auger emission process.

JEOL JAMP 9500 F equipment have been used for SAM analysis with a 12-15 nm spot size and a depth
probe < 4 nm. Acquisition is performed at 20 kV, 10 nA without tilt and quantification has been realized

with derivative spectra (diff9) and JEOL RSF factors.
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Appendix E

Opto-electronical characterization
techniques

E.1 Four-probe measurements

The four-probe method is often used to measure thin film sheet resistance. Four equally-spaced, co-
linear probes are put into the surface material and a direct current is applied between the outer two probes.
Meanwhile, the voltage drop is measured between the inner two probes (Figure[E.T). Separation of current

and voltage electrodes eliminates the lead and contact resistances from the measurement.

Figure E.1: Working principle of 4-probe measurement.

The sheet resistance can be calculated using equation|[E.Twith a correcting factor generally equal to ;75 =
4.532. However, this is only valid when the distance between probes is small compared to sample size. Most
accurate values are obtained when measurement are performed in the center of the sample. If the thickness

(e) of the material is known, Rspce: can be used to calculate the material resistivity (equation@).

AV
Rsheet =F' x Vi (El)
A
p=4.532 x TV X e (E.2)

with Rgpeet the sheet resistance (€/sq), AV the voltage drop (V), I the applied current (A), F’ the correcting factor, e

the material thickness (cm) and p the material resistivity ({2.cm)

217



218



Appendix F

Potential-pH equilibrium diagrams

This appendix is based on reference [96]

F1 System silicon-water at 25°C

2 -1 0 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
EWZJ,L T T T T T T T T T T — T T T T 2.7

2L d2
18| d18
161 116
141 114
12} ©- ® @ q12

e |
1 L, ""'-\__‘_ j |I @ 11
i log Ci=~4| =2

08l R 151 i {os
061 T 106
04| i e R [ P
o2l SiO, “Joe

219




APPENDIX F. POTENTIAL-PH EQUILIBRIUM DIAGRAMS

F2 System phosphorus-water at 25°C
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Appendix G

Electrochemical Impedance Spectroscopy
(EIS) method

This Appendix is based on literature [180]. EIS is a non-steady state technique commonly used to study
electrochemical processes at electrode surfaces. Indeed, electrodes are generally subjected to both faradic
and non-faradic processes, with various elementary processes not evolving at the same speed, and steady-
state techniques do not allow to analyze separately the different contributions involved in the electrochem-
ical process. EIS consists of analyzing the response to a sinusoidal perturbation with a small amplitude. By
varying the analysis frequency, fast electrochemical processes occurring at high frequencies can be dissoci-

ated from slow processes occurring at low frequencies.

In this work, Staircase Potentio-Electrochemical Impedance Spectroscopy (SPEIS) have been performed.
As illustrated in Figure a sinusoidal potential perturbation x(t), with an amplitude AE and a pulsation
w, is applied at different frequencies for each potential step chosen (equation [G.I). The pulsation can be
expressed according to the frequency (f) such as w = 2 IIf. In our case, the potential amplitude is 20 mV
and the frequency ranges from 0.1 Hz to 500 kHz. The current response y(t) (equation is analyzed as

function of frequency at various potential steps and is characterized by an amplitude Al and a dephasing ¢.

I (A)
1 I=f(E)

"BEZ x(t) E, + | AE] sin (wt)

I

Eo  E(V Vs reference
electrode)

Figure G.1: Working principle of Staircase Potentio-Electrochemical Impedance Spectroscopy (SPEIS).
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APPENDIX G. ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY (EIS) METHOD

(t) = |AE|sin(wt) (G.1)

y(t) = |Al|sin(wt + ¢) (G.2)

The electrochemical impedance Z(t) can be defined as a complex resistance encountered when the cur-
rent pass through a system composed of different resistances, capacitors and inductors. An analogy with

the Ohm’s law allows to define Z(t) as the ratio of input voltage and the output measured current such as:

_E(t)  |AElsin(wt)
20 =Ty = alsinwt+ a) 2

sin(wt)
sin(wt + @)

(G.3)

with | Z| the magnitude equal to %
Then, Euler’s relations enable to express the complex form of the impedance with a real and an imagi-

nary part (Z,q and Z;,;,) and the global expression is:
Z(w) = |Z|e’* = | Z|(cos(¢) + jsin($)) = Zreat(w) + Zim (w) (G4)

An electrochemical system can be schematized by an equivalent circuit using different components hav-

ing their own impedance value. The most commons are:

¢ Impedance of a resistance (Zz(w))({)): a resistance does not imply a dephasing between the input
potential and the output current so Zr(w) is directly equal to the resistance R in €;

* Impedance of a capacitor (Z¢(w))(€): a capacitor implies a dephasing of 90° and is only characterized
by the imaginary component such as Z¢(w) = ]ﬁ with C the capacitance in Farad;

* Impedance of an inductor (Z;(w))(€2): an inductor implies a dephasing of - 90° and is only character-
ized by the imaginary component such as Z;(w) = jLw with L the inductance in Henry.

e Impedance of a constant phase element (CPE) (Z(w))(Q2~!.5%): CPE are used to represent an imper-
fect capacitor where some properties of the system are not homogeneous. CPE impedance is given by

1

Zo(w) = TXG with 0 <a<1. Zg(w) is independent of the frequency and has a value of -(90 x «)

degrees.

