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Abstract

High efficiency silicon heterojunction (SHJ) solar cells have already reached more than 26% efficiency
[1] when tunnel oxide passivated contacts solar cells just broke the 26% barrier at the beginning of
February 2018 [2]. For such devices, major losses occur at both the front and rear contacts where
parasitic recombination can be very high. Carrier-selective contacts use a special design in order to
build a barrier that would block one specific charge carrier and let the other one go through. A Hybrid
solar cell is a combination between a heterojunction solar cell and a TOPCon device, featuring then
carrier-selective contacts at both sides. In this thesis, a p-type TOPCon structure is implemented at
the rear when the front contact is made of n-type amorphous silicon (a-Si:H).

Intrinsic amorphous silicon (a-Si:H) used as front passivation layer, is deposited on top of crystalline
silicon and requires an interface with as few defects as possible to minimize the parasitic recombination
velocity. A new pretreatment method studied in this thesis involves the growth of a silicon oxide (SiO )
on a crystalline silicon substrate, that will allow to get rid of most of the superficial defects after etching
and before a-Si:H deposition. Lifetimes of up to 6 ms and saturation current density (J ) as low as 14
fA/cm can be reached with a 200 nm thick oxide.

As a-Si:H presents a very low lateral conductivity, a transparent conductive oxide (TCO) is needed
to transport the charge carriers towards the front metal contacts. The resistivity of such a material
should be as low as possible. While increasing the deposition temperature of Indium Tin Oxide (ITO),
it has been possible to decrease the resistivity up to 2.5110 = .cm at a temperature of 130°C, without
reducing the optical properties of such a layer.

Finally, manufacturing defects are often introduced during the fabrication process, leading to some
shunt losses (low shunt resistance). As we are fabricating several solar cells per wafer, it is most of
the time necessary to cut them to get rid of the shunt before doing the measurements. This sensitive
step could be avoided with a better isolation of each solar cell. Patterned ITO and metal have been
developed in this thesis, allowing to reduce the shunt power losses in the range of 1£2% without the

need to cut the cells.
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Introduction

1.1. Photovoltaic Technologies

By the end of 2016, the cumulative worldwide photovoltaic installation reached 320 GW, with more
than 76 GW installed for 2016 alone [3]. With an average growth of above 30% for the last years,
the trends are still very high for the coming years as reported in the figure 1.1 below according to a

scenario from SolarPower Europe [4].

1,000 —

935.5
900 -
800 —
700 —
600 —

500 —

400 —

Power (GW)

300 —
200

100 —
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Historical data Low Scenario High Scenario - Medium Scenario

Figure 1.1: World annual solar PV market scenarios 2017-2021 [4].

While taking a closer look to this market, different PV technologies have been used. With more
than 90% of the world production in 2016, the Crystalline Silicon (c-Si) technology is dominating the

market ahead of the Thin Film solar cells [5]. The basic principle of such technologies is based on
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2 1. Introduction

the photovoltaic effect. It can be simplified into 3 fundamental processes. First, the generation of
charge carriers due to the absorption of photons in the materials that form the junction. Then, the
separation of these photo-generated charge carriers in the junction. Finally, the collection of the photo-
generated charge carriers at the terminals of the junction. The separation of charge carriers is possible
if some specific materials with semipermeable membranes are used. Usually, some doped materials
are used to achieve this property. A Phosphorus-doped material will introduce some excess electrons in
the material (n-type material) whereas a Boron-doped material will have some excess holes (p-type).
These 2 materials will form a junction of a conduction band (energy ) and a valence band (energy

) and a photon can only be absorbed if its energy is higher than the energy difference of these
2 bands. This difference £ = is defined as the bandgap of a semiconductor material and
represents the forbidden states for the electrons. The photovoltaic effect is summarized in figure 1.2

below:

<«—

Figure 1.2: Principle of the photovoltaic effect: 1. Generation of charge carriers through the absorption of a photon (h ). 2.

