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I know I will always burn to be
The one who seeks so I may find
The more I search, the more my need
Time was never on my side
So you remind me what left this outlaw torn.



Abstract

Wafer-based crystalline silicon (c-Si) solar cells currently dominate the photovoltaic (PV) market with
high-thermal budget (T > 700 ∘𝐶) architectures (e.g. i-PERC and PERT). However, also low-thermal
(T < 250 ∘𝐶) budget heterojunction architecture holds the potential to become mainstream owing to the
achievable high efficiency and the relatively simple lithography-free process. A typical heterojunction
c-Si solar cell is indeed based on textured n-type and high bulk lifetime wafer. Its front and rear sides
are passivated with less than 10-𝑛𝑚 thick intrinsic (i) hydrogenated amorphous silicon (a-Si:H) and front
and rear side coated with less than 10-𝑛𝑚 thick doped a-Si:H layers. Finally, transparent conductive
oxide (TCO) and metal at both front and rear side terminate the device. Of course, the front side
metal is merely a grid, allowing light to impinge on the c-Si wafer. In this project, an HIT heterojunction
architecture is investigated, it is used a double intrinsic passivating layer at the front and an highly
hydrogenated (p) a-Si:H forming the emitter; i/n passivating stack at the rear in the role of back surface
field; a TCO formed by 𝐼𝑂:𝐻 and 𝐼𝑇𝑂 and finally copper as front metal contact.
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1
Introduction

1.1. The different PV technologies
Photovoltaic (PV) technologies are gaining importance among the energy sources thanks to the eco-
nomic competitiveness, the issue related to the exhaustion of oil and gas reserves and the fear for
climate change.

The current PVmarket consists of a wide range of technologies, among which there can be identified
two main families: c-Si based solar cells, also referred as first generation PV technology and thin film
based solar cells, also referred as second generation. Besides them, new emerging technologies
include dye-sensitized, organic cells and quantum dots, which, however, are still under research stage.
It is important to note that c-Si based solar cells are the mainstream PV technology with 94% of the
market share (in 2016), while the remaining 6% is accounted for thin film [1].

A further subdivision can be made among c-Si solar cells: monocrystalline (mono c-Si) or polycrys-
taline (poly or multi c-Si) solar cells. The wafers are about 100-300 𝜇𝑚 thick and the power conversion
efficiencies range between 15% to 25%. The main differences between mono and multi c-Si rely on
the higher quality of the mono c-Si wafer, which, on one side allows to reach higher efficiency, but on
the other side it entails higher expenses due to the fabrication procedure.

Since the announcement of the first silicon solar cell realized in 1954 [2], the power conversion effi-
ciency continuously increased. Over the decades the performances of c-Si cells have been extensively
improved thanks to progress made in the design, architecture, material properties and processing (see
figure 1.1). Nowadays, Kaneka Corp. holds the world record for c-Si solar cell with a power conversion
efficiency of 26.6% [3].
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2 1. Introduction

Figure 1.1 – History of confirmed best laboratory c-Si based cell efficiencies extracted from [4].

1.2. Theoretical background on heterojunction solar cells
This thesis work focuses on a specific high efficiency concept of the mono c-Si family: the cristalline
silicon heterojunction solar cell with intrinsic thin layer (HIT) and with a standard front and back met-
allization. The same concept, but with the interdigitated back contacts (IBC) architecture was used by
Kaneka Corp. to achieve the world record for c-Si [3]. However, the actual record for HIT solar cell with
front and back contacts is held by Sanyo Electric Co. with 24.7% of power conversion efficiency [5].

This section serves to introduce the fundamentals to understand the c-Si PV solar cell, focusing on
the SHJ and HIT concepts. Therefore, we deal with the working principle, losses and recombination
mechanisms, surface passivation and carrier transport mechanism. Afterwards, in section 1.3 the state
of the art of high efficiency concepts based on c-Si is introduced.

1.2.1. Silicon heterojunction with intrinsic thin layer HIT
Figure 1.2 shows the general layout of a HIT solar cell. The silicon heterojunction (SHJ) is formed by
n-type float zone c-Si wafer and hydrogenated amorphous silicon (a-Si:H). The two materials differ in
having different crystallographic structures and different bandgaps. As explained in the next section,
a SHJ cell has two junctions: one at the front side where a (p) doped a-Si layer will act as emitter and
force the holes to move toward the front contact; the other junction at the back side, where a (n) doped
a-Si layer will force the electrons to move toward the back contact.

In a HIT cell, a thin layer of intrinsic a-Si:H layer is deposited between the c-Si and the doped a-
Si layer. This layer passivates the dangling bonds at the junction, where most of the charge carriers
recombination take place. The passivation mechanism is further explained in section 1.2.4.

An important difference of SHJ with respect to a homojunction is the presence of a transparent con-
ductive oxide (TCO) material which is responsible for lateral diffusion of charge carriers to the contact.
This cannot be done directly by the emitter layer ((p) a-Si) since it has poor lateral conductivity. The
TCO layer acts also as anti-reflective coating. The remarkable advantage of SHJ technology is the low



1.2. Theoretical background on heterojunction solar cells 3

Figure 1.2 – HIT solar cell structure.

temperature fabrication deposition of front and back surface fields with the plasma enahnced chemical
vapour deposition (PECVD) technique, which is further explained in section 2.3 [6].

1.2.2. The photovoltaic effect
Photovoltaics is the direct conversion of light into electricity. It relies on the capability of some materials
to absorb light (photons) and release electrons. When an external load is applied, current flows in the
closed circuit.

The working principle of the solar cell is the following: when a photon, particle of light, is incident
on Si with an energy sufficienctly high (𝐸፩፡>𝐸፠,ፒ።), it will be absorbed and create the electron-hole pair,
which is free to move into the Si lattice.

Figure 1.3 – Photons with enoigh energy (ፄᑡᑙ>1.12፞ፕ) can generate an electron-hole pair, which is free to move
in the crystal.

The electrons and holes would randomly move in the crystal and after a certain time, called relax-
ation time, they would loose their energy and fall back to the initial position. To use their energy it is
necessary to produce an electric field. This field induce a potential barrier which will block one type of



4 1. Introduction

carrier and allow the other to flow though it. In the classical mono-junction cell, this is performed by
altering the crystallographic structure of the silicon. Specifically, it is done by connecting two materials
which present n-type and p-type doping. To make a n-type silicon, impurities atoms with five valence
electrons (e.g. phosphorous), can be put in place of a silicon atom. The phosphorous atom has an
extra electron with respect to the silicon (which has four valence electrons) and it is not coupled with a
hole, making it free to move. Similarly, a silicon atom can be replaced with an impurity atom with three
valence electrons (e.g. boron), this would generate a free-hole and form a p-type silicon.

When the n-type and p-type materials are put in contact they will form a pn junction. Initially, when
the junction is forming, due to the abundance of electrons in the n-typematerial and leakage of electrons
in the p-type material, the electrons will start moving by diffusion from the n-type material toward the
p-type material and will fill the holes. A positive charge builds up on the n-side of the junction because
of the loss of electrons. Similarly, majority carriers holes in the p region will diffuse into the n region
leaving negatively charged boron atoms at the edge of the contact [7].

The junction is now formed and the situation is the following: most of the free electrons in the n-
region already moved in the p-region, leaving a large positive charge at the junction. Opposite situation
happen for free holes: a negative charge is formed at the junction because of the movement of free
holes toward the n-side to fill the voids. Charged carriers that have already crossed the junction set
up an electric force (field) that acts as a barrier opposing the further flow of free carriers and creating
a potential barrier at the junction, defined as 𝑉፛።. The electric field opposes the diffusion of majority
carriers, however minority carriers are not blocked by the barrier, therefore free electrons on the p-
region are driven by the electric field toward the n-region.

Figure 1.4 shows the selective barrier at the junction. Under no illumination, there are very few
minority carriers and their movement is null, hence there is thermal equilibrium condition.

Figure 1.4 – (a) pn junction formation: diffusion of majority carriers and creation of fixed charge at the junction.
(b) pn junction formed: it present a barrier for majority carriers (electrons to n-region and for holes to
p-region) but does not hinder minority carriers crossing.

When the pn junction is illuminated additional electron-holes pairs are generated. Assuming low
injection level, the concentration of majority carriers does not change much, while the concentration
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of minority carriers heavily increases, leading the minority carriers to flow across the junction. For
example, if an electron-hole pair is generated in the n-type side of the junction, the free electron is
repelled by the barrier, while the hole is drifted through the junction toward the p-side. However, the
thickness of the n-side has to be thin enough to allow the hole to reach the junction before recombining.
Once in the p-side, the hole is free since there are few electrons with which recombining. Thanks to
illumination and charge separation there is now an excess of holes in the p-side region and an excess
of electrons in the n-type region.

The (separated) charge carriers can be extracted from the solar cell by applying an external load
which lets electrons flow through an external circuit. In this way electrons are used to produce electric
energy. Finally, after that the electrons pass through the external circuit, then they flow in the p-type
material where they recombine with holes [8].

In homojunction solar cells two pn junctions are formed: (i) boron doped (p) c-Si with n-type c-
Si substrate, and (ii) phosphorous doped (n) c-Si layer with (low doped) n-type c-Si substrate. In
heterojunction solar cells two pn junctions are formed: (i) p-type a-Si layer with n-type c-Si substrate,
where the (p) a-Si acts as hole selective contact and (ii) n-type a-Si layer with n-type c-Si substrate,
where the (n) a-Si acts as electron selective contact.

SHJ have the potential to overcome one main efficiency limitation of the homojunction contact: the
high recombination between the direct contactmetal-silicon, which, in a standard c-Si solar cell, account
for around 50% of the overall recombination losses [9]. Metals have high recombination velocity, so
high recombination take place if similar concentration of electrons and holes is present. If a selective
material is inserted close to the metal surface, there will be only one charge carrier type and the surface
recombination will be highly decreased.

In SHJ cells the selectivity of carrier is enhanced by the different bandgaps and band offset between
the a-Si and the c-Si materials. On the junction between the (n) c-Si / (p) a-Si:H the minority charge
carriers (holes) will tunnel across the barrier. On the opposite the majority charge carriers (electrons)
will see a further increased barrier due to Δ𝐸፜ which will block them to pass toward the (p) a-Si. A
similar junction is made at the opposite side of the c-Si where an (n) doped a-Si layer is inserted and
will act as electron selective contact, so the junction will permits only to electrons to pass through it.

1.2.3. Losses and recombination mechanisms
SHJ solar cell losses can be divided into two main categories:

1. Optical losses decrease the performances of a solar cell by lowering the short-circuit current.
They can be divided into two main categories:

(a) Spectral utilization. The 𝐽፬፜ is determined by the bandgap of the material. The c-Si has a
bandgap of 1.12 𝑒𝑉 which correspond to a photon with a wavelength of 1107 𝑛𝑚. Figure
1.5 shows that photons with energy less than 𝐸፠ do not generate electron-holes pairs, while
photons with higher energy are absorbed and the excess energy (𝐸፩፡ −𝐸፠) is dissipated by
thermalization.

All the layers above the absorber layer aremainly responsible for optical losses in a SHJ solar
cell, because of the optical properties of these material, hence the capability of reflecting or
absorbing light, which then cannot reach the absorber layer. Those losses are the reflection
of front metal grid line and the parasitic absorption of metal, TCO and a-Si layers. Attention
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Figure 1.5 – Photons with energy above 1.12 ፞ፕ don’t have enough energy to excite an electron to the conduction
band and this energy is lost, photons with higher energy (hence short wavelength) have enough
energy to be absorbed, however the energy about 1.12 ፞ፕ is lost as well in the form of thermalization.

has to be paid when designing front metal patter because this will constitute a shading loss.