The different components R, C, L and CPE can be determined by fitting the Nyquist and Bode diagrams
of the global impedance Z(w) with models of equivalent circuits. The Nyquist diagram represents - Z;,,
as a function of Z,.,; and Bode diagram represents ¢ and log(|Z|) as a function of log(w) (or log(f)). Two
common examples, parallel R/C and serie R-C equivalent circuits, are given in Figure In these cases, R
can be easily determined on the Nyquist diagram when w tends toward zero or infinite. C is calculated by
identifying the critical frequency f. (equation[G.5). Indeed, f. corresponds to the frequency at a phase of 45°

by the Bode diagram.

_ 1
~ 2rRC

fe (G.5)
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Equivalent R/C circuit
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Figure G.2: Illustration of Nyquist and Bode diagrams for R/C and R-C equivalent circuits [180].
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Appendix H

Adherence characterization with Acoustic
Picoseconds Colored method (APiC)

Elastic properties of materials can be measured by using acoustic wave propagation. Maris et al. have
been the first to adapt this method for thin film and at nanoscale by using picosecond ultrasonic technique
[210], [211]. Then, it appeared that acoustico-optic detection mechanisms were sensitive to laser wavelength
used. Thus, the picosecond ultrasonic technique has been improved by Devos et al. who have developed
the so called “Picoseconds Colored method” (APiC) [212].

APiC is a contactless and semi-quantitative optical technique method to measure adherence of thin films

[213]. The working principle is schematized in Figure and described below.

splitter
Laser Pump beam
femto sei

Photo-diode
Probe Dy

A —
Delay variation

i beam v
Time 3 T
delay line

Acousctic wave
generated and
reflected at film
Sample B8 ’ interface.

,,,,,

Figure H.1: Working principle of APiC measurements from [214].

A femtosecond laser source is used to generate an optical pulsed beam which is splitted in two parts:

1. One part serves as a pump beam and is focused on the sample surface where it is absorbed. This
pulse generates an acoustic wave and propagates in the film at the longitudinal sound velocity. At the
sample interfaces, the pulse is reflected and the corresponding echos returns to the surface.

2. The other part serves as probe beam and is focused at the same site on the sample but with a certain
delay adjusted to monitor the successive echoes generated by the pump beam. Due to an acoustico-

optic coupling between the probe beam and the echoes, the dielectric constant of the film is changed.
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APPENDIX H. ADHERENCE CHARACTERIZATION WITH ACOUSTIC PICOSECONDS COLORED
METHOD (APIC)

Finally, a spectrum representing the transient reflectivity as a function of the time delay is obtained as

illustrated in Figure|H.2)
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Figure H.2: Typical APiC spectrum: the time delay gives information on film thickness while echo am-
plitude provides adherence properties.

The first electronic peak is related to the surface chemistry and the echo amplitude allows to assess
the film adherence. Indeed, a poor adherence is characterized by a high reflectivity due to defects at the
interface [215]. Moreover, the time of flight corresponds to a go and return of the pump beam into the film
and therefore enables to calculate the film thickness according to equation|H.1

_Atxz/
)

e

(H.1)

with e the film thickness, A t the time of flight and v the sound velocity in the film.
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Appendix I

Impact of non optimized laser
parameters on contact resistivity

This appendix presents the results of TLM measurements after Ni/Cu plating on samples laser opened
with two non optimized laser parameters and the two optimized laser parameters determined in Chapter
3. The lowest contact resistivity is obtained with Fpeq, = 0.32 J/cm? and 50% overlapping. Line resistivity

has been measured and is equal to 3.7.1075 Q.cm.

Laser parameters 1 (non optimized): 1.8 J/cm? - no overlapping

y=a+b* error
a= 4055 Q 0,88271
b= 40384 Q/cm 2,39573
L= 10,025 cm 0,0000001

Resistance (ohm)
=
6]

104 W= 1,000 cm 0,001
Rs= 40,384 Q/sq
51 Re= 2028 Q
Lr= 0,050 cm error
0 pc= 50692 mQ-cm® 11,721  mQ-cm?

T T T
0.0 01 02 0.3 0.4 05 0.6 0.7

Distance (cm)
35 - Laser parameters 2 (non optimized): 0.56 J/cm2 - 50% overlapping

304
—~
£ 254
<
=) arbr
0)20_ y=a+b"x error
ba) a= 2540 Q 03523
% b= 46,787 Q/cm  0,8735
= 15+ L= 0,025 cm 1E-07
7 W= 1,000 cm 0,001
L 101
ad Rs= 46,787 QJsq
Rc= 1,270 Q
5 Lr= 0,027 cm error
pc= 31752 mOcem’ 4870 mQ-cn?
O T T T