Separation of the electron-hole pair. 3.Collection of the carriers through a circuit and recombination.

1.2. Physical Properties of Silicon
Silicon for PV application is mainly used under three different forms: mono-crystalline (c-Si), poly-
crystalline (poly-Si) or hydrogenated amorphous silicon (a-Si:H).

Crystalline silicon presents a very ordered structure with its atoms arranged in a diamond cubic
crystal lattice. The orientation of the crystal will lead to some electronic band dispersion and the band

diagram of crystalline silicon is shown below [6]:
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Figure 1.3: The band diagram of crystalline silicon [6].

The lowest energy difference between the conduction band (E.) and the valence band (E,) is 1.12
eV and is the bandgap energy of this material, referring to the infrared part of the spectrum (1107 nm).
As these 2 energy levels are not aligned, the charge carriers in the valence band have to change their
momentum as well as their energy in order to reach the conduction band: it is known as an indirect
bandgap. It will then be more difficult for the high energy photons to excite the electrons due to this
change of momentum. The absorption coefficient of such a material will be lower than for materials
with a direct bandgap. It can be noticed in figure 1.3 above that crystalline silicon presents also a direct
bandgap of 3.4 eV corresponding to the blue part of the spectrum (364 nm). When the crystal is made
of one uniform grain over the whole lattice, it is called monocrystalline silicon (usually confounded with
crystalline silicon). However, it is possible to have some materials made out of numerous crystalline
silicon lattices next to each other. These materials are called polycrystalline silicon — abbreviated in
polysilicon — and present some lattice mismatches at the boundaries between the different crystals. It
will introduce some defects because of these different orientations and misalignments, that can lead
to recombination losses as it is explained in the next section 1.3. This polysilicon presents nonetheless
some advantages, especially in the manufacturing process of this material that is usually easier and
cheaper than for monocrystalline silicon.

Contrary to c-Si, amorphous silicon presents a disordered structure. Due to the presence of defects
across the lattice, its optical properties are different, leading to weaker performances. However, a
hydrogenated form of amorphous silicon (a-Si:H) is usually used and presents the advantage to have
some hydrogen atoms passivating most of the defects, especially the dangling bonds, leading to a

reasonable defect density around 10 [7]. It will be very interesting in term of passivation
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properties as some parasitic recombination can be reduced or avoided, as we will see in the following

section 1.3.

1.3. Recombination Effects

As we saw in the section 1.1, recombination is a key factor for the generation of electricity as it drives
the collection of the charge carriers after the separation. However, when the carriers recombine before
going through the external circuit, it leads to important losses. It is then important to limit the internal
recombination when it comes to the design of a solar cell. This losses mechanism will have a negative
effect on the lifetime of the charge carriers. Indeed, the highest the recombination rates are, the
lowest the lifetime of the minority carriers is. This lifetime can be linked to the different recombination
mechanisms lifetime as follows:

—= = (1.1)

with  the lifetimes of the different recombination mechanisms. Three principal recombination

mechanisms play a role in the bulk of the material:
 Radiative recombination
* Auger recombination
» Shockley-Read-Hall (SRH) recombination

The Radiative recombination, also called direct recombination, occurs mainly in direct bandgap
materials. In this case, an electron from the conduction band will directly recombine with a hole from
the valence band, releasing a photon. This mechanism is usually neglected when it comes to silicon
based solar cells as with an indirect bandgap it is very low.

The Auger recombination involves the presence of three charge carriers. When an electron and
a hole recombine, the energy released is transferred to a third carrier that will be excited and will
thermalize to go back to an equilibrium state. This recombination mechanism will play an important
role with a high concentration of charge carriers, such as heavy doping. It can then be a limiting factor
for silicon based solar cells.

The last recombination mechanism involves the presence of defects. An electron (or a hole) can
be trapped in the forbidden energy band because of some defects. As its energy is reduced (or
increased), it is more likely that a hole (or an electron) can reach the same level and then recombine.
This mechanism will also play an important role in silicon based solar cells as defects are present in the
bulk as well as at the surface.