(b) Optical properties of the materials (absorbance, trasmittance, reflectance): when light ar-
rives at the interface between two material (e.g. air and silicon) a part of the incident light
is lost by reflection. The part of the light that penetrates into the material can be either
absorbed, this determines the photogenerated current, or transmitted. The latter is an addi-
tional loss caused by the limited thickness of the absorber layer. On the respect of optical
properties two design choices are of crucial importance in SHJ: first, the use of TCO layer,
which acts as antireflective coating; second, a proper texturization which enhances multiple
hitting of light and reduce reflections.

2. Electrical losses:

(a) Recombination losses due to the recombination of generated carriers can reduce solar cell
performances by lowering the 𝑉፨፜. Recombination can take place in the bulk of the c-Si or
at the interface between c-Si and a-Si. On this respect different recombination mechanisms
can happen:

i. Bulk recombination. This recombination takes place inside the semiconductor material
and it can happen in three different ways: (i) Auger recombination, which is dominant
in highly defective (doped) materials and in indirect bandgaps materials. In this pro-
cess, firstly an electron and an hole recombine, then the excess energy is transferred
to another electron by exciting it to the conduction band and finally the excited electron
thermalizes toward the lowest band edge by emitting phonons; (ii) Radiative recom-
bination is dominant in direct bandgap materials, in this process the electron makes a
transition from the conduction to the valence band and recombines with an hole in the
valence band while emitting light; (iii) Shockley Read Hall recombination is dominant
in highly defective (doped) materials, therefore this recombination process is caused by



1.2. Theoretical background on heterojunction solar cells 7

a defective state in the (forbidden) bandgap. These defects facilitate the recombination
of electron and hole and the excess energy is emitted as a photon or phonon [7].

Figure 1.6 – Recombination processes occurring in the bulk of a semiconductor material.

ii. Surface recombination. The most critical recombination mechanism in SHJ cells is the
one that originates at the interfaces. This is because of the junction made of materials
with different crystallographic structures and because of interruption of the lattices. At
the interface of c-Si and a-Si silicon, atoms are missing and unpaired valence electrons
form the so called dangling bonds. These act like defects level within the forbidden
bandgap and therefore will induce SRH recombination [10]. The dangling bonds are the
main causes for recombination when high quality substrates are used (as in this work,
where FZ c-Si substrates are employed). On this respect, section 1.2.4 deals with the
surface passivation, which is a technique used to reduce the surface recombination.

(b) Resistive losses. Series 𝑅፬ and shunt 𝑅፬፡ resistances generates losses that mainly affect
the fill factor (FF) of the solar cell. These losses include the leakage current across the
junction, the sheet resistance of the doped layers, the contact resistance between the TCO
and the metal, the metal grid pattern (fingers and busbar) and the contact resistance with
the back metal [11].

1.2.4. Surface passivation technique
At the silicon surface the Si-Si bonds are broken, this creates dangling bonds which act like a trap
for electrons and holes. The surface recombination is the dominant mechanism in solar cell with high
quality bulk, therefore surface passivation is the technique employed to reduce dangling bonds. This is
a crucial step prior to emitter layer deposition and to achieve it, two passivation techniques have been
adopted in this work:

• Chemical passivation, which decreases the interface defect density by depositing a passivation
layer that contains an abundance of hydrogen atoms, which will bond with silicon forming new
Si-H bonds. In this work highly hydrogenated a-Si intrinsic layers ((i)a-Si:H) has been used as
passivating layer.
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• Field effect passivation. Considering that surface recombination rate in c-Si is maximum when
the concentration of electrons and holes is equal, therefore this technique is based on unbalanc-
ing the carrier concentration. The surface carrier concentration is reduced by inducing a band
bending (an electric field) which prevents carriers to accumulate at the interface. This can be
done by depositing a fixed negative/positive charged film or introducing an high doped layer. In
this work we will refer to the field effect passivation obtained at the rear as Back Surface Field
(BSF) and it is obtained by creating a low-high doped junction ((n)c-Si / (n+)a-Si).

For HIT structure dangling bonds saturation is achieved by depositing hydrogenated a-Si, which can
provide field effect passivation by further growing doped layers [12]. Other c-Si solar cells architectures
use different materials to provide passivation, as for example a-𝑆𝑖𝑁፱:𝐻, 𝑆𝑖𝑂ኼ and 𝐴𝑙ኼ𝑂ኽ. Silicon nitride
(𝑆𝑖𝑁፱) and aluminum oxide (𝐴𝑙ኼ𝑂ኽ) are used as dielectric since they store a high fixed charge carrier
density.

1.2.5. Band diagram analysis and carrier transport
Figure 1.7 shows the heterojunction formed in the HIT structure fabricated in this thesis.

Figure 1.7 – Schematic band diagram of the fabricated silicon heterojunction cell ith intrinsic thin layer.

The a-Si/c-Si heterojunction is characterized by the following properties: bandgaps 𝐸፠,፜ዅፒ። = 1.12
𝑒𝑉, 𝐸፠,ፚዅፒ። = 1.75 𝑒𝑉 (at 300𝐾); electron affinities Χ፜ዅፒ። = 4.05 𝑒𝑉, Χፚዅፒ። = 3.9 𝑒𝑉. Their differences
determine the band offsets Δ𝐸፜ = Χ፜ዅፒ። − Χፚዅፒ። = 0.15 𝑒𝑉 and Δ𝐸፯ = Δ𝐸፜ − Δ𝐸፠ = 0.45 𝑒𝑉 [13].

In the given structure the absorber layer is n-type c-Si and the holes are collected by the front emitter.
The large conduction band offset forms a barrier for majority carrier electrons, while the valence band
offset is so narrow that allows transport of holes through tunneling toward the (p)a-Si:H emitter. On the
rear side a small offset of the conduction band allows electrons to move toward the metal electrode,
while the high Δ𝐸፯ forms a barrier for holes, hence preventing recombination at the back. The thin
intrinsic layer, with fewer defects, provides chemical passivation.

A way to increase the selectivity of each junction is to increase the doping of the a-Si since this
would lead to fermi-level pinning. Alternatively, the n-type c-Si can be fewer doped or also the bandgap
of the a-Si layer could be increased by introducing oxygen or carbon atoms [14].
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1.3. State of the art of c-Si based solar cell
The following section gives an overview of the main high efficiency solar cell fabrication processes that
use n-type monocrystalline silicon as a bulk (absorber) material.

Aluminum front surface field (Al FSF)

This structure is a small modification to the screen-printed aluminum back surface field (Al BSF), which
is the cell mostly employed in the PV industries. The Al FSF is based on an n-type wafer and the
phosphorous is diffused at the front creating the front surface field. At the back there is the emitter
and the aluminum which serves as back contact. For this structure is crucial to use high quality wafer,
because the diffusion length of the minority carriers has to be high enough to reach the back junction.
Using Float Zone wafers, Fraunhofer ISE reached an efficiency of 19.3% [15]. However this structure is
not expected to reach record efficiencies because of the high recombination losses at the c-Si/aluminum
interface.

Passivated emitter rear contact (PERC): locally (PERL) and totally (PERT)

The first high efficiency solar cell concept is the PERC structure, which involves one main improvement
with respect to the standard c-Si solar cell: the introduction of a thin thermal oxide layer (thermal 𝑆𝑖𝑂፱)
between the doped c-Si and the contacts. This passivation scheme avoids the direct contact of silicon
and metal which would lead to high SRH recombination [16]. In the PERC family there are two solar
cells technologies named PERL and PERT. In the former the metal/silicon contact is limited to small
localized points, while in the latter the contact is extended to the entire back surface. The University of
New South Wales owns the record with 25% of power conversion efficiency with a structure based on
a p-PERL [17]. IMEC tried to shift the production line from p-PERL into the n-PERL, where, similarly
as the Al FSF concept, the junction passes from front to back side and the (p+) emitter is on the rear.

Interdigitated-back-contacted solar cell (IBC)

Another promising architecture to obtain high power conversion efficiency is the IBC structure, where
the contacts (for holes and electrons) are at the back side. This leads to an increase in light absorption
due to the absence of the front shading caused by the metal grid. Besides an improvement in light
trapping, this structure benefits also of low contact resistance between silicon and metal thanks to a
passivation layer. However, the carrier diffusion length becomes critical since all carriers are collected
on the back side [18].

Heterojunction solar cell (SHJ)

As explained in section 1.2, SHJ cells are based on the deposition of thin layers of amorphous silicon
above and below the c-Si absorber, these two layers serves as emitter and surface field. The most
successful SHJ cell is obtained when thin hydrogenated intrinsic a-Si layers are inserted between the
doped a-Si and the bulk because these layers reduce the defect density states at the interfaces, hence
reducing the recombination probability. On the two doped layers, a transparent conducting oxide (TCO)
layer is deposited with sputtering. Along with the improvement in lateral conductivity of carriers, TCO
also works as an anti-reflection layer [19].
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Finally, besides the standard SHJ structure, hybrid architectures can be employed in which high
efficiency concepts are combined (e.g. to achieve the world record Kaneka Corp. combined HIT and
IBC architectures) [20].

1.4. Thesis motivations
Motivation for SHJ structure

As can be noticed from figure 1.1, in the last decades (since the first cell was invented in 1992 [4]) the
efficiency of SHJ cells steadily increased, while the trend is different for c-Si homojunction, which did
not make any further progress in efficiency. SHJ solar cells are a promising technology and there is
still space for improvements and research progress. Among the advantages of SHJ, the following are
of relevance:

• The a-Si layers are deposited by deposition at temperatures below 200 ∘𝐶, hence the low
temperature fabrication process decreases the cost of production;

• Cells do not suffer of Staebler-Wronski effect observed in a-Si solar cells [21], since the bulk
material of the cell is c-Si;

• It is reported that SHJ cells perform better at high temperature, so they have a lower
temperature coefficient with respect to standard c-Si homojunction solar cells (–0.45%/𝐾) [22];

• HIT cells can be used also for bifacial applications thanks to the symmetry of the structure;
• The introduction of the intrinsic hydrogenated a-Si layer, in the HIT architecture, reduces
interface state density, determining a reduction of surface recombination and leading to
outstanding 𝑉፨፜ values;

• From a fabrication point of view, HIT solar cell with front and back metallization is rather simple
and involves few process steps, potentially decreasing the costs. However, the main bottleneck
for this structure to dominate the market is related to the expenses for the adjustment of the
production line [23].

Motivation for <n> c-Si substrate

The solar cells fabricated in this work are made of n-type c-Si <100> high quality Float-Zone (FZ) wafer
with a thickness of 280 ± 20 𝜇𝑚 and with a resistivity between 1 and 5 Ω ⋅ 𝑐𝑚ኼ.

Currently, most of the solar cells produced by the industry are based on p-type bulks, nevertheless
it is believed that n-type solar cells can lead to higher efficiency, because of its favorable material
properties. Among these properties, there is the absence of oxygen-boron defects which leads p-type
c-Si to degrade upon illumination. Furthermore, n-type c-Si is more tolerant to metallic impurities such
as iron, which is used in the production line for making silicon wafers [24].