00 01 02 03 04 05 06 07
Distance (cm)

Figure I.1: Results of TLM measurements for samples laser opened with non optimized parameters.
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| Laser parameters 3 (optimized): 0.56 J/cmZ2 - no overlapping

35
304
€
< 25
o
~ y=a+b* error
8 20 4 a= 2197 Q 037777
c b= 48539 Qicm 1,02528
fE 15 4 L= 0,025 cm 1E-07
% W= 1,000 cm 0,001
0]
o 10 A Rs= 48539 (Usq
Rc= 1,099 0
54 Ly 0,023 cm error
- pc= 27,463 mQcm? 5179 mQ-cm?
O T T T T T T 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Distance (cm)
40 Laser parameters 4 (optimized): 0.32 J/cm? - 50% overlapping
354
~30 A
IS
<
O, 25+
© y=a+b*x error
(&) 20 a= 1,532 Q 0,20433
% b= 52479 Q/cm 0,55457
7 L= 0,025 cm 1€-07
@ 15 W= 1,000 cm 0,001
0]
X 104 Rs= 52,479 QJsq
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54 Lr= 0,015 cm error
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Figure 1.2: Results of TLM measurements for samples laser opened with optimized parameters.
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Résumé en Francais

INTRODUCTION

L’éclairement d"une cellule solaire en silicium cristallin (c-Si) permet de générer des porteurs de charges
(paires électron-trou) qui vont étre séparés par une jonction p/n puis collectés au niveau de contacts métalliques.

Une représentation schématique est donnée sur la Figure

Photons

Contact métallique en face
avant (électrode négative)
«——— Silicium type n

Jonction p/n (zone de
charge d’espace (ZCE))

Silicium type p
Contact métallique en face
arriére (électrode positive)

IZJ Absorption des photons et creation de paires électron-trou
Separation des charges photogénérées grace au champ électrique dans la ZCE)

E Collection des charges photogénérées au niveau des contacts métalliques: les
électrons sont collectés par I'electrode negative et le trous par I'électrode positive

Figure 3: Principe de fonctionnement d’une cellule solaire en silicium cristallin.

Les performances d'une cellule solaire peuvent étre déterminées en réalisant des mesures I-V permettant
d’extraire les parametres suivants: le potentiel de circuit ouvert (Voc), le courant de court-circuit (Is¢), le
Fill Factor (FF), l'efficacité de conversion (1), les résistances séries (R;) et les résistances paralleles (Rp).
L’efficacité maximale pour une cellule solaire c-5i simple jonction est limitée a ~ 30% en raison de pertes
intrinseques. Pour approcher cette limite, les pertes technologiques (pertes optiques, de recombinaison et

résistives) peuvent étre réduites en améliorant le processus de fabrication de ces cellules.

Dans cette optique, des architectures de cellules avancées (PERC, PERT, IBC, HJT etc.) ont été devel-
oppées et les cellules monofaciales, qui collectent uniquement la lumiére via la face avant, sont progressive-
ment remplacées par des cellules bifaciales collectant également la lumiere réfléchie sur le sol (albedo) par
la face arriere. Ainsi, ces travaux de theése ont été réalisés sur des cellules n-PERT bifaciales. La structure

des précurseurs n-PERT utilisés (cellules completes mais non métallisées) est schématisée sur la Figure 4]

229



RESUME EN FRANCAIS

m1 0am Face avant texturée  Face arriere polie
p+ (85 ohm/sq) >00m
n (1 ohm.cm) 180 pm
n+ (80 ohm/sq) 500 nm
Si02 10 nm
70 nm
a) b)

Figure 4: a) Architecture des précurseurs n-PERT commandés chez ISC Konstanz b) Photo des deux faces
d’un précurseur.

L’étape de formation des contacts métalliques présente un intérét particulier car elle a le potentiel d’augmenter
l'efficacité des cellules et de réduire les cofits de production. La sérigraphie, qui consiste a appliquer une
pate métallique (généralement a base d’argent) a travers un masque, est aujourd’hui la principale technique

utilisée. Ses avantages et inconvenients sont résumés dans le Tableau T}

\ Advantages \ Inconvénients \
- Simple - Pates cotiteuses (a base d’argent)
- Rapide - 70% des péates contiennent du plomb
- Bien implémentée en - Contacts poreux
industrie - Difficile de réduire la largeur des contacts

- Les émetteurs peu dopés sont difficilement contactés
- Non adaptée aux cellules a hétérojonction
- Précison d’alignement des contacts en mode bifacial doit étre améliorée

Table 1: Avantages et inconvénients de la métallisation par sérigraphie pour les cellules solaires c-Si.