Talking about the surface, it is an area with a high probability of recombination — especially the
SRH one — because of numerous defects, and it is necessary to tackle this issue in order to fabricate

high-efficiency solar cells. The surface lifetime  can be written as:
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with  the effective surface recombination velocity and  the thickness of the material, and it
should be as high as possible. The thicker the material is, the less the surface recombination plays a
role but it is often important to deal with thin layers in order to minimize some absorption losses. We
will see in the following section 1.4 that even the crystalline silicon, with very few defects in the bulk,

is very sensitive to the SRH recombination at the surface because of some dangling bonds.

1.4. Homojunction vs Carrier-Selective Contacts

The homojunction solar cells are devices made with one single material. The main losses for such a
design are at the Si/metal interface since metals have a very high surface recombination velocity. It is
explained by the presence of numerous intermediate states that can become traps for electrons and
holes, as highlighted in figure 1.4. Itis possible to partially compensate this problem while implementing
a heavy-doped Back Surface Field (BSF), introducing a field-effect that prevents the minority charge
carriers to reach the contact, as with the successful PERL (Passivated Emitter Rear Locally Diffused)
and PERT (Passivated Emitter Rear Totally Diffused) designs.

E ~— .
C = :7 Recombination sites
BSF (p* =
EF---------fF_)_)_ _______ —
Ey -~ Metal

Figure 1.4: Contact recombination sites at the metal interface.

To reduce even more these recombination losses occurring at the front and rear surface, carrier-
selective contacts have been developed. They can offer a good passivation including two main features

that lead to a reduction of the surface recombination:

e Chemical passivation: dangling bonds at the surface are being saturated with small atoms such

as Hydrogen.

¢ Field-effect passivation: introducing an electric field that will act as a barrier to separate the
electrons and holes and avoid an accumulation of both types of charge carriers leading to recom-

bination.

1.4.1. Chemical passivation
We already mentioned in the previous section 1.3 that even with a well structured crystalline silicone,

some defects are present at the surface because of dangling bonds. This is shown in figure 1.5 below:
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Dangling bonds
e - SURFACE

Figure 1.5: Crystalline silicon lattice with dangling bonds at the surface.

These dangling bonds can become good trapping sites for charge carriers leading to recombination
especially with the SRH mechanism mentioned above. This problem is particularly important at the
front side as the front surface recombination will prevent the charge carriers to be collected, lowering
the open-circuit voltage of the device. It can also prevent some charge carriers to reach the bulk of the
cell, reducing the current. A chemical passivation can partially solve this problem while depositing a
passivating layer that could saturate some of these dangling bonds. The surface defect density is then
decreased as we have reduced the amount of trapping sites, and the lifetime of the charge carriers
can be significantly increased. Two good candidates for this passivation are hydrogenated amorphous
silicon (a-Si:H) that contains around 10% of hydrogen in atomic weight [8] and silicon oxide (SiO ). A
chemical passivation with a-Si:H is highlighted in figure 1.6 below:

| a-Si:H passivating layer

— c-Si bulk

Figure 1.6: Crystalline silicon lattice with a passivating layer of a-Si:H at the surface.
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1.4.2. Field-effect passivation
Field-effect passivation can be seen as a shielding of one type of carriers through an electrical field. This
electrical field can be created by an additional layer with certain amount of fixed charges (for instance
Al O for p-type Si or SiO for n-type Si) such that a depletion region width is created and electrons
or holes are shielded from the surface [9]. With the presence of this barrier, the recombination can be
significantly reduced and the effective lifetime of the charge carriers is increased. A schematic view
of the field-effect is presented in figure 1.7 below, with the blue barrier representing either a doping
profile or an additional material:

—

E

©

Ec

Ec ©) P-type contact

Ep = = = = = = -———==E

N-type bulk Ey
00

Ey

Figure 1.7: Schematic view of a field-effect passivation with an electric field 1 introduced by the blue profile.