A shift toward n-type substrates is expected soon, however nowadays the highest barrier that pre-
vents n-type to be used for large scale production is related to the higher costs of production of n wafers
with respect to p wafers.

Motivation for front-junction
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Considering the typical heterojunction cell in which n type bulk is used, there are two possible config-
urations that can be adopted:

• The standard front-junction cell, in which the emitter is deposited at the front of the c-Si and at
the back an (n) doped a-Si:H layer is used as back surface field (BSF).

• The other structure is the rear-junction cell, in which the (i/n) stack is used a the front as front
surface field (FSF) and the (i/p) stack is deposited at the rear in the role of emitter.

The emitter has the task of collecting holes-minority-carriers which have been generated (separated)
in the bulk. However, when the junction is at the rear, the diffusion length of the minority carriers has
to be high enough to reach the back junction since, from Lambert-Beer law (equation 1.1), it is known
that most of the carriers are photogenerated toward the front.

𝐼(𝑥) = 𝐼ኺ ⋅ 𝑒𝑥𝑝(−𝛼𝑥) (1.1)

Where 𝐼ኺ is the magnitude of the irradiance at the front surface of the bulk, 𝛼 is the absorption
coefficient, 𝑥 is the distance travelled in the bulk [7].

On one side, it can be understood that most of the light is absorbed in the first 10 𝜇𝑚 of the bulk,
but on the other side the generation profile does not follow the exponential decrease behavior because
the absorption coefficient of the materials is wavelength dependent.

When designing an heterojunction, besides the bulk c-Si, all layers influence the solar cell perfor-
mances. In this thesis work, thanks to the front-junction structure we could avoid to use TCO at the
back of the cell, which constitutes two main advantages: (1) it is a simplification in the process line
and (2) it is avoided to sputter TCO on the thin (n) a-Si layer, which can be damaged by the strong
sputtering deposition.

1.5. Scientific questions and structure of the thesis
The aim of this project is to fabricate an high efficiency front junction SHJ solar cells.

The main research areas which have been investigated are the following:

1. Optimization of pre-treatments before the PECVD depositions:

• How to achieve the optimal textured surface morphology?
• How to prepare the proper clean environment for the PECVD depositions?
• How to reduce the effect of residual boron atoms/molecules on the sample holders of the
PECVD reactor?

2. Optimization of solar cell precursor

(a) Optimization of intrinsic a-Si:H passivation layer on the emitter side:

• How to increase the surface passivation of the c-Si?

(b) Optimization of front emitter (i/p) a-Si:H:

• How does the thickness of i-p stack affect the passivation quality of HIT solar cell?
• How to find the optimal trade-off between a low activation energy and an high
passivation quality for the front emitter?
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(c) Optimization of back surface field (i/n) a-Si:H stack:

• How to design the optimal BSF?

3. Optimization of front and back end fabrication process:

(a) Optimization of transparent conductive oxide:

• Which is the optimal material to be employed as TCO?

• Does the back TCO influence positively the performance of the solar cell?

(b) Optimization of metal contact:

• How to improve the metallization of the HIT solar cell by targeting an increase in FF?

The report is structured as follow: chapter 2 introduces the general process line and characterization
equipment used; chapter 3 is dedicated to the pre-deposition treatments and aims at understanding
the importance of texturization and cleaning steps; chapter 4 investigates the emitter and back surface
field design, focusing on their roles and issues. A double intrinsic layer is proposed in order to enhance
the passivation quality and thicknesses of the thin a-Si layers are calibrated in order to reduce para-
sitic absorption. Finally high short circuit current and open circuit voltage are obtained in the solar cell;
chapter 5 present experiments on the electrical and optical properties of the TCO and based on sim-
ulation results a discussion on the optimal work function that it should have to foster carrier transport
toward the contacts. In addition, it also shows that a replacement of e-beam evaporated Aluminum
with electroplated Copper for the front metallization leads to a significant increase in fill factor.



2
Cell Fabrication Process and

Characterization

This chapter aims at explaining in detail the processes and deposition techniques used for the con-
struction of the SHJ solar cells. An initial explanation of the functions and the issues of each layer will
be given in order to introduce the motivations of the experiments, which will be treated in detail in the
following chapters. Additionally, the working principles of the equipment used for the characterization
of the cells are explained.

2.1. Overview of SHJ baseline process flow
Figure 2.1 shows the overall process used to fabricate the front emitter SHJ solar cell in Clean Room
10000 in EKL, TU Delft. N-type Float-Zone (FZ) c-Si with <100> surface orientation is used, the wafer
thickness is 280 ± 20 𝜇𝑚 and resistivity is between 1 and 5 Ω⋅𝑐𝑚. The wafer is textured in a solution of
deionized water (DI water), tetramethyl ammonium hydroxide (TMAH) and Alkatex Zero (figure 2.1 (a)).
After four nitric acid oxidation of silicon cycle (NAOC) [25], the sample is loaded into plasma enhanced
chemical vapor deposition (PECVD) reactor and the intrinsic hydrogenated amorphous silicon ((i)a-
Si:H) is deposited on both sides of the wafer in order to provide chemical passivation. Next, doped
a-Si:H layers are deposited in different dedicated chambers (in order to avoid cross contamination)
and the carrier selective emitter and BSF are formed (figure 2.1 (b)). The cell precursor is then moved
into the RFmagnetron sputtering system and 75 𝑛𝑚 of transparent conductive oxide (TCO) is deposited
on the front side (figure 2.1 (c)). Lastly, the front metal contact is deposited by electro-plating of copper
and the back contact is deposited by electron-beam and thermal evaporation of silver, chromium and
aluminum (figure 2.1 (d)).

On one wafer four cells with an area of 9 𝑐𝑚ኼ each are fabricated, distinguished by the front met-
allization pattern. Different metal coverage are used in order to study their influence on the solar cell
performance. An example of the 4 DIE fabricated with one wafer is shown in figure 2.2.

13
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Figure 2.1 – Process flow to fabricate SHJ-HIT solar cells.

Figure 2.2 – Four cells fabricated with different metallization patterns.

2.2. Wafer pre-deposition treatments
Light trapping, using textured surfaces, is a treatment that contributes to achieve high performance
solar cells. Front texturization promotes the short wavelength absorption due to the increased front
surface area (by a factor of 1.73 with respect to the planar c-Si [26]), and gives the opportunity of
internal bouncing of photons. This results in an increase of photons collected, hence an increase in
𝐽፬፜. However, the texturization has also side effects that arise from the increased surface area (higher
probability of surface recombination) affecting mainly the 𝑉፨፜ [27].
A proper texturization can result in an overall gain in performance and in this thesis work the classical
random pyramids growth by wet etching is applied: <100> c-Si is converted into pyramid textured c-Si
surface with <111> facades by applying anisotropic wet chemical etching. The wafer is submerged into
a solution at around 80 °𝐶 for 20 minutes. The solution used is composed of: 4 𝑙 of DI water, 1 𝑙 of
standard commercialized tetramethyl ammonium hydroxide 25% diluted solution and 120𝑚𝑙 of Alkatex
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Zero.
Temperature, timing and composition are variables that have been optimized in order to achieve

the desired pyramid density and dimension. Then, Alkatex Zero is used as alternative to isopropanol
(IPA) in order to accelerate and promote a uniform formation of pyramids on the planar facets. Besides
the fact that Alkatex Zero is less noxious and has an higher evaporation temperature with respect to
IPA, it also guarantees a texturization with smaller pyramids size and higher density of pyramids [28]
[29]. However, the formation of pyramids makes more critical the cleaning process, since pyramids
constitute contaminant deposition centers and therefore the cleaning procedure becomes of crucial
importance.

In this work the wafer is cleaned following four cycles of NAOC. This cleaning procedure involves
three steps: (1) Immersion for 10 minutes in 𝐻𝑁𝑂ኽ 99% at room temperature, (2) 10 minutes in 𝐻𝑁𝑂ኽ
69.5% at 110°𝐶, (3) Dipping for 3 minutes in 𝐻𝐹 0.55%.

Between each step the wafer is rinsed in DI water to avoid cross contamination of the baths. The
two baths with 𝐻𝑁𝑂ኽ are needed to grow an oxide layer which traps contaminants and dust and then
the final dip in 𝐻𝐹 remove the silicon oxide layer and the trapped contaminants. The cleaning is of
crucial importance especially for textured surfaces and in previous thesis work it has been proved that
the optimal number of NAOC cycles is four [30].

2.3. Plasma enhanced chemical vapor deposition
Radio Frequency Plasma Enhanced Chemical Vapor Deposition (RF-PECVD) is a process used for
the deposition of thin a-Si layers. Silane (𝑆𝑖𝐻ኾ) and hydrogen (𝐻ኼ) are the precursor gasses used to
deposit the intrinsic layer, while phosphine (𝑃𝐻ኽ) and diborane (𝐵ኼ𝐻ዀ) are added as dopant gasses to
form respectively (n)a-Si:H and (p)a-Si:H layers.

Figure 2.3 – PECVD reactor cross section.

Figure 2.3 shows a schematic section of a PECVD reactor. The reactor used is equipped with



16 2. Cell Fabrication Process and Characterization

four processing chambers (MPZ1 for the deposition of (p)a-Si:H, MPZ2 for (n)a-Si:H, MPZ3 for (i)a-
Si and MPZ4 for (i)a-Si:H). In each chamber a plasma is ignited by applying a radio frequency of
13.56 𝑀𝐻𝑧 between two parallel electrodes. On the lower electrode there is a gas shower head that
homogeneously vaporizes the gasses in the chamber. At a distance of 6-10 𝑚𝑚 there is the second
electrode where the sample is positioned. The deposition chamber is under vacuum (the pressure
is around 10ዅዂ and 10ዅዂ 𝑚𝑏𝑎𝑟) and the process pressure ranges between 0.7 and 8 𝑚𝑏𝑎𝑟. The
deposition temperature of the heater is between 290 and 305 ∘𝐶, such that the temperature on the
substrate does not exceed 180 ∘𝐶, and lastly the controller valves accurately regulate the amount of
precursor gasses flow.

2.4. Transparent conductive oxide sputtering
At the front side of the cell, between the emitter ((p)a-Si:H) and the metal contact, an additional trans-
parent and conductive layer is inserted to guarantee the lateral transport of carriers to the metallic front
electrode and improve optical properties of the cell by ensuring anti-reflection. In order to fulfill this
tasks the front TCO material should be highly conductive, highly transparent, and have a refractive
index which is the geometric mean of the refractive indices of silicon and air (or glass).

At the back side of the cell, between the back surface field ((n)a-Si:H) and the metal contact, the
TCOmay be inserted as well. Given that on the back side of the cell there is no need for lateral transport,
because the metallization has a full area coverage, it is necessary to get an insight on the TCO and
metal deposition techniques and on the a-Si/TCO/metal bands alignments in order to understand if a
TCO layer is favorable. Indeed, if the workfunction of the TCO is misaligned with the bands of the back
surface field ((n)a-Si:H), this would lead to the formation of a Schottky barrier, which would act against
the extraction of the charge carriers. In this respect, simulations and experimental studies have been
carried in section 5.2.

The TCO films were deposited by radio frequency sputtering, which is a physical vapor deposition
technique based on the bombardment of high energetic argon ions. The plasma is maintained by RF
excitation and the ions are accelerated from the plasma to the target sample by an electric field. Two
different dopant indium oxide films are tested in this work: (i) Indium Tin Oxide (ITO), where 𝐼𝑛ኼ𝑂ኽ is
doped with 𝑆𝑛𝑂ኼ and (ii) Hydrogenated Indium Oxide (IO:H), in which 𝐻ኼ𝑂 vapor is inserted in the gas
flux in order to incorporate hydrogen into the 𝐼𝑛ኼ𝑂ኽ [31].