La métallisation électrochimique (plaquage Ni/Cu) est une alternative intéressante a la sérigraphie. En
effet, cette technique a le potentiel de former des contacts métalliques de meilleure qualité: contacts plus
denses, résistivité de contact plus faible, meilleurs ratios hauteur/largueur, émetteurs faiblement dopés
plus facilement contactés. De plus, une diminution des cofits de production est envisageable étant donné
que le cuivre cotite 100 fois moins cher que 1’argent, que les températures de process sont plus basses et que
les équipements nécessaires sont potentiellement moins cotiteux. Malgré son fort potentiel, la métallisation
électrochimique Ni/Cu, présente quelques inconvenients qui doivent étre résolus pour une implémentation

a l’échelle industrielle. Les avantages et inconvenients de cette technique sont résumés dans le Tableau 2}

Advantages Inconvénients
Métaux moins cotiteux (Ni/Cu) - Procédé laser peut endommager la cellule
Températures plus faibles (réduction des cofits) - Métallisation parasite
- Les deux faces sont métallisées en une fois - Metallisation non homogeéne
- Equipements potentiellement moins cotiteux - Risques de court-circuits
- Contacts plus denses (meilleure conductivité) - Problemes d’adhérence
- Largueur de contact plus faible (réduit I’'ombrage) - Fiabilité (diffusion du cuivre)
- Résistivités de contact plus faibles
- Emetteurs faiblement dopés plus facilement contactés

Table 2: Avantages et inconvenients de la métallisation électrochimique Ni/Cu pour les cellules solaires
c-Si.
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Le plaquage est le dépot électrochimique d’'un métal sur une surface conductrice ou semiconductrice. La
surface est immergée dans un bain d’électrolyte contenant les cations métalliques qui sont réduits et déposés

sur la surface. Selon la source d’électrons, on peut distinguer trois types de dépots illustrés en Figure 5|

Che NG ®
@€ 5 | & &

S
Solution Solution

Solution

a) Déplacement galvanique b) Electroless (autocatalytique) c) Electrolytique
M*+8S > M+S™ M +Red — M +Ox M* +zee > M
Figure 5: Illustration des trois types de dépots électrochimiques a) Déplacement galvanique: les électrons

proviennent du substrat b) Electroless: les électrons proviennent d’un agent réducteur en solution c)
Electrolytique: les électrons proviennent d’une source extérieure.

Les différentes étapes d"un procédé standard de plaquage Ni/Cu sur une cellule solaire c-Si sont représentées

sur la Figure []

Couches dielectriques Oxide natif Particules de palladium

Etape 1: Ouverture Etape 2: Desoxydation Etape 3: Activation au

sélective des couches de |a surface de silicium palladium de la
diélectriques surface de silicium
- : Capping .
Nickel N\ e
Etape 4: Dépot Etape 5: Dépot Etape 6: Dépdt d’une Etape 7: Recuit final
électroless de nickel électrolytique de cuivre fine couche d’argent
(couche d’accroche) (couche conductrice)  ou étain pour protéger

de I'oxydation

Figure 6: Représentation schématique des différentes étapes du procédé de métallisation
électrochimique Ni/Cu.

Ce travail de these a pour but de développer un procédé de plaquage Ni/Cu et d’atteindre des rende-
ments de conversion proches des cellules de référence sérigraphiées. Pour ce faire, les différentes étapes sont
étudiées afin de comprendre les phénomeénes physico-chimiques impliqués et identifier les axes d’amélioration.

Ainsi, chacune des étapes du procédé de métallisation électrochimique Ni/Cu pourra étre optimisée.
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ETUDE DE L'ETAPE D’ABLATION LASER DES COUCHES DIELECTRIQUES

Les couches diélectriques ont été sélectivement ouvertes par ablation laser en utilisant un laser UV-ps.
Afin de comprendre le mécanisme d’ablation et de limiter I'impact sur le silicium sous-jacent, plusieurs
parametres laser ont été testés en faisant varier la fluence pic (F,) et le recouvrement des spots laser. La car-
actérisation de la morphologie de surface (MEB, microscope confocal), de la composition et I'environnement
chimique (EDS, XPS, Spectrocopie Auger) et des propriétés électriques (Photoluminescence, mesures 4
pointes) ont permis de proposer un mécanisme d’ablation par “lift-off partiel” pour la face arriere polie.
Ce mécanisme permet d’expliquer l'apparition de cinq zones concentriques impactées différemment en rai-
son de la distribution spatiale (Gaussienne) de la fluence laser. Ce mécanisme est schématisé en Figurem La
face avant est plus difficile a étudier, a cause de la texturation (pyramides) et des phénomenes de diffusion
optique qui en résultent, mais un mécanisme d’ablation similaire est suspecté.

—— 3:zone non ablatée mais
impactée thermiquement

2,;s:  2:spot | 1:spot
couronneexterne interne
G G— G—

4: Double impact

Zone 1 (F, > Fy,y ): Absorption dans le silicium + absorption multiphotonique dans les couches diélectriques
Formation de a-Si + SiO, en surface (= reste de SiO, non ablaté + SiO, formé par le laser)
Zone 2 (Fy,, > F, > Fyy): Absorption dans le silicium + absorption multiphotonique dans la couche SiON,
Formation de a-Si + reste de SiO, non ablaté
Zone 2, (Fyhp > F, > Fyi3): Absorption dans le silicium et lift-off des couches diélectriques di aux contraintes induites
a I'interface Si/dielectriques. Formation de a-Si
Zone 3 (F, < Fy3): Pas d'ablation mais formation de a-Si
Zone 4: Double impact. Formation de a-Si + SiO, en surface (= reste de SiO, non ablaté + SiO, formé
par le laser).