One type of charge carrier can reach the contact through a tunneling effect that will be developed
in the next section 1.5. The other type of charge carrier is blocked and can not cross the energy barrier
and it leads to the desired carrier selectivity.

The development of doping profiles have been considered in the first instance [10] but the intro-
duction of an additional layer as a barrier considered later on showed even better results [11], that is
why we decided to implement this passivating method along this thesis.

As some additional layers, such as SiO or a-Si:H, are implemented together with a c-Si bulk, the
solar cells using this kind of carrier-selective contacts are part of the heterojunction solar cells family.

More details about the mechanisms involved are given in the next section 1.5

1.5. Motivation for Hybrid Solar Cells
In this thesis, together with a c-Si bulk we decided to implement carrier-selective contacts in order to

reach high efficiencies as explained in the previous sections.

1.5.1. Heterojunction Solar Cells
The first possible design with carrier-selective contacts would be the Silicon HeteroJunction solar cell

(SHJ), with a deposition of a thin layer of intrinsic amorphous silicon ((i) a-Si:H) at the front and the rear.
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This layer would first generate a chemical passivation of dangling bonds at the Si surface, reducing the
surface defect density. On top of that, it will act as a wide-bandgap material that creates an electrical
field across the junction, inducing a barrier for one type of charge carrier. The general structure of

' Metal

TCO
(n) a-Si:H
i-aSi:H

such a cell is presented in figure 1.8 below:

(n) c-Si bulk

i-aSi:H
(p) a-Si:H
TCO

Figure 1.8: Structure of a Heterojunction with Intrinsic Thin Layer (HIT).

A n-type c-Si bulk is generally used as the absorber and is textured in a solution of TMAH (TetraM-
ethylAmmonium Hydroxide) in order to increase the light trapping. Three cleaning cycles in acid baths
of the textured wafer followed by a HF dip are necessary before depositing the first amorphous silicon
layer in order to get rid of the impurities at the surface as well as the native oxide. Amorphous silicon
can be deposited with a Plasma Enhanced Chemical Vapor Deposition (PECVD) process with a gas mix
of silane (SiH ) and hydrogen (H ). The same process can be used to deposit the doped amorphous
silicon with respectively phosphine (PH ) and diborane (B H ) as precursor gases to form the n-type
and the p-type a-Si:H emitter layers. As amorphous silicon presents a very low lateral conductivity, a
Transparent Conductive Oxide (TCO) should be deposited at the front side before the metallization, in
order to allow the charge carriers to reach the metal contacts.

More details about these different processing steps will be given in chapter 2.

The band diagram in figure 1.9 below shows the mechanism of the carrier-selective contacts induced

by the a-Si:H layers.
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Figure 1.9: Band diagram of a HIT cell.

On the left side, the holes can cross the barrier created by (i) a-Si:H as the energy levels in the
valence band (E ) are almost the same on each side of the barrier, whereas the electrons can not cross
because the energy difference of the conduction band (E ) is too high. The same effect is happening
at the right side with the electrons able to cross the (i) a-Si:H barrier while the holes can not due to
the energy difference across this layer. To obtain a good quality of carrier-selective contact, the energy
difference of the conduction (respectively valence) band across the barrier should be small in order to
allow the electrons (respectively holes) to tunnel through it in case of n-contact (respectively p-contact)
and it should be high at the other side in order to prevent the electrons (respectively holes) to cross
the barrier and reach the p-contact (resp n-contact).

High efficiencies have already been obtained with HIT solar cells such as the world record with front
contact reaching 24.7% efficiency [12] and Kanaka reaching more than 26% in 2017 with interdigitated
back contact HIT [1].