2.5. Metallization
The last goal of this research is the study of the metal contacts in order to increase the Fill Factor (FF)
without reducing the other parameters of the cell. The reasoning why we target the FF in the metalliza-
tion tests relies on the definition of FF, which is mainly influenced by series and shunt resistances. The
former includes different components among which (i) the fingers resistance (ii) the busbar resistance
(iii) the contact resistance between the a-Si and the metal and (iv) the back contact resistance. The
definition of FF and the strategies to improve it are shown in chapter 5. The tasks of the contacts are
the collection and transportation of carriers, however different issues have to be addressed during the
fabrication of the back and front metalizzation.

The back metal contact is full area and is formed by 200 𝑛𝑚 of 𝐴𝑔, 30 𝑛𝑚 of Cr and 1200 𝑛𝑚 of Al.
Silver is used because it has a lower contact resistance with respect to any other metal, because it is
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more conductive and lastly because it is highly reflective, allowing low wavelength photons, which were
not absorbed at first, to be reflected back toward the absorber layer. Chromium is used to prevent the
formation of 𝐴𝑔𝐴𝑙 alloy, which has an high resistivity, while aluminum is used as main metal because
of his high resistance to oxidation.

The design of the front metal contact is more critical and therefore the goal is to get the highest
aspect ratio in order to minimize the contact resistance without increasing the shaded areas. For this
purpose different top metals materials and metallization techniques are studied:

• Al e-beam evaporation;
• Cu plating on a Ti seed layer;
• Ag paste screen printing.

Evaporation is a Physical Vapor Deposition (PVD) technique and relies upon the change in physical
state of the metal. Starting from a solid state, the metal is heated until the evaporation occurs and then it
condensates on the surface of the sample. There are two ways to transfer heat: (i) thermal evaporation
and (ii) electron beam evaporation. In the thermal evaporation, heat is generated by applying an high
voltage to a tungsten crucible (a resistor), then the material is heated by direct contact with the crucible.
In e-beam evaporation the heat transfer is indirect, therefore a strong electron beam is generated and
accelerated. The highly energetic electrons strikes the metal and their kinetic energy is transformed
into thermal energy, when the atoms reach enough energy they leave the surface, cross the vacuum
chamber and finally get deposited into the sample surface. Thermal evaporation is usually used for low
melting point materials (e.g. 𝐴𝑔 at 961 °𝐶), however aluminum, regardless the low melting temperature
(660.3 °𝐶), it is deposited by e-beam evaporation because of the risk of alloying with the tungsten
crucible [30].

𝑇𝑖−𝐶𝑢 electroplating has been also experimented. In this technique a conductive surface (titanium)
is covered with a metal (copper). Two electrodes (the copper and the sample) are connected in a circuit
and are immersed into an electrolyte solution which contains dissolved 𝐶𝑢 ions. When a constant
current flows though the circuit the 𝐶𝑢 ions deposits on the cathode-titanium surface. Figure 2.4 shows
a schematic of the process and a cross section of the final device.

As it will be explained in chapter 5, the main advantage that electroplating allows compared to
evaporation is the increase in the aspect ratio. Indeed, with electroplating up to 40 𝜇𝑚 of copper can be
grown in height, while evaporation allows only 2-4 𝜇𝑚 of aluminum in height. Potentially electroplating
could lead to even higher performances than the one obtained in this thesis work, because a substitution
of titanium with nickel would avoid e-beam evaporation process which is very aggressive and leads to
detrimental effects on the a-Si passivation [32].

Screen printing metallization technique is generally the most used in the industry. The process
consists of applying silver paste at room temperature on the sample through polymeric meshes, which
are spaced between each other such that the paste can deposit on the wafer. Afterward, the silver
is sintered by annealing for an hour at 170 °𝐶 [33]. Unfortunately, in our group this technique is still
under optimization. The front grid masks for silver screen printing are different with respect to the one
used for aluminum and copper metallizations, this make the comparison of the devices somehow not
precise. Therefore with 𝐴𝑔 screen printing the cell is 2.7 𝑐𝑚 x 2.7 𝑐𝑚 and the design at the front is
H-grid, while for 𝐴𝑙 evaporation and 𝐶𝑢 plating the cell is 3 𝑐𝑚 x 3 𝑐𝑚 and the design at the front is
squared as shown in figure 2.2.
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Figure 2.4 – Cu plating: (a) A Titanium cathode electroplated with copper in a electrolyte solution containing cop-
per anode that oxidises and gives up electrons which go toward the cathode (b) final device cross
section

2.6. Solar cell characterization
In this section, the solar cell characterization methods and the equipments are presented. During this
thesis work measurements were carried out not only to establish the performances of the final working
device (e.g spectral response, external parameters and efficiency) but also to characterize the working
of all deposited layers (e.g charge carrier lifetimes).

Implied-Voc and minority carriers lifetime measurements

Sinton WCT-120 lifetime measurement has been used to determine the minority-carrier lifetime 𝜏፞፟፟
and the implied open circuit voltage 𝑖𝑉፨፜.

The continuity equation, which identifies the evolution over time of the excessminority carrier density
(Δ𝑛), provides us the generalized expression for 𝜏፞፟፟:

𝜕Δ𝑛
𝜕𝑡 = 𝐺 − 𝑈 + 1𝑞∇𝐽 (2.1)

By using 𝑈 = Δ𝑛
𝜏፞፟፟

we can then explicit 𝜏፞፟፟:

𝜏፞፟፟(Δ𝑛) =
Δ𝑛(𝑡)

𝐺(𝑡) − 𝑑Δ𝑛(𝑡)𝑑𝑡

(2.2)

In this work Sinton was always settled to transient mode therefore the lifetime was always higher
than 500 𝜇𝑚 which means that it is larger than the duration of the flash lamp and at this circumstance
the excess carrier generation rate G can be assumed to be zero, as consequence the equation simplify
to:
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𝜏፞፟፟(Δ𝑛)፭፫ፚ፧፬።፞፧፭ =
Δ𝑛(𝑡)
𝑑Δ𝑛(𝑡)
𝑑𝑡

(2.3)

All reported values for 𝜏፞፟፟ were evaluated at a constant carrier injection density, Δ𝑛 = Δ𝑝 = 1.0
⋅10ኻ኿𝑐𝑚ዅኽ. Sinton has been specifically used to monitor and optimize the fabrication process layer-by-
layer before the metalizzation. On this purpose 𝑖𝑉፨፜ can give you some insight since it represents the
𝑉፨፜ value when the effect of 𝑅፬ is not considered. 𝑖𝑉፨፜ is defined by the following equation:

𝑖𝑉፨፜ =
𝑘𝑇
𝑞 ln(Δ𝑛(𝑁ፀ + Δ𝑛)𝑛ኼ።

+ 1) (2.4)

External quantum efficiency

The External Quantum Efficiency (EQE) measurements were performed using a ”spectral response
set-up”, which is composed by a light source lamp, a beam splitter and monocromators. With this set
up the spectral response of the tested cell is measured at each wavelength in the range from 300 𝑛𝑚
to 1200 𝑛𝑚 with a step of 10 𝑛𝑚.

As shown in equation 2.5 EQE is defined as the ratio of the collected photons over the incoming
photon flow, meaning that EQE is 1 when all absorbed photons are converted into electrons-holes
pairs. In practice EQE is always less than 1 because of electrical losses (e.g. recombination) and
optical losses (e.g. reflection and parassitic absorption) [12].

𝐸𝑄𝐸 =
𝐽፩፡(𝜆)
𝑞 ⋅ Ψ፩፡,᎘

(2.5)

The EQE set up is also used to calculate the 𝐽፬፜ of a solar cell, this is done by considering the current
produced from a given photon flux and the integration is given in equation 2.6. This is more accurate
than the one defined by the illuminated J-V simulator since it is not based on the contact area, which
can be less accurate [34].

𝐽፬፜ = 𝑞∫
᎘ᑞᑒᑩ

᎘ᑞᑚᑟ
𝐸𝑄𝐸(𝜆) ⋅ Φ(𝜆) ⋅ 𝑑(𝜆) (2.6)

Illuminated J-V solar simulator

AAA class Wacom WXS-156S solar simulator is used to measure the J-V curve, the conversion effi-
ciency and the external parameters (𝐽፬፜, 𝑉፨፜, 𝑃፨፮፭ and 𝐹𝐹) of a solar cell under standard test conditions
(which correspond to AM1.5 solar spectrum, 1000 𝑊 ⋅ 𝑚ዅኼ of illumination and room temperature 25
∘𝐶). In order to emit a continuous light source, which matches the entire solar spectrum from the UV to
the IR part, the simulator is made by xenon and halogen lamps.

The set up is the following: firstly two reference cells from Fraunhofer Institute are used for calibra-
tion purposes, then the sample is placed under vacuum on a stage made of brass and coated with gold
such that a precise temperature control can be obtained and then the device is contacted by using two
probes.

The IV curve is drawn by varying the load resistance and figure 2.5 shows a typical example of an
illuminated JV curve. From the JV curve the external parameters are determined:
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Figure 2.5 – Typical dark (in red) and illuminated (in blu) JV curve of a solar cell. The external parameters (ፉᑤᑔ
ፕᑠᑔ) and (ፉᑞᑡᑡ ፕᑞᑡᑡ) are indicated, the FF is reflected by the grey area. The green line represent
the power density.

• The 𝐽፬፜ is the maximum current delivered by the solar cell under short circuit conditions (𝑉፨፜ = 0).
In SHJ structure it depends on the optical properties of the front layers, therefore to increase the
𝐽፬፜: (i) the absorption of the c-Si absorber layer should be enhanced, (ii) the reflection and (paras-
sitic) absorption of the front a-Si and TCO layers should be minimized and (iii) the front metal grid
should be reduced such that the shadows is limited. Other light management technique, as a
proper texturization, should also be applied in order to enhance the light management.

• The 𝑉፨፜ is the maximum voltage delivered by the solar cell under open circuit conditions (𝐽፬፜ = 0)
and it is the distance between the quasi Fermi levels of holes and electrons. The 𝑉፨፜ is defined
as:

𝑉፨፜ =
𝑛𝑘𝑇
𝑞 𝑙𝑛(𝐽፬፜𝐽፨

) (2.7)

This equation shows that 𝑉፨፜ depends on 𝐽፬፜ and 𝐽፨. The latter is the saturation current and
depends on recombination. For the SHJ structure it depends mainly on the interfaces quality
between the c-Si and the a-Si layers. Among the others, the recombination at the interfaces are
influenced by three fabrication processes (i) texturization, (ii) cleaning and (iii) doping density of
a-Si. A textured surface leads to an increase of the surface by a factor of 1.73 [26], which means
more recombination centers than a flat surface, so a proper cleaning procedure become crucial.
Lastly a trade off between high doping layers and low defect density has to be found in order to
obtain high 𝑉፨፜.