Figure 7: Proposition d’un mécanisme d’ablation laser par "lift-off partiel” en face arriére. Les 5 zones
concentriques différemment impactées sont représentées sur les images de microscopie (F,, = 1.809 J/cm?,
10% recouvrement, F,;,3 ~ 0.269 J/cm?).

Le recouvrement des spots laser permet de rugosifier la face arriere polie ce qui est favorable pour
I’adhérence des contacts métalliques. La rugosité est plus importante sur la face avant texturée avec l'apparition
de LIPSS (Laser Induced Periodic Surface Structures) méme sans recouvrement des spots laser.

La caractérisation des propriétés électriques (Rspcc: et temps de vie des porteurs) indique que le temps
de vie des porteurs est affecté quelque soit la F, utilisée et méme sans recouvrement. Ceci est probablement
da a la formation de silicium amorphe et a la création de fissures et dislocations. Lorsque les spots laser se
recouvrent, Rypeet et le temps de vie des porteurs sont tous deux fortement impactés ce qui s’explique par
un impact thermique plus important. Ainsi, les spots laser doivent de préférence ne pas se recouvrir, surtout
pour I'ablation en face avant texturée oti I'impact est amplifié par les phénomenes de diffusion optique.

I a été démontré qu'un recuit post-laser (750°C) engendre la recristallisation (au moins partiellement)
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du silicium amorphe formé durant I’ablation laser. Ce phénomene a été clairement identifié par XPS en face
arriere et permet d’améliorer les propriétés électriques de la cellule. De plus, la durée de vie des porteurs est
meilleure apres un traitement fluoré (NaHFz 1 %, /.,; 2 min) gravant la couche SiO, mais aussi I'extréme
surface du silicium qui a été endommaggée.

Finalement, deux parameétres laser optimisés ont été proposés: F,, = 0.56 ] /cm? sans recouvrement et F,,
=0.32]/cm? avec 50% de recouvrement. Les images MEB apres ouvertures des deux faces des précurseurs

n-PERT sont données en Figure|8]

| Paramétres 1: 0.56 J/cm? - pas de recouvrement ‘

Face arriére polie Face avant texturée

Paramétres 2: 0.32 J/cm? - 50% de recourvrement ‘

Face arriere polie Face avant texturée

Figure 8: Images MEB aprés ouverture laser des deux faces d'un précurseur n-PERT avec les deux
parameétres optimisés.
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ETUDE DES ETAPES DE DESOXYDATION ET D’ACTIVATION

Deux étapes sont nécessaires pour permettre de déposer la couche d’accroche de nickel par la suite:

» L'étape de désoxydation qui permet de graver la couche de SiO, présente en surface aprées ouverture
laser. En effet, la présence d'une couche d’oxyde entre le silicium et le nickel causerait un mauvais
contact métallique. Cette couche d’oxyde peut méme empécher le dépot de nickel si elle est trop
couvrante et isolante.

e L'activation de la surface de silicium par le dép6t de particules de palladium par déplacement gal-
vanique. Le palladium a un effet catalytique et permet d’accelérer le dépot electroless de nickel. Sur
un silicium dopé au bore (p™), les porteurs majoritaires sont des trous alors que le dépot de nickel
requiere des électrons. Ainsi, I'activation est nécessaire pour permettre le dépodt de nickel sur la face

avant des précuseurs n-PERT.

La désoxydation et l’activation sont toutes deux réalisées en milieux fluorés, connus pour aussi graver
les couches de nitrure de silicium. II est donc important d’optimiser les conditions de désoxydation et
d’activation pour limiter la gravure des couches de nitrure de silicium tout en gravant le SiO,, et en activant
efficacement la surface de silicium. Deux milieux fluorés ont été étudiés: 1'acide fluorhydrique (HF) bien
connu et le bifluorure de sodium (NaHFs), moins étudié dans la littérature.

La vitesse de gravure d'un SiO,, déposé par PECVD a été étudiée par ellipsométrie et une relation linéaire
a été mise en évidence entre la vitesse de gravure et les concentrations de HF et NaHF, (Figure E] a)). En
parallele, la vitesse de gravure d’'un SiO, anodique a été étudiée en élaborant une méthodologie basée sur

la spectroscopie d’'impédance électrochimique. Les résultats ont apporté les conclusions suivantes:

1. La gravure du SiO,, déposé par PECVD est non uniforme et la porosité de la couche augmente avec le
temps de gravure, que ce soit en milieu HF ou NaHF,.
2. Le SiO, deposé par PECVD et le SiO, anodique sont tous deux gravés au moins deux fois plus vite en

milieu NaHF,.