1.5.2. Tunnel Oxide Passivated CONtact (TOPCon) approach

Another promising approach using some carrier-selective contacts with an interesting potential is the
so-called Tunnel Oxide Passivated CONtact (TOPCon). This technique started to be developed in the
1980s by E. Yablonovitch and T. Gmitter [13] who realized they could obtain a high of 720 mV
while implementing a Semi-Insulating Polycrystalline-Silicon (SIPOS) on both sides of the c-Si wafer.
Thanks to the thin oxide layer, the passivation had been significantly improved leading to this increase
on . This technique allows to reduce the minority carrier recombination at a good level, similar to the
HIT cells introduced in the previous section 1.5.1, with the advantage of a better tolerance to higher
temperatures processes.

On the same principle as the intrinsic amorphous silicon barrier introduced previously, an ultra-
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thin layer of silicon oxide (SiO ) grown at the interface between the c-Si bulk and the poly-Si. It
will introduce a chemical passivation as the oxygen atoms can saturate some dangling bonds of the
poly-Si, permitting to reduce the interface defect density () and then the recombination rate at this
interface. Besides that, a field-effect passivation is also introduced as an energy barrier is created
by the SiO layer. A so-called tunneling effect can occur leading to a good carrier selectivity: for a
n-contact (respectively p-contact), the electrons (respectively holes) are able to tunnel through the
SiO whereas the holes (respectively electrons) can not cross the barrier due to the energy difference
on either side. This effect, similar to the (i) a-Si:H barrier of HIT cells but with an ultra-thin barrier, is

summarized in figure 1.10 below:

poly-Si (p+) @]e) E

~

Figure 1.10: Tunnel effect introduced by a SiO layer at a p-contact interface.

Due to this good passivation quality, solar cells with a TOPCon approach can reach high efficiencies
such as F. Haase et al. who reached 25% efficiency using an Interdigitated Back Contact (IBC) with
poly-Si and TOPCon [14] or A. Richeter et al. who achieved 25.7% employing TOPCon layer at the
backside and homojunction at the front side [15]. This last design is shown in figure 1.11:

Metal

Passivation layer
c-Si emitter

c-Si bulk

Tunneling oxide SiO,

poly-SiO, surface field
Metal

Figure 1.11: Structure of a silicon solar cell with a passivated rear contact.
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1.5.3. Hybrid solar cells

Taking into account the two passivating methods introduced in the previous sections 1.5.1 and 1.5.2 an
interesting approach would be to combine them. Indeed, we saw that the TOPCon structure leads to
substantial parasitic absorption and it is an important problem when it comes to the front contact. On
the other hand, the excellent passivation provided by the SiO barrier offers a strong potential. That is
why it is possible to consider a silicon heterojunction design including a tunnel passivated contact and

an amorphous silicon contact. The structure of such a solar cell is presented in figure 1.12

TCO
a-Si:H (n+)
aSi:H (i)

(n) c-Si bulk

) Tunneling oxide SiO,
(U poly-SiO, (p+)

Metal

Figure 1.12: Structure of an Hybrid solar cell with poly-Si rear emitter.

It would be possible to consider a n-type front surface field with the same (n) c-Si bulk or even a
(p) c-Si bulk with front or back emitter for investigating Hybrid solar cells. However the main focus
is on the structure above-mentioned as n-type c-Si substrates present less impurities and then have
a lower recombination velocity [16], and boron-doped a-Si:H (p-type) currently give lower minority
carrier lifetimes compared to phosphorus-doped a-Si:H (n-type) [17].

The current optimized design for the structure of figure 1.12 includes a 300 textured n-type
¢-Si wafer with 4.5 nm of (i) a-Si:H, 6 nm of (n+) a-Si:H and 75 nm of TCO at the front, as well as an
ultra-thin layer of SiO (a few nanometers) and a poly-Si layer of 250 nm thick at the rear. A full area
metal is deposited at the back when at the front a mask is used for metallization in order to let the
light be absorbed and collect it thanks to the metal fingers and busbars.