• The Fill Factor (FF) is a measure of the ”squareness” of the J-V curve and is defined as the ratio
of the maximum power that can be delivered by a cell to the product of open circuit voltage and
short circuit current:
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𝐹𝐹 = 𝑃፨፮፭
𝑉፨፜ ⋅ 𝐼፬፜

(2.8)

It is complicated to evaluate the factors that influence the FF. Indeed, it depends mainly on the
shunt and series resistances, which in turns depend on several parameters: shunt resistance is
caused by the leakage current across the junction, while series resistance depends on: (i) the
conductivity of the absorber, (ii) the conductivity of the (p) a-Si emitter, (iii) the contact resistance
between the TCO and the metal, (iv) the metal grid pattern (fingers and busbar), (v) the contact
resistance with the back metal. The fill factor benefits from having the highest shunt resistance
and the lowest series resistance [35].

Analyzing 𝐽፬፜, 𝑉፨፜ and FF’s influencing parameters is crucial in the fabrication process optimization.
It is therefore important to find the optimal trade off between the contrasting effects that the different
design choices have on the external parameters. For example, we alreadymentioned, that texturization
on one side increases 𝐽፬፜ by light trapping and scattering, but on the other side decreases 𝑉፨፜ because
of the more recombination centers.

A second example is related to the optimal thickness of the intrinsic a-Si layer, therefore a thicker
layer is desired to obtain a good passivation, hence high 𝑉፨፜. However, this is detriment to 𝐽፬፜, since it
would lead to an increase in parassitic absorption [35].

A third example is related to the optimal thickness of the front (i/p) stack. Here, a thicker emitter
layer leads to an increase of the conductivity of the a-Si, which reduces the 𝑅፬ and increases the
FF. However, the (i/p) stack should maintain a minimal thickness to avoid the increase of parassitic
absorptions, hence if the emitter is increased in thickness of 2 𝑛𝑚, for example, then the intrinsic layer
should be reduced by 2 𝑛𝑚, which in turns would lead to a decrease in passivation quality (𝑉፨፜). On
the opposite, if the (i) layer is increased by 2 𝑛𝑚 and the (p) layer is reduced by 2 𝑛𝑚, the parassitic
absorption is reduced since the intrinsic layer is less absorbing than the doped layer, but the doped
layer may be not sufficient to provide band bending and carrier collection.

Those examples prove that the design choices are not trivial and that a trade off needs to be found.
The following chapters go in dept into each layer design. Tasks and issues are figured out such that
finally the optimal SHJ-HIT structure has been fabricated by merging theoretical with experimental
outcomes.





3
Pre-Deposition Treatments Experiments

3.1. Introduction and motivation
Texturization of the solar cell front surface is a light management method which reduces the optical
losses of the solar cell by decreasing the reflection of the incoming solar light and by scattering it into
oblique directions. This results in an increase of photons absorbed in the bulk of the solar cell, hence
increase in 𝐽፬፜. In a textured surface two important mechanisms take place: (i) incoming photons can
bouncemultiple times increasing the probability of being absorbed and (ii) light gets more easily trapped
due to propagation in an oblique path.

Figure 3.1 illustrates the results of optical simulations which prove that, in SHJ structure, textur-
ization lead to an increase of c-Si absorbance from 73.2% to 84.6%. This gain mainly results from a
decrease in reflectance. The reference polished c-Si wafer reflects 20.15% of incoming lights, while
the textured wafer reflects only 4.06%. Therefore in the latter case the light can hit the textured surface
several times as shown in figure 3.1 (c) [36].

In literature several techniques of light-management methods have been studied: random textur-
ization, periodic texturization, back reflector, modulated surface textures, metallic nano-particles, and
photonic crystals [37] [38]. In this thesis work a wet-chemical anisotropic texturization is applied on the
(100) c-Si wafer. On this respect, in section 3.3 we aim at finding the optimal solution composition and
immersion timing in order to obtain a randomly textured uniform surface.

To obtain high efficiency devices an effective cleaning procedure is also important. This task be-
come even more critical when the c-Si is textured, since sharp peaks and valleys of the pyramids are
accumulation centers for contaminants. Table 3.1 shows the different type of contaminants that can be
present on the wafer surface and the detrimental effects they would generate [39].

Several wet-chemical cleaning techniques are used by different research centers, in this thesis work
a Nitride Acid Oxidation Cycle (NAOC) [25] procedure has been used. As it will be presented in section
3.3.
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Figure 3.1 – On the top: polished SHJ solar cell; on the bottom: textured SHJ solar cell. Characteristics: (a)
schematic layers structure, with equal layers materials and thicknesses, (b) the spectral response
(reflectance and absorbance) of the simulated SHJ solar cells over the relevant wavelength range
between 300 nm and 1200 nm (c) light trapping mechanisms of the absorber c-Si layer (adapted
fromn[36]).

Table 3.1 – List of contaminants that can be found on c-Si surfaces, sources and detrimental effects on solar cells
performances.

Contaminant Sources Effects

organic room air, storage boxes oxidation rate
metal chemical, other equipment leakage, interface properties, carrier lifetime

native oxide room air, DI dryer, chemicals interface oxide
micro-roughness texturization leakage, interface properties

The last step that should be done before loading the cleaned wafer on the PECVD reactor is the
conditioning of the reactor’s chambers and of the wafer’s holders, these steps allow an increase in
passivation quality of the tested c-Si samples thanks to the prevention of cross contamination.

The issue of cross contamination between chambers and holders has been addressed by many
researchers and different technique have been developed to prevent this problem. For example the
chamber can be treated with 𝐶𝑂ኼ plasma and with short vapor flush of 𝐻ኼ𝑂 and reactive gasses (e.g
𝑁𝐹ኽ) [40] [41]. In this work to reduce the residual boron contamination it has been applied high power
𝐻ኼ plasma on the chambers and a dummy layer deposition on the holders is adopted, the results are
presented in section 3.4.

3.2. Experiment setup
For the investigation of the pre-deposition procedures, n-type FZ c-Si (100) wafers, with resistivity 1
- 5 Ω ⋅ 𝑐𝑚 and thickness of 280±20 𝜇𝑚, were used. The samples were firstly textured in an activated
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solution composed by 4 𝑙 of deionized (DI) water, 1 𝑙 of tetramethyl ammonium hydroxide (TMAH) 25
% and 60 to 120 𝑚𝑙 of Alkatex Zero etchant, at a temperature of around 80 ∘𝐶 and for a varying times
between 5 and 25 minutes. The wafers were cleaned though the NAOC procedure which consist on
three-steps wet-chemical cleaning line. First the wafers are subjected to two oxidizing steps (𝐻𝑁𝑂ኽ)
and then to an etching step (𝐻𝐹). For the symmetric structures only one NAOC cycle was carried out,
such that experimental timing where accelerated (while for precursor and device structures, four NAOC
cycles are used).

To test the effect of different texturization solution and duration, 20 nm of (i) a-Si:H were deposited
on the textured FZ c-Si sample. A thick a-Si:H was used for maximizing the passivation reproducibility
by minimizing the thickness influence of the a-Si:H layer [25]. To test the effect of residual gasses
and boron contamination on the PECVD chambers, 6 nm of (i) a-Si:H and 8 nm (p) a-Si:H layers were
deposited on the wafers.

3.3. Wafer texturization and cleaning
Texturization

Random pyramidal texture on the front and back surfaces of c-Si wafers lead to a reduction of reflec-
tion loss and enhanced light trapping. The random pyramidal texture can be obtained by anisotropic
wet etching with an alkaline solution (DI water, TMAH and an additive, as mentioned above). Conven-
tionally, in the PVMD group, IPA was used as additive. However substituting IPA with Alkatex Zero
can results in several advantages: firstly, from literature, we find that texturization with Alkatex Zero is
beneficial because it results in lower surface state density. Secondly, IPA is a volatile material and it
evaporates at 80 ∘𝐶, which coincides with the temperature used for texturization, and therefore makes
difficult to control the solution composition over time [29].

Solution composition, timing and temperatures are variables that influence the morphology of the
surface, hence the optical and electrical characteristics.

On this respect, two sets of textured samples have been prepared with (i) systematically varied
dilution of Alkatex Zero from 60 to 120 𝑚𝑙 and (ii) systematically varied duration of texturization from 5
to 25 minutes. Lastly a morphological analysis was done using a Scanning Electron Microscope (SEM)
to reveal the pyramid size and uniformity.

From the test in which the dilution of Alkatex Zero was varied from 60 to 120 𝑚𝑙, we observe that
using a solution with 120 𝑚𝑙 of Alkatex Zero results in a faster manufacturing of uniformly distributed
pyramids, therefore the Alkatex Zero acts as etching rate accelerator and promotes uniformity. For this
reasons in the following experiments the composition of the texturing solution will be:

• 4 𝑙 of deionized (DI) water,
• 1 𝑙 of tetramethyl ammonium hydroxide (TMAH) 25%,
• 120 𝑚𝑙 of Alkatex Zero

The aim of the second set of experiments is to determine the optimal time for which it is sufficient
to cover the whole surface with pyramids and avoid extra-timing since it would lead to appearing more
pyramids without a reduction of reflectance [42]. Figure 3.2 shows a 10 𝜇𝑚 wafer section tilted by 45∘𝐶
after 15 minutes (a) and 25 minutes (b) of texturization. The surface after a short texturization duration
(figure 3.2 (a)) still present some (100) facets, and the pyramids are irregular in size and distribution,



26 3. Pre-Deposition Treatments Experiments

on the opposite after a prolonged texturing time (figure 3.2 (b)), the pyramids started increasing in size
and increased in density on the top of each other. Keeping on increasing the texturization time will lead
to an increase of pyramids’ density.

Figure 3.2 – SEM images of 10 ᎙፦ c-Si section with tilt = 45∘ፂ. Same texturing solution: 4 ፥ DI water, 1 ፥ of TMAH
25% and 120፦፥ Alkatex Zero, but different texturing timing: (a) t = 15 minutes (b) t = 25 minutes.

The SEM images show that an intermediate texturization time lead to the desired surface morphol-
ogy, 20 minutes of texturization results in uniform pyramid distribution with a size ranging between 0.5
- 4 𝜇𝑚. This is shown in figure 3.3 (note the different unit length with respect to 3.2 ). The fact that
small pyramids (0.5 𝜇𝑚) are surrounded by bigger pyramids (4 𝜇𝑚) favours the multiple reflection which
increases the probability of absorption of light.

Figure 3.3 – SEM images of 5 ᎙፦ c-Si section with tilt = 45∘ፂ. texturing solution: 4 ፥ DI water, 1 ፥ of TMAH ኼ኿%
and 120፦፥ Alkatex Zero. Texturing timing = 20 minutes.

Cleaning of sample

In this work the wafer is cleaned following four cycles of Nitric Acid Oxidation of silicon Cycle (NAOC).
This cleaning procedure involves three steps:
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1. Immersion for 10 minutes in 𝐻𝑁𝑂ኽ 99% at room temperature,
2. Immersion for 10 minutes in 𝐻𝑁𝑂ኽ 69.5% at 110 ∘𝐶,
3. Dipping for 3 minutes in 𝐻𝐹 0.55%.

The submersion in the nitric adic baths, lead to the growth of a thin oxide layer which traps the dust
and contaminants. The dipping in hydrofluoric acid, etches the oxide layer and with it the impurities.
The reasons why two 𝐻𝑁𝑂ኽ baths are used is related to the fact that, depending on the dilution and
temperature of the solution, different contaminants get trapped, in particular, the bath with low dilution
of 𝐻𝑁𝑂ኽ traps inorganic metallic contaminants; while the bath with 99 % of 𝐻𝑁𝑂ኽ traps organic con-
taminants. The dipping time in the 𝐻𝐹 bath has been optimized such that it can etch all the oxide and
smoother the pyramids’ peaks [29].