Ensuite, la vitesse de gravure des couches diélectriques SiO, N, des précurseurs n-PERT a été étudiée par
des mesures de réflectivité. Une relation linéaire a été établie entre la vitesse de gravure et les concentrations

de HF et NaHF, (Figure E]b)). Deux conclusions majeures ont été établies:

1. La couche diélectrique SiO,N, en face avant texturée est gravée 3 a 4 fois plus vite que celle en face
arriere polie. Ceci est principalement attribué a l'indice de réfraction et la densité plus elevés de la
couche SiO, Ny, en face arriere.

2. Les vitesses de gravures des couches SiO,N,, sont identiques en milieu HF et NaHF, pour une méme

concentration molaire.

Ces résultats indiquent une meilleure sélectivité vis a vis du SiO,, en travaillant en milieu NaHF,. Ainsi,
il est préférable d'utiliser NaHF; au lieu de HF car le temps d’immersion nécessaire pour graver la couche
de SiO,, peut étre réduit ce qui limite I'endommagement des couches diélectriques SiO, N, et donc le risque

de métallisation parasite par la suite.
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Figure 9: Evolution de la vitesse de gravure d'un SiO,, déposé par PECVD (a) et des couches dielectriques
SiO;N, des précurseurs n-PERT (b) en fonction de la concentration en HF et NaHF,.

Ensuite, une étude statistique a été réalisée en étudiant le dépot de palladium par déplacement gal-
vanique sur des échantillons de silicium de type n poli miroir. L'influence de divers parametres sur la
densité et la taille des particules de Pd a été mise en évidence tel que: le temps d’immersion, la [PdSO4],
I'agitation de la solution, la [HF] et [NaHF,].

La désoxydation et 1’activation ont ensuite été optimisés sur les précurseurs n-PERT apres ouverture
laser avec les parameétres laser optimisés précédemment. Dans un premier temps, les parametres optimisés
lors de I'étude sur échantillons de silicium poli miroir ont été appliqués (immersion 30 sec dans NaHF; 0.16
M + PdSO, 2.5.10~* M). Comme on peut le voir sur la Figure le dépot de palladium n’est pas homogene
mais dépend des différentes zones identifiées aprés ouvertures laser lorsque les spots ne se recouvrent pas
en face arriere (zone 1, 2, 2;;s et 4). Ceci s’explique par une différence de composition chimique (plus ou
moins de SiO;) et de rugosité dans ces différentes zones. La couche de SiO, dans les zones 1 et 2 a résistée
au traitement fluoré et empéche le dépot de palladium. En revanche, le dépot de palladium est satisfaisant

en face avant et en face arriére avec recouvrement des spots laser.

0.56 J/cm? - pas de recouvrement 0.32 J/cm? - 50% de recouvrement

4

Face arriére

7

Face avant
texturée

Mag=50kX |

Figure 10: Images MEB apres 30 sec d'immersion dans NaHF 0.16 M + PdSO, 2.5.10~* M des précurseurs
n-PERT ouverts avec les parametres laser optimisés.
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Malheureusement, I’étape de désoxydation nécessaire pour retirer la couche de SiO, dans les zones 1 et
2 et permettre un dépdt de palladium homogene s’est révélée trop agressive pour les couches diélectriques
(causant beaucoup de metallisation parasite). Cependant, des conditions de désoxydation ont été trouvées
telles que les couches diélectriques sont préservées tandis que quelques particules de Pd sont déposées dans
les zones 1 et 2. Ces conditions sont les suivantes: immersion 1 min 30 dans NaHF; 0.16 M (désoxydation)
puis activation 30 sec dans NaHF; 0.16 M + PdSO, 5.10~° M. Ces conditions sont également satisfaisantes
pour la face avant et la face ariiere ouverte avec 50% de recouvrement. Les images MEB correspondantes

sont données sur la Figure [T1]

0,56 J/cm? - pas de recouvrement 0,32 J/cm? - 50% recouvrement

Face avant
P

Figure 11: Images MEB aprés 1 min 30 d'immersion dans NaHF; 0.16 M (desoxydation) suivit de 30 sec
d’immersion dans NaHF; 0.16 M + PdSO, 5.10~° M des précurseurs n-PERT ouverts avec les paramétres
laser optimisés.

Finalement, les conditions optimisées sont différentes et dépendent des parameétres laser utilisés tel que:

¢ Cas 1: Desoxydation 1 min 30 dans NaHF; 0.16 M puis activation 30 seconds dans NaHF, 0.16 M +
PdSO, 5.10~° M. Conditions satisfaisantes pour les deux faces et avec les deux parametres laser.