The band diagram of the Hybrid solar cell presented in figure 1.12 above can be seen below and

underscores the carrier-selective contacts at the front and the back.
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Figure 1.13: Band diagram of an Hybrid solar cell with poly-Si rear emitter.

The main losses that have to be tackled for such a solar cell are:
- Recombination losses at the different interfaces, reducing the V
- Optical losses preventing a good light absorption in the bulk limiting the J

- Losses at the carrier transport level, especially when to reach the metal contacts, reducing the
Fill Factor (FF)

To tackle the recombination losses, especially present at the interfaces, and ensure a good pas-
sivation quality, a pretreatment is often needed. The amorphous silicon layer is currently the most
sensitive step regarding these impurities and some improvements are possible. Indeed, currently in
our group, some cleaning cycles in acid baths are performed in order to reduce as much as possible
the defect density at the c-Si surface. Nitric acid (HNO ) and Hydrofluoric acid (HF) are used and this
cleaning process will be detailed in the next chapter 2. The importance of several successive cleanings
has been demonstrated within our group and it gives important differences in term of effective lifetimes
of minority charge carriers, up to twice longer from 1 to 3 NAOC cycles [18]. Besides that, some im-
purities can often be introduced during the PECVD process, despite the very low pressure deposition,
leading to some serious drops in term of passivation quality. Concerning the optical losses, the wafers
used are usually textured in TMAH as mentioned in section 1.5.1 above. This chemical etching towards
one specific direction leads to the formation of a layer of pyramids that will allow to trap the light and
reduce some reflection losses. The principle of such a texturing can be seen in figure 1.14 below.

Particular attention should be given to these pyramids during the other steps of the Hybrid solar
cell fabrication as some chemical treatment can damage them, reducing the light trapping effect and
the potential gain in current.

Finally, one important driver to get high-efficiency solar cells is to guarantee a good transport of

the charge carriers towards the metal contacts. As we above-mentioned in section 1.5.1, amorphous
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Incident
light

(a) SEM image of a TMAH c-Si textured wafer. (b) Principle of light trapping due to texturing.

Figure 1.14: c-Si textured wafer and light trapping effect [6].

silicon does not present good lateral transport characteristics. However, as in our structure a-Si:H is the
front junction, it is necessary for the charge carriers (electrons here) to travel laterally in order to reach
the metal fingers and busbars. That is why a TCO is implemented, and it is important to chose a good
transparent material in order to avoid some additional optical losses (parasitic absorption, reflection) as
well as a material with a good conductivity to facilitate the carrier transport and minimize the negative
impact on the Fill Factor.

1.6. Scientific Questions and Structure of the Report

At the end of the previous section 1.5 we highlighted some main drivers that are central in order to
reach high-efficiency c-Si heterojunction/poly-Si solar cells. This leads us to 2 main scientific questions
that will be considered along this report through analysis and experiments:

¢ Can we find another pretreatment method allowing to achieve a good passivation for SHJ a-Si:H

based solar cells?

e Can we reduce the sheet resistance of the ITO layer in Hybrid solar cells, without losing in light
absorption?

The first question aims at improving the current pretreatment method in order to obtain even better
effective lifetimes for the minority carriers and thus a better passivation quality, as well as simplifying
this method currently time-consuming and not very convenient.

The second question deals with an optimization of the recipe used during the TCO deposition.
Currently — and as explained more in detailed later in chapter 4 — 75 nm of Indium Tin Oxide (ITO) is
deposited by sputtering under low pressure. The current sheet resistance of such a layer, that should
be as low as possible in order to get a good lateral transport, is in the range of 100~/ (X per square)
which is relatively high with respect to some works on other TCO conducted in our group. Reasonable

values around 30 =/ seem achievable and would lead to a serious gain in Fill Factor.