3.4. PECVD conditioning and sample’s holder cleaning
Contamination and diffusion of unwanted particles into the bulk of the c-Si have detrimental effects on
the performances of solar cells. Therefore, very clean production equipment and cleaning of holders
are necessary [43].

A rigorous study of the effects of boron contamination on (i) a-Si:H and bulk c-Si can be performed
by measuring the boron incorporation with the Secondary Ion Mass Spectroscopy (SIMS) and by an-
alyzing the material structure with X-Ray Diffraction (XRD) and with Raman measurements. However
a simplified argumentation can be carried by looking at the change of lifetime when a holder with and
without p-type a-Si:H layer is used. The problem relies of the fact that 𝐵ኼ𝐻ዀ molecules are very reactive.
When the plasma is ignited, boron atoms or boron oxides molecules, can escape and be incorporated
into the new deposited layer [44] [45].

Indeed, in this work, to understand if residuals of p-type a-Si:H layer on the holder deteriorate the
passivation quality of the samples, the following test has been performed: Two holders are cleaned
with IPA, then they are loaded into the PECVD reactor, holder-1 is loaded in MPZ 4 and 70 𝑛𝑚 of (i)
a-Si:H were deposited, while holder-2 is loaded in MPZ 1 and 70 𝑛𝑚 of (p) a-Si:H were deposited. Two
wafers are divided into halves. One half of each wafer is placed in a holder such that in holder-1 (i
dummy covered) there is half of each sample and in holder-2 (p dummy covered) there are the other
two halves. The advantage of halving the wafers rather than simply placing one wafer per holder relies
on the fact that, in this way, the initial difference present because of the different wafer bulk lifetimes is
not going to alter the lifetime comparison.

Symmetric structures with 6 𝑛𝑚 of (i) a-Si:H/8 𝑛𝑚 of (p) a-Si layers are deposited on both sides of
the two specimens and the lifetime of the four halves is measured with Sinton. The results, shown in
figure 3.4, prove that when a dummy intrinsic layer is deposited on the holder, the lifetime is around
two times larger than the one which results when dummy (p) a-Si layer was used to cover the holder.
We can therefore conclude that residuals of boron atoms or boron-containing-molecules on the holder
deteriorate the passivation quality of the samples [46].

It is also important to have a clean production equipment. To avoid cross contamination within the
multi-chamber PECVD reactor, each chamber is specifically used for the deposition of one specific
layer (i, n or p); additionally, samples are mounted in the top electrode such that dust deposition on the
films is prevented; prior to any deposition, a 𝐻ኼ plasma treatment of the chamber is performed, which
consists of exposing the chamber walls to 50 𝑠𝑐𝑐𝑚 of 𝐻ኼ flow at pressure p = 2𝑚𝑏𝑎𝑟 and at high power
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Figure 3.4 – The x-axis represents the layers pre-covered on the holer, the y-axis represents the lifetime mea-
surements. The symmetric structure measured is (p) a-Si:H / (i) a-Si:H / c-Si / (i) a-Si:H / (p) a-Si:H.
In the holders were deposited 70 ፧፦ of intrinsic layer or 70 ፧፦ boron doped layer.

P = 60𝑊 for 10 minutes [41].
All these pre-treatmentmethods can reduce, and possibly eliminate, the residual boron atoms/molecules

which otherwise can be released during the deposition of the intrinsic a-Si:H layer, resulting into more
defective layer.
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3.5. Conclusions
Texturing and cleaning pre-PECVD-deposition are crucial in order to increase the performances of solar
cells. Firstly wafers are textured for 20 minutes in a solution of 4 𝑙 of DI water, 1 𝑙 of TMAH 25% and
120 𝑚𝑙 of Alkatex Zero, the TMAH acts as etchant and the Alkatex Zero acts as etching rate accelerator
and promoter of uniformity.

• How to achieve the optimal textured surface morphology?

20 minutes results to be the optimal time for which a surface with uniformly distributed pyramids is
formed. A shorter texturization duration would lead to a surface which still presents some (100) facets,
while a longer texturization duration would lead to an increase in size of pyramids and the tendency
of pyramids to appear on the top of each other. SEM images revealed that 20 minutes, for the given
solution composition, leads to the desired surface morphology with a uniform distribution of pyramids.
Moreover, the probability of absorption of light is increased thanks to the fact that small pyramids (height
= 0.5 𝜇𝑚) are surrounded by bigger pyramids (height = 4 𝜇𝑚), favoring the reflection of hitting photons.

• How to prepare the proper clean environment for the PECVD depositions?

After texturization the wafers are cleaned through four NAOC. the PECVD reactor has to be properly
cleaned as well before loading the samples. Therefore, a 𝐻ኼ plasma treatment of the chambers is
performed, which consists of exposing the chamber walls to 50 𝑠𝑐𝑐𝑚 of 𝐻ኼ gas flow (p = 2 𝑚𝑏𝑎𝑟 and
P = 60𝑊) for 10 minutes.

• How to reduce the effect of residual boron atoms/molecules on the sample holders of the PECVD
reactor?

Holders contamination is also an issue which has been addressed: the problem arises from residu-
als of p-type a-Si:H on the holders. When the plasma is ignited, boron atoms or boron oxidesmolecules,
can escape and be incorporated into the new deposited film, resulting into a more defective layer. To
reduce the effect of residual boron atoms/molecules, the holders are pre-covered with 70 𝑛𝑚 of dummy
intrinsic layer.





4
Passivation and Precursor of the Solar

Cell Experiments

The a-Si:H/c-Si hetero-junction is formed by depositing the emitter (p-type a-Si:H layer) and the back
surface field (BSF) (n-type a-Si:H layers) over the surface of the n-type c-Si absorber. In this chapter
we aim at designing the a-Si:H/c-Si junctions, able to properly select and conduct one type of carrier.

First difficulties arise because of the connection between two materials with different bandgaps,
lattice and electrical properties. These lead to band’s discontinuity and crystallographic lattice defects
(dangling bonds) [12]. It is therefore necessary to passivate c-Si surface dangling bonds. For this
purpose highly hydrogenated a-Si intrinsic layer ((i)a-Si:H) is used. The high hydrogen content reduces
the number of dangling bonds by forming new Si-H bonds at the c-Si/a-Si:H interface.

Secondly, a proper emitter and BSF have to be deposited above the intrinsic a-Si:H layers in the
back and front side. They ensure band bending and formation of a build-in potential which block one
charge carrier type while allowing the other to cross the junction by tunneling. It is largely argued that
the (p) a-Si:H layer is responsible to hamper the device performance. Therefore the exposition of 𝐵ኼ𝐻ዀ
and 𝑆𝑖𝐻ኾ on a surface may cause the growth of 𝑎 − 𝑆𝑖𝐵፱ ∶ 𝐻 layers which are highly defective and
results in low (p/i) interface quality [47].

During this thesis work, experiments have been carried out to optimize the layers deposition and
fabrication processes. The chapter is organized as follow: after the introducntion of the experiment
setup introduction in section 4.1; first, in section 4.2, the optimization of the deposition parameters
for the intrinsic a-Si:H layer is presented. It is also proposed an innovative double intrinsic layer with
which higher passivation quality can be achieved. Then, section 4.3, deals with the optimization of the
emitter fabrication and here a trade off needs to be found between high doping level (for obtaining a
lower activation energy) and low defect density (for a better passivation). Lastly, in section 4.4, the back
surface field, the n-type a- Si:H layer, is studied and simulations are carried to calculate the optimal
thicknesses of the back (i/n) stack.
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Figure 4.1 – Fabricated structures: (0) the pre-treatments seen in chapter 3; (1) symmetric structure: (i) a-Si:H
/ c-Si / (i) a-Si:H; (2) precursor cell: (p) a-Si:H / (i) a-Si:H / c-Si / (i) a-Si:H / (p) a-Si:H; (3) finished
device: metal / TCO / (p) a-Si:H / (i) a-Si:H / c-Si / (i) a-Si:H / (p) a-Si:H / TCO / metal.

4.1. Experiment set up

Figure 4.1 shows the three different structures that were fabricated: the symmetric structure (4.1 (1)),
the precursor cell (4.1 (2)) and the finished device (4.1 (3)).

N-type Float-Zone (FZ) c-Si, with <100> surface orientation, resistivity of 1-5 Ω⋅𝑐𝑚 and a thickness
of 280 𝜇𝑚 were used. After texturization and cleaning, the c-Si wafers were loaded into the load lock
of the PECVD and then taken to the specific chamber dedicated for deposition of the intrinsic layers
(MPZ4). This has to be done immediately after 𝐻𝐹 dipping, because silicon exposed to air is subject
to oxidation. All chambers are under vacuum and therefore, prior to deposition, the base pressure is
at 10ዅ዁ 𝑚𝑏𝑎𝑟. In the fabrication process for the precursors and the full devices, in order to avoid cross
contamination, different dedicated chambers were used to deposit (p) and (n) a-Si:H layers.

For all layers a high 𝐻ኼ deposition regime was chosen. The deposition pressure varied between
0.6 - 8 𝑚𝑏𝑎𝑟, the power between 2.6 - 7.2 𝑊. The specific precursor gasses flow and deposition
parameters are tabulated in 4.1.
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Table 4.1 – PECVD deposition parameters used for a-Si thin layers.

(𝑖)𝑎 − 𝑆𝑖 (𝑖)𝑎 − 𝑆𝑖 ∶ 𝐻 (𝑛)𝑎 − 𝑆𝑖 ∶ 𝐻 (𝑝)𝑎 − 𝑆𝑖 ∶ 𝐻

Chamber 4 4 2 1
𝑆𝑖𝐻ኾ flow [𝑠𝑐𝑐𝑚] 40 4 40 1.5
𝐻ኼ flow [𝑠𝑐𝑐𝑚] 0 200 40 1.5
𝑃𝐻ኽ flow [𝑠𝑐𝑐𝑚] - - 11 -
𝐵ኼ𝐻ዀ flow [𝑠𝑐𝑐𝑚] - - - 4.5

Substrate Temperature [∘𝐶] 180 180 180 180
Process pressure [𝑚𝑏𝑎𝑟] 0.7 8 0.6 2.5

RF Power [𝑊] 2.2 7.2 2.6 2.6

The three structures shown in figure 4.1 were fabricated in order to analyze independently each
layer. The symmetric structure (4.1 (1)) was fabricated to study the deposition parameters of the a-Si:H
films; the precursor structure (4.1 (2)) was fabricated to see the effect of variation in thicknesses on 𝜏፞፟፟
and 𝑖𝑉፨፜; and lastly the finished solar cell (4.1 (3)) was fabricated to analyze the external parameters
and find the optimal trade off among them.

The need to find the optimal trade off is the main design issue. For example, the doping of the
emitter, has conflicting effects. To obtain high band bending and high collection of holes (high 𝐽፬፜),
the (p) a-Si:H has to be highly doped, but this would lead to increase the defect density which, in
turn, decreases the passivation quality (low 𝑉፨፜). Another example is related to the thickness of the i/p
front stack. On one side a thicker emitter is desired to obtain higher lateral conductivity (high 𝐹𝐹), on
the other side a thicker intrinsic layer is desired to provide proper passivation (high 𝑉፨፜). However an
increase in i/p overall stack should be avoided since it would lead to high parasitic absorptions (low 𝐽፬፜)
[12]. The variation in thicknesses has also affects the carrier transport, therefore the (i) a-Si:H should
be enough thin to allow tunneling and hopping of minority carriers toward the emitter/BSF.