® Cas 2: Desoxydation 30 seconds dans NaHF, 0.16 M puis activation 30 seconds dans NaHF, 0.16 M
+ PdSO4 5.107° M. Conditions non adaptées pour la face arriere ouverte sans recouvrement mais ces
conditions sont satisfaisantes pour la face avant, avec ou sans recouvrement, et la face arriére ouvertes
avec recouvrement. Dans ce cas, le temps de desoxydation est limité et donc les couches diélectriques

sont moins endommagges.
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DEPOT N1/CU ET MESURES D’EFFICACITES

Le dépot electroless de Ni a ensuite été étudié et les facteurs impactant ’homogéneité ont été mis en
évidence. Ainsi, le vitesse de dépot dépend de la géométrie de la zone a métalliser. Les fingers (zones
étroites) sont métallisés plus rapidement que les busbars (zones plus larges). Les conditions d’illumination
impactent également le dépot sur la face avant p+. Ceci s’explique par la décourbure des bandes au sein du
silicium associé a une augmentation de la densité de trous sur la face avant p*. Cela ralentit voir empéche
la réduction des ions Ni?T c’est pourquoi il est préférable de réaliser le dépot de Ni a I’obscurité.

De plus, la morphologie et la composition de la surface apres ablation laser sur la face arriére polie sans
recouvrement (zone 1, 2 et 2;;,) conduisent & un dép6t de Ni non homogene avec un effet de bords et prob-
ablement une mauvaise adhérence au centre des fingers en raison de la couche SiO,, restante dans les zones
1 et 2. Parmi les deux parametres laser optimisés précédemment, le parametre F, = 0,32 J/cm?, 50% de

recouvrement est donc plus adapté pour limiter les problemes d’adhérence en face arriére.

L’adhérence de couches de Ni obtenues en utilisant différentes conditions de dépot electroless (col-
laboration avec le Fraunhofer ISE) a également été étudiée en utilisant la technique APiC. Pour tous les
échantillons, I'adhérence est meilleure sur la face texturée grace a une rugosité de surface plus importante.
Apres recuit, I'interdiffusion Ni/Si n’est pas uniforme, notamment sur les cellules métallisées a 'IPVF, con-
duisant a des problemes d’adhérence en face arriere polie (délamination des fingers). Cela peut étre 1ié a la
présence de SiO, natif formé dans le bain de Ni avant le dép6t des premiers germes. Une solution pour une
future étude serait d’ajouter un composé fluoré comme NH,F dans le bain de Ni. Ces résultats ont conduit
a utiliser des précurseurs n-PERT double texturés pour la suite de ce travail.

Des mesures TLM ont ensuite été réalisées pour déterminer les résistivités de contact (p.) et de ligne
apres dépot electroless de Ni en fonction de I'épaisseur de la couche de Ni, de la température de recuit et de
la durée du plateau de recuit. Malgré une surestimation des valeurs de p., en raison d"une chute de tension
dans la couche de Ni, une tendance a pu étre soulignée. Parmis les conditions testées, les plus faibles valeurs

de p. sont obtenues pour un plateau de recuit court (3 min) et un recuit a 230 ou 450 °C.

Avec les conditions optimisées jusqu’a présent pour les différentes étapes de métallisation électrochimique
Ni/Cu, des pré-cellules n-PERT double texturées (50 x 50 mm 2) ont été métallisées selon le procédé détaillé

en Figure[13] Les images MEB obtenues aprés dépots de Ni et de Cu sont données sur la Figure[12]

Region 2 W
débordement I N
Region 1 f
metallization dans la
zone ouverte au laser ;
Region 2 I s
débordement ¥

b) [Em

Figure 12: Image MEB apres dépot de nickel et de cuivre avec le procédé détaillé sur la Figure
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RESUME EN FRANCAIS

Step 1: Quverture laser Step 2: Recuit post laser Step 3: Desoxidation et Step 4: Dépbt de Ni
activation au palladium electroless

< jipelec
¢ D

Pré-découpze =0 face arriere Rampe de montée Desoxidation: NaHF, 0.16 M (30 s) i ————
F,=0,56J/cm? grA recouvrement 115°C/min jusqu’a 750°C Activation: NaHF, 0.16 M + PdSO, 7 min dans le norzAg{tZtlIon )
F,=0,32 J/cm? 50% recouvrement puis refroidissement 5.10°M(305) 200 rpm = 400 nm de Ni déposé

Step 6: Découpe des bords
au laser Step 7: Recuit final

Step 5: Dépdt de cuivre électrolytique

Face avant Face
(émetteur p*) arriére(n*)

| ‘ —jipelec
A |

E | Rampe de montée 115°C/min
> 2 . i 0

10 min dans le noir. Pas d’agitation. ASD = - 50 mA/cm? F,= IOJ/cm',llm/s, jusqu’a 230°C - plateau de 3

=10 um Cu déposé 100 repetitions min puis refroidissement

Figure 13: Procédé de métallisation électrochimique Ni/Cu sur cellule n-PERT double texturée apres
optimization des différentes étapes.

Enfin, des mesures I-V ont été effectuées sur les cellules ainsi métallisées dans les conditions optimisées.
Parmi les deux parametres lasers, la meilleure cellule a été obtenue avec F, = 0,32 J/ cm?. Les résultats,
donnés dans le Tableau 3} sont prometteurs puisque les parametres obtenus sont similaires a ceux des cel-

lules de référence sérigraphiées. La plupart des parametres sont méme meilleurs avant le recuit final.