14 1. Introduction

In addition to that, the whole process of Hybrid solar cells fabrication has been performed during
this thesis in order to fabricate some working devices. Some parts of the process can be more or less
sensitive as well as the final characterization of the device. For example, the experience shows that it
is difficult to measure one single cell of a wafer (containing around 10 solar cells) without cutting it for
an isolation purpose, as some shunt resistance can be induced because of the surrounding cells. This

lead us to a final scientific question:

» Can we isolate better the different solar cells on a wafer in order to get a higher shunt resistance
without the need of cutting each single cell?

This reports includes 6 chapters. After the current introduction, an experiment setup will be devel-
oped in chapter 2. Then, the different results of a thermal oxidation as a new pretreatment method
will be presented in chapter 3 followed by the results on ITO optimization in chapter 4. Chapter 5 will
present the additional steps of the general process of hybrid solar cells fabrication that can lead to an
improvement in shunt resistance. The final chapter 6 of this report will summarize the main conclusions

and introduce some outlooks for a further work.



Experiment setup

2.1. Flowchart of Hybrid Solar Cells

The general process of fabrication of hybrid solar cells is summarized in figure 2.1 below. It leads to
the fabrication of Hybrid solar cells according to the structure introduced previously in section 1.5.3
with a rear TOPCon with (p+) poly-Si emitter and a stack of i/n+ a-Si:H as front surface field (FSF)
covered with TCO.

e Tunnel Oxide Growth.

The first step of the whole process is the growth of a chemical ultra-thin oxide on top of a [100]
flat (n) c-Si wafer for the purpose of creating a barrier for the rear TOPCon contact. One Nitric
Acid Oxidation Cleaning — detailed below — and a 0.55% HF bath to remove the native oxide are
performed before dipping the wafer during 1 hour in a 69.5% HNO solution at room temperature.
This process, called Nitric Acid Oxidation of Silicon (NAQS), allows the formation of a very thin
oxide — approximately 1.5 nm thick. This oxide should be kept as thin as possible in order to
make the tunnel effect for holes possible but it is difficult to have a good control on it for such
small thicknesses. For that reason, thermal oxidation, possible in high temperatures furnaces,

does not currently allow us to grow such thin oxides.

* Poly Silicon Deposition.

250 nm of a-Si is then deposited in a furnace on top of the ultra-thin oxide with a Low Pressure
Chemical Vapor Deposition process. It will crystallize during the next step to become poly-Si and

to be kept at the rear side to play the role of back emitter.
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Figure 2.1: General process of fabrication of hybrid solar cells.

e lon Implantation and annealing.

Boron atoms are then implanted at the rear side, with an energy of 5 keV and a dose of
5110
then required in order to activate the dopant and crystallize the poly-Si layer.

ion/cm in the Varian Implanter ES00HP. A 5 min annealing at 950°C in a furnace is

SiN protection and photolithography for patterning.

The next structural stage will be the front texturing. However, a few additional steps are needed
with the aim of protecting the back side from texturing, which would lead to an etching of the
poly-Si/SiO . It is possible to deposit some silicon nitride (SiN) through a Plasma Enhanced
Chemical Vapor Deposition (PECVD) process in Novellus to act as a protective layer for the back
side for the purpose of preventing the texturing to occur. A photolithography step is also added to
remove the SiN outside the future solar cells at the back and isolate them as texturing will occur
all around. To do so, negative photoresist is coated on top of the SiN. This material changes
properties with light: while developing some specific parts under UV light through a hard mask,
the photoresist will be open and the SiN can be removed with dry etching under a plasma flow
(DRYTEK equipment) or with a wet etching in a BHF bath.

The same process with positive photoresist is done at the front in order to cover it with SiN around

the solar cells for an isolation purpose.

A plasma cleaning is also done with the TEPLA etcher so as to to remove the photoresist. The

wafer is then ready to be textured.
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(a) Front side after photolithography. (b) Back side after photolithography.