4.2. Passivating layer (i) a-Si:H
In this section the optimization of the deposition parameters for the intrinsic a-Si:H layer is presented,
furthermore the introduction of a seed layer and the formation of a double intrinsic layer is proposed
as alternative to standard (i) a-Si:H single layer, which increases passivation quality and device perfor-
mances.

4.2.1. Introduction and motivation
The passivation of dangling bonds is of crucial importance, this can be achieved adopting different ma-
terials, in this work is employed an intrinsic a-Si:H buffer layer. By means of this passivation technique,
outstanding efficiencies have been obtained (e.g. it was used by Kaneka to achieve the world record
conversion efficiency for c-Si based solar cells [3]). However there is limited information in literature
regarding the process parameters that yield to the highest performances. On this respect, experiments
have been performed, in which the deposition parameters were varied. Two key features need to be
attained: (i) the minimum surface defect density and (ii) an abrupt interface [28].

Firstly, to understand the importance of reducing the surface defect density, we can refer to figure 4.2
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that shows the c-Si surface (4.2(a)), the a-Si surface (4.2(b)) and the interface when the two materials
are connected to form a 𝑝𝑛 junction (4.2(c)). The interface may be highly defective because of the
crystal structures mismatch [48] and therefore high probability of recombination is expected. These
dangling bonds can be saturated by inserting a thin highly hydrogenated undoped a-Si layer. The 𝐻
atoms will bound with the unbounded 𝑆𝑖 atoms and chemical passivation is achieved.

Figure 4.2 – Schematic structures of: (a) crystalline silicon, (b-top) amorphous silicon with many unbounded Si
atoms, (b-bottom) amorphous hydrogenated silicon and (c) a-Si/c-Si ፩፧ junction with dangling bonds
resulting from the different crystal structure of c-Si and a-Si.

Secondly, in order to obtain an abrupt interface, the doped a-Si layer is used to induce an high band
bending, hence a strong electrical field, This is defined to be the field-effect passivation and is explored
in detail in section 4.3 [49].

Established that the intrinsic a-Si:H layer is desired to reduce surface recombination, the optimiza-
tion of this layer is experimentally performed. Firstly, the deposition parameters (distance specimen-
plasma and precursors gas flow) are investigated, then the implementation of a double intrinsic layer is
proposed. The double intrinsic layer is formed by a first layer, adjacent the c-Si, which has 𝑆𝑖𝐻ኾ as the
only precursor gas, and by a second layer, which is has an high hydrogen content (precursor gasses:
𝑆𝑖𝐻ኾ and 𝐻ኼ).

4.2.2. Deposition parameters
The aim of this set of experiments is to find the influence of the deposition input parameters on the
passivation quality and on the carrier transport.

Influence of plasma-specimen distance on deposition uniformity

To study the uniformity of deposition of the (i) a-Si:H layer in relation to the distance plasma-sample,
three symmetric structures were prepared in MPZ 4. All the process parameters used in this set of
experiment were kept constant beside the distance between the top electrode (specimen) and the
bottom electrode (plasma). The specific distances are: 6𝑚𝑚 for sample 1, 8𝑚𝑚 for sample 2, 10𝑚𝑚
for sample 3. Figure 4.3 shows the lifetime values resulting from the three different distances.

Given that the power of the plasma is 7.2 𝑊, when the sample is placed too close to the bottom
electrode, then the decreased lifetimemay be caused by the plasma damaging the surface due to strong
ion bombardments. On the other hand, when the distance is too high, the lifetime drops completely
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Figure 4.3 – Effective lifetime obtained with 6 ፧፦ thick (i) a-Si:H layers deposited in MPZ 4 at different electrodes
distance varying from 6 to 8፦፦.

and by visual inspection of the sample it is clear that the deposition of the film is not uniform on the c-Si
surface. Hence, 8 𝑚𝑚 is the optimal distance which has minimized plasma damage and ensure film
uniformity.

Sections 4.3 and 4.4 address the issues of the optimization of deposition parameters for the doped
(n) a-Si:H and (p) a-Si:H layers, deposited respectively in MPZ 2 and MPZ 1. In these chambers the
electrode distance is fixed, respectively to 11 𝑚𝑚 for MPZ 1 and 21 𝑚𝑚 for MPZ 2.

Variation of precursor gasses flow

The passivation quality depends on the relative amount of 𝑆𝑖𝐻ኾ and 𝐻ኼ, therefore this determines the
hydrogen content and the density of the film. Based on this, the gasses’ flow were varied so that we
could investigate their influence on the passivation [50].

The film structure is characterized by the hydrogen to silane ratio ( 𝑅 = 𝐻ኼ/ 𝑆𝑖𝐻ኾ). In the first series
of experiments the 𝑆𝑖𝐻ኾ flow was fixed to 4 𝑠𝑐𝑐𝑚 while the hydrogen flow was varied from 0 to 200
𝑠𝑐𝑐𝑚 with a step of 66 𝑠𝑐𝑐𝑚 (refer to table 4.2).

Table 4.2 – Deposition rate variation as function of hydrogen flow.

𝑅 = 𝐻ኼ
𝑆𝑖𝐻ኾ

𝑆𝑖𝐻ኾ[𝑠𝑐𝑐𝑚] 𝐻ኾ[𝑠𝑐𝑐𝑚] deposition rate [𝑛𝑚/𝑠𝑒𝑐]

50 4 200 0.077
33 4 133 0.069
16, 5 4 66 0.041
4 4 0 −

Firstly, to find the deposition rates, 10 minutes of deposition on glass was performed and the film
thickness was revealed by 𝑆𝐸. The general trend is that an increase in hydrogen content leads to a
decrease in deposition rate, which is desired because it allows a more controllable deposition.
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Afterwards, 6 𝑛𝑚 of (i) a-Si:H were deposited on four samples and lifetime measurements were
carried with 𝑆𝑖𝑛𝑡𝑜𝑛. Figure 4.4 shows the variation of 𝜏፞፟፟ and 𝑖𝑉፨፜ as function of 𝑅. The ratio is ”limited”
to 50 due to equipment constraints, therefore the PECVD reactor has a maximum hydrogen flow of 200
𝑠𝑐𝑐𝑚. The results obtained for 𝑅 = 4 and 𝑅 = 16.5 are not reliable because the film deposited on the
samples was visibly not uniform and during the depositions the plasma was visibly unstable, causing
a drop in 𝜏፞፟፟.

Figure 4.4 – Minority carriers lifetime Ꭱᑖᑗᑗ and implied open circuit voltage ።ፕᑠᑔ to quantify the passivation quality
of (i) a-Si:H / c-Si / (i) a-Si:H symmetric structures as function of variation of hydrogen flow. The
thickness of the intrinsic layer is 6 ፧፦. The samples were cleaned with one NAOC only, 70 ፧፦ of
dummy intrinsic a-Si was pre-deposited on both sides of the holders and the ፇᎴ plasma treatment
was applied to the chamber prior to sample loading.

In this set of experiment all deposition parameters were kept constant besides ratio of precursor
gasses. It has been chosen an high pressure (8 𝑚𝑏𝑎𝑟) and low power (0.088 𝑊/𝑐𝑚ኼ) regimes and a
moderate deposition temperature (𝑇፬፮፛፬፭፫ፚ፭፞ = 180∘𝐶). The low power minimizes the possible damages
due to ion bombardment [51], the moderate temperature prevents the layer crystallization [52].

The minority carrier lifetime, 𝜏፞፟፟, correlates to the change in structure of the material, which in turn
is determined by the change in hydrogen dilution [53]. A film with diluted silane lowers the defect density
and improves passivation, however too much hydrogen would change the microscopic structure of the
film and it can lead to epitaxial growth, which has detrimental effects on passivation [23].

From literature it is known that when 𝑅 ≤ 𝑅፨፩፭።፦ፚ፥ the film presents an higher voids density due to an
excess of 𝑆𝑖−𝐻ኼ bonds. When 𝑅 ≥ 𝑅፨፩፭።፦ፚ፥ crystalline epitaxial growth leads to the degradation of film
quality [50]. The goal is, indeed, to find the value of 𝑅፨፩፭።፦ፚ፥. The problem is that the various research
groups found a wide range of 𝑅፨፩፭።፦ፚ፥ values [54] [55]. This is because 𝑅፨፩፭።፦ፚ፥ does not depends
only on the precursor gasses flows, but also on the deposition pressure, power and temperature. For
example 𝜇𝑐 − 𝑆𝑖 formation is fostered by: (i) high hydrogen content, (ii) low pressure, (iii) low power
and (iv) high temperature [56]. This means that we need to find our 𝑅፨፩፭።፦ፚ፥ and we cannot compare it
with other researches finding. In particular with this given process parameters a ratio 𝑅 of 50 resulted
to be the optimal, therefore with a gas flow of 𝑆𝑖𝐻ኾ = 4 𝑠𝑐𝑐𝑚 and 𝐻ኼ = 200 𝑠𝑐𝑐𝑚 it was obtained the
highest 𝑖𝑉፨፜ = 700 𝑚𝑉 and 𝜏፞፟፟ around 1 𝑚𝑠.
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Fundamental is to know the microstructure of the deposited film and therefore to know the amount
of 𝑆𝑖 − 𝐻ኼ and 𝑆𝑖 − 𝐻 bonds. High 𝑆𝑖 − 𝐻ኼ bonds are a sign of highly porous material (hence many
microvoids). On the opposite, high amount of 𝑆𝑖−𝐻 bonds, is desired since it ensure good passivation.
There are different equipment that can be used to study the microstructure of the film: (i) the Fourier
Transform Infrared Spectroscopy, which gives information about the𝐻ኼ concentration and the bounding
configuration, (ii) the Raman Spectroscopy and (iii) Spectroscopic Ellipsometry, which can be used to
get insight on the optical properties of the film and (iv) the Transmission Electron Microscope Images,
which can reveal the cross-section of the a-Si/c-Si interface [57]. However, it has been shown that,
a simplified method can be applied to get information about the abruptness of the interface, which
is annealing of the samples [52]. Indeed, when the epitaxial grows at the interface a-Si/c-Si, then
annealing reduces the minority carrier lifetime, 𝜏፞፟፟ [58].

In this work (look at table 4.3) the samples were annealed at 190 ∘𝐶 for 60 minutes and every 30
minutes the lifetime was measured. It has been observed that all samples resulted in an increase in
lifetime upon annealing. Another set of samples, were annealed for 30 minutes, but at 240 ∘𝐶. In this
case the sample with high hydrogen dilution shows a slight decrease in lifetime while the sample with
𝐻ኼ flow shows again a linear increase in lifetime with annealing time. No further increase in annealing
temperature has tested since it is expected to have diffusion of hydrogen at around 300 ∘𝐶 [59].