JSC VOC FF (0/0) n (o/o) Rs (Q.ch) RSh (Q.cmz)
(mA/cm?) (mV)
Face avant (NR) 38.99 629.25 71.07 17.44 1.77 35855.99
Face avant (R) 38.87 625.87 70.06 17.04 1.63 2006.41
Face arriere (NR) 36.95 628.17 72.02 16.71 1.72 34916.87
Face arriere (R) 37.00 625.16 70.27 16.25 1.71 1978.10

[ SPreference || 3594 £0.053 | 618+ 0.3 | 78.11+1 | 173503 | 0.75+0.13 | 25408 = 20400 |

Table 3: Comparaison des parametres I-V obtenus pour la meilleure cellule métallisée selon le procédé
en Figure[13|avec les cellules de référence sérigraphiées. Les mesures sont réalisées sur la face avant puis
la face arriere, avant (NR) et apres (R) recuit final.

L'impact de parameétres lasers et d'une température de recuit non optimisés sur les parametres I-V ont
aussi été mis en évidence. Par exemple, a une température de recuit de 380°C, les parametres I-V sont
séverement impactés, ce qui est probablement 1ié a la diffusion de cuivre dans le Si durant le recuit. Une
alternative pour une future étude serait d’effectuer 'étape de recuit juste apres le dépot electroless de Ni.
Cependant, cela implique de stopper le procédé de métallisation entre le dépot électrochimique de Ni et

celui de Cu ce qui peut impliquer d’autres problemes.
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Résumé : Pour ce travail de these, la métallisation
électrochimique de Ni/Cu (« plating ») est étudié en
tant qu'alternative a la sérigraphie a base de pates
d'Ag et Al pour métalliser les cellules solaires en
silicium. Cette technique a le potentiel d’améliorer la
qualité des contacts métalliques et d'augmenter
I'efficacité des cellules solaires en silicium. Les métaux
utilisés étant moins colteux, une diminution des
colts de production est envisageable. Cependant, le
plating Ni/Cu doit étre amélioré pour une application
industrielle dans le domaine photovoltaique.
L'objectif de cette thése est d'étudier les différentes
étapes du procédé de plating Ni/Cu sur des cellules
solaires n-PERT bifaciales afin de comprendre les
mécanismes physicochimiques impliqués et résoudre
les différents problémes relatifs a cette technique.

La premiere étape, qui consiste a ouvrir selectivement

les couches diélectriques par ablation laser, a été
optimisée en choisissant des parametres limitant
I'endommagement du silicium sous-jacent. Un
mécanisme d'ablation a également été proposé. La
désoxydation et [l'activation au palladium du
silicium, ont été étudiés dans deux milieux fluorés
(HF et NaHF.). De meilleurs résultats en terme de
gravure du SiOy et d'activation ont été obtenus avec
NaHF.. Linhomogénité du dépdt de nickel a
soulignée Il'importance de réaliser ce dépdt a
I'obscurité. Une mauvaise adhérence sur surface
polie a été observée et des axes d’amélioration ont
été proposés. L'impact de paramétres de recuit non
adaptés sur le rendement des cellules a été étudié.
Un procédé de plating Ni/Cu optimisé a été
developpé et des rendements similaires aux
références sérigraphiées ont été obtenus.

Title: Understanding reaction mechanisms of electrochemical metallization processes used for silicon
photovoltaic cells.

Keywords: Silicon, Photovoltaic, Laser ablation, Electrochemical metallization, Bifacial, Interfaces.

Abstract: In this thesis, Ni/Cu electrochemical
metallization (“plating”) is studied as an alternative to
mainstream screen-printing technique based on Ag
and Al metallic pastes to produce industrial c-Si solar
cells. Ni/Cu plating has the potential to improve the
quality of metallic contacts and increase c-Si solar cell
efficiency. The use of cheaper metals is a strong asset
to reduce the production costs. However, Ni/Cu
plating is still at an introductory phase and there are
some issues to deal with.

The goal of this thesis is to investigate the successive
steps of Ni/Cu plating process for bifacial n-PERT c-Si
solar cells and understand the physico-chemical
phenomena involved to address the related issues.

As a first step, laser ablation parameters have been
optimized to selectively ablate the dielectric layers

while limiting the impact on the underlying Si. An
ablation mechanism has also been proposed. Next
steps of deoxidation and Pd activation of Si surface
have been studied in two fluoride media (HF and
NaHF2). NaHF. provided higher SiOx etching rates
and better Si surface activation. Next, homogeneity
issues of Ni electroless deposition have been found,
highlighting the need to make the deposition in the
dark. Poor adherence on a polished surface has
been observed and areas of improvement have
been suggested. The impact of non-optimized
annealing parameters on cells conversion
efficiencies has been demonstrated. The Ni/Cu
plating process has been improved and similar
efficiencies than those of screen-printed reference
cells have been achieved.
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