Figure 2.2: Front and back sides of a solar cell precursor before texturing.

e Texturing

The wafer is then dipped during 5 min into a TetraMethylAmmonium Hydroxide (TMAH) solution
in order to be textured. The (CH3)4N+ and HO™ ions will react with the silicon according to the

following overall reaction [19]:

Si+2(CH ) NOH+2H O 2(CH) N +SiO (OH) +2H (2.1)

This reaction occurs towards the [111] plan and, as the c-Si wafer used has a [100] structure,
this etching reaction will create a layer of pyramids of around 5 high. This solution does not
have any effect on SiN, ensuring a good protection on the parts covered. Finally, this reaction
allows the etching of poly-Si where the texturing can take place (outside SiN). At the front, the

openings became then textured c-Si.

After this step, it is possible to remove the SiN at the back thanks to dry or wet etching, as
mentioned above.

A new SiN deposition can be done around the openings on both sides in order to isolate the
different solar cells of the future device.

e Cleaning cycles

As mentioned above, at several moments during the process, the wafer needs to be cleaned in
an acid bath in order to get rid of some impurities and native oxide. A special cycle called Nitric
Acid Oxidation Cycle (NAOC) is used and it consists in dipping the wafer during 10 min in a HNO

99% solution at ambient temperature, followed by 6 min of rinsing in deionized (DI) water, then
another 10 min dip in a HNO 69.5% solution at 110°C followed by 6 min of rinsing in DI water.
Finally, a Marangoni cleaning is performed, consisting in a 4 min dip in a HF 0.55% solution

followed by 5 min in DI water, so as to remove the surface oxide.
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* Amorphous Silicon Deposition

The front side is then ready for a-Si:H deposition on top of the textured c-Si. As discussed in
the chapter 1, the quality of this passivation layer is very sensitive to the presence of impurities
and an important care is required for cleaning the wafer and the process chambers of the PECVD
machine. Thus, 3 NAOC cycles are performed to the wafer while some blank depositions — with
the recipe that will be used later — are processed in the PECVD in order to prepare the holders

and the chambers and minimize the possible contamination.

After the last HF bath, the wafer is directly loaded to the PECVD chambers — under vaccuum —in
order to avoid the growth of a native oxide in the air environment. The deposition of 4.5 nm of
(i) a-Si:H is done at 180°C with silane (SiH4) and hydrogen (H,) as gas precursors. It is followed
by a deposition of 6 nm of (n) a-Si:H at 180°C in a silane, hydrogen and phosphine (PHs3) gas

flow.

TCO sputtering

As mentioned in chapter 1, amorphous silicon does not present good properties in term of lateral
transport. A Transparent Conductive Oxide (TCO) is then required as an intermediary to allow
the collection of charge carriers at the front metal contact. Such a layer should be transparent in
order to let the light be absorbed, and with a good mobility to allow the charge carriers to move
laterally and reach the metal. Some process requirements have also to be taken into account,
leading to different possible TCOs depending on the situation. Thus, when amorphous silicon is
present, the deposition should be done at low and stable temperature. Indium Tin Oxide (ITO)
is one of the principal candidate thanks to a good mobility around 20£40 cm /Vs and a carrier

density around 10 cm depending on the film composition and the thickness [20].

ITO is deposited at low pressure — in the range of 5110 mbar — and the temperature should
stay below 180+.200°C in order to avoid the crystallization of a-Si:H. With a target of minimizing
the reflection at 600 nm, corresponding to the maximal irradiance of the solar spectrum, and
taking into account the refractive index of ITO around 1.8, the ITO layer should be around 75 nm
thick.

Metallization

The last step in the fabrication of these solar cells is the metallization, which will allow the collec-
tion of the charge carriers and the creation of a current through an external circuit. At the rear
it is possible to deposit a full surface area of metal by evaporation. Silver is a good candidate
thanks to its low contact resistance with poly-Si compared to any other metal, and to act as a
back reflector at long wavelengths [21]. A layer of Aluminium is deposited on top, with a very
thin layer of Chromium in between to avoid the formation of AgAl alloy, so as to increase the

thickness with a reasonable cost.
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