Table 4.3

temperature 25∘𝐶 190∘𝐶 240∘𝐶

time 0ᖣ 30ᖣ 60ᖣ 30ᖣ

𝑆𝑖𝐻ኾ = 40 𝑠𝑐𝑐𝑚, 𝐻ኼ = 0 𝑠𝑐𝑐𝑚 623 𝜇𝑠 712 𝜇𝑠 730 𝜇𝑠 743 𝜇𝑠
𝑆𝑖𝐻ኾ = 4 𝑠𝑐𝑐𝑚, 𝐻ኼ = 200 𝑠𝑐𝑐𝑚 918 𝜇𝑠 939 𝜇𝑠 1018 𝜇𝑠 972 𝜇𝑠

The highest passivation was obtained for the sample with ratio 𝑅 = 50. But upon annealing at 240 ∘𝐶
the specimen suffered of slight decrease in lifetime, while the samples with lower 𝑅= 0 handled better
this high temperature annealing. To combine both advantages we developed a double intrinsic a-Si
layer, as presented in next section.

4.2.3. Application of seed layer
From the previous set of experiments it is speculated that, with the given deposition parameters, we
obtained an intrinsic layer close to a-Si:H / 𝜇 c-Si:H transition regime.

Based on this, this thesis proposes a passivation mechanism where in between c-Si and the the
high hydrogen diluted (i) a-Si:H layer is introduced a non-hydrogenated diluted intrinsic layer, also
called seed layer. With this double intrinsic layer we aim at obtaining a passivation layer with higher
temperature stability from the lowly 𝐻ኼ diluted (i) a-Si:H layer and better passivation properties from
the highly 𝐻ኼ diluted (i) layer. The new passivation layer consist of: the first 2 𝑛𝑚 adjacent to the c-Si
substrate are grown with only 𝑆𝑖𝐻ኾ gas precursor, and subsequently 4 𝑛𝑚 of highly hydrogen diluted
a-Si:H. refer to table 4.4 for the specific deposition paramenters.
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Table 4.4 – Parameters used for (i) a-Si:H / c-Si / (i) a-Si:H versus (i) a-Si:H / seed layer / c-Si / seed layer / (i)
a-Si:H symmetric structures.

(𝑖)𝑎 − 𝑆𝑖 ∶ 𝐻 𝑠𝑒𝑒𝑑 𝑙𝑎𝑦𝑒𝑟 + (𝑖)𝑎 − 𝑆𝑖 ∶ 𝐻

Thickness [𝑛𝑚] 6 2 + 4
Deposition rate [𝑛𝑚/𝑠𝑒𝑐] 0.069 0.126 + 0.069

𝑆𝑖𝐻ኾ flow [𝑠𝑐𝑐𝑚] 4 40 + 4
𝐻ኼ flow [𝑠𝑐𝑐𝑚] 200 0 + 200

Substrate Temperature [∘𝐶] 180 180
Process pressure [𝑚𝑏𝑎𝑟] 8 0.7 + 8

RF Power [𝑊] 7.2 2.2 + 7.2

Besides lifetime improvement it is noticed that the structure with the seed layer also leads to a
decrease in saturation current density 𝐽ኺ. The sample with 6 𝑛𝑚 of (i) a-Si:H layer has a saturation
current of 4.2 𝑓𝐴/𝑐𝑚ኼ while the sample with 2 𝑛𝑚 of a-Si + 4 𝑛𝑚 of a-Si:H has a saturation current
of 2.7 𝑓𝐴/𝑐𝑚ኼ. The low saturation current it is a further prove of low interfacial defect states and
epitaxial-free interface [60].

It is important to notice that these results are in agreement with the studies which have been done on
the influence of the 𝐻ኼ plasma treatment on the microstructure of the c-Si [61]. A 𝐻ኼ plasma treatment
(which consists on a flow of 200 𝑠𝑐𝑐𝑚 of 𝐻ኼ at low pressure and low power regimes) directly on the c-Si
surface (so prior to a-Si:H deposition) has negative effects, since it introduces micro-structural damage
of the crystallographic structure of the c-Si [62]. The double intrinsic layer proposed overcome this by
shielding and protecting the c-Si surface with a seed layer and then permits the deposition of a highly
hydrogenated a-Si layer which perform better passivation.

It can be concluded that the double intrinsic passivation layer permits the adding up of the advan-
tages of each layer:

• the seed layer, with no hydrogen, results in a smooth interface with the c-Si and avoids possible
micro-structural damage on the c-Si surface [44],

• the highly diluted film (close to the amorphous-to-crystalline silicon transition) by H diffusion into
the c- Si/seed a-Si:H layer interface, allows the maximal saturation of dangling bonds at the c-Si
surface.

4.3. Front emitter ((i) a-Si:H / (p) a-Si:H)
This section is divided into four subsections, after an introduction of the importance and problematic
of the front surface passivation and selective collection of holes, results of the experiments for the
optimization of the process parameters are presented. In particular are investigated the effect of: (i)
variation of the intrinsic and doped layers’ thicknesses on passivation quality, shown in section ; (ii)
variation of precursor gasses flow and change in activation energy and diborane diffusion, shown in
section and (iii) variation of RF power in order to obtain a delicate but stable plasma, shown in section
.
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4.3.1. Introduction and motivation

When designing the front emitter for n-type bulk cell„ two main issues needs to be addressed, (i) provide
chemical passivation by saturating dangling bonds (as seen in section 4.2) and (ii) perform good carrier
selectivity. The (p) a-Si:H layer, to have good carrier selectivity, has to form a barrier for electrons which
are moving toward the front. This can be achieved by a sufficient high band off set (Δ𝐸፜). At the same
time, on the opposite, as to allow holes to move toward the front such that they can be collected. This
can be achieved by holes tunneling of the smaller and narrow barrier (Δ𝐸፜). The heterojunction band
diagram of the precursor is shown in figure 4.5.

Figure 4.5 – Band diagram of a precursor solar cell and in particular showing the band off-sets ጂፄᑔ and ጂፄᑧ and
the carriers transport.

One of the most challenging part when designing a solar cell is finding the optimal emitter layer.
On one side an highly (p) doped layer is desired in order to obtain an high field effect passivation by
inducing an high electric field and high band bending (hence selectivity). On the other side a highly
doped layer is a very defective layer. To make the situation even more critical is the effect of borane
atoms which can diffuse in the intrinsic layer degrading the chemical passivation.

Figure 4.6 shows the effect of low doped layers in terms of bandgap alignment and junction forma-
tion. A higher doping lead to a higher 𝑉፨፜ since the fermi level gets closer to the valence and conduction
bands.
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Figure 4.6 – Energy levels before the junction formation and variation of doped a-Si bandgap with variation of
doping level.

The deposition process has to be optimized to find a trade off between optical and electrical char-
acteristics. The thickness of the intrinsic layer has to be thin to reduce parassitic absorption, but think
to decrease surface defect density.

A proper passivation scheme cannot be implemented with an (i) a-Si:H / c-Si / (i) a-Si:H structure,
but rather with a (p) a-Si:H / (i) a-Si:H /c-Si / (i) a-Si:H / (p) a-Si:H structure, therefore the (p) doped
layer has influence on the electronic properties of the interface, due to unavoidable borane diffusion
into the intrinsic layer. The optimization of the (i)/(p) stack is complex because different combination of
thicknesses need to be tested. Generally the overall stack has to be enough thin in order to minimize
parassitic absorption. But, for example, the 𝐹𝐹 and 𝑉፨፜ are influenced by the (i) layer thickness in a
contrary way: the 𝐹𝐹 benefits from a thin layer, thanks to an enhancement in tunneling and hopping of
holes, while the 𝑉፨፜ benefits from a thick layer, thanks to a better passivation [63].

4.3.2. Deposition parameters

This part of the report presents the results of the experiments carried on (i) layers thickness, (ii) pre-
cursor gasses flow and (iii) variation of RF power.

Optimization of a-Si:H layers thicknesses

Intrinsic a-Si:H layer thickness affect the interface passivation quality, therefore, as shown in table 4.5,
the lifetime increases with the increase in thickness of the intrinsic layer.
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Table 4.5 – Symmetric structures (p)a-Si:H / (i)a-Si:H / c-Si / (i)a-Si:H / (p)a-Si:H with varying intrinsic thickness
(note: this values are obtained for only 1 NAOC cycle cleaning).

𝑎 − 𝑆𝑖 ∶ 𝐻(𝑖) [𝑛𝑚] 𝑎 − 𝑆𝑖 ∶ 𝐻(𝑝) [𝑛𝑚] 𝜏፞፟፟ [𝜇𝑠]

3 8 221
4.5 8 353
6 8 638
7.5 8 908

However the passivation quality is not solely determined by the intrinsic layer, therefore the doped
layers also influences the electrical and chemical properties at the interface [64]. In this set of exper-
iments the passivation quality will be analyzed by comparing precursor structures with varied thick-
nesses of (i) a-Si and (p) a-Si stack. The inspected range of variation of the thicknesses is 4 𝑛𝑚 and
6 𝑛𝑚 for the intrinsic layer and from 5.2 𝑛𝑚 to 10 𝑛𝑚 for the p-doped layer (see figure 4.7).

Figure 4.7 – Matrix of the samples fabricated to test the optimal i/p a-Si:H stack thicknesses.

All the precursors prepared for these sets of experiments are textured and cleaned with 3 NAOC.
They have identical BSF and differ only in the i/p thicknesses.

In the first set of experiments the i/p stack will consist of: fixed double intrinsic layer (2 𝑛𝑚 of a-Si+
4 𝑛𝑚 of a-Si:H) and varied the p layer thickness (5.2 𝑛𝑚, 6 𝑛𝑚 and 6.8 𝑛𝑚). From figure 4.8 we can
see the results of the passivation analysis. The best passivation is obtained for the stack 6 𝑛𝑚 + 6 𝑛𝑚
= 12 𝑛𝑚.
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Figure 4.8 – Minority carriers lifetime (Ꭱᑖᑗᑗ) and ።ፕᑠᑔ as function of variation of emitter layer thickness (5.2 ፧፦, 6
፧፦ and 6.8 ፧፦) and double intrinsic layer = 2 ፧፦ of a-Si+ 4 ፧፦ of a-Si:H.

In a second set of experiments it has been reduced and kept fixed the intrinsic thickness to 4 𝑛𝑚 (2
𝑛𝑚 of (i) a-Si and 2 𝑛𝑚 of (i) a-Si:H) and varied the p layer thickness (6 𝑛𝑚, 8 𝑛𝑚 and 10 𝑛𝑚). From
figure 4.9 can be seen that the best passivation is obtained for the stack 4 𝑛𝑚 + 8 𝑛𝑚 = 12 𝑛𝑚.

Figure 4.9 – Minority carriers lifetime (Ꭱᑖᑗᑗ) and ።ፕᑠᑔ as function of variation of emitter layer thickness (6 ፧፦, 8
፧፦ and 10 ፧፦) and (i) a-Si:H thickness = 4 ፧፦.

Comparing the two set of experiments, it is evident that the two highest passivations are obtained
for the stacks which have overall thickness of 12 𝑛𝑚. However the average 𝜏፞፟፟ value in the second
set is lower. Which is because the intrinsic layer is too thin and do not provide sufficient passivation.

Conclusion cannot be drawn until full devices performances are compared, this is because of the
effects that the TCO has on the thin i/p stack. This is particularly due to: (i) the deposition method
of the TCO, which is a strong ion-bombardment which may damage the a-Si film and (ii) the junction
formation between the emitter and the TCO, which may affect the emitter/c-Si junction or induce an
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energy barrier due to the TCO workfunction. Two cells were fabricated for the best performing cell of
each set of experiment and the external parameters of the cells are reported in table 4.6.

Table 4.6 – External parameters of the SHJ solar cells for different i/p a-Si:H thicknesses. Note that this character-
istics are taken from DIE 1 of both cells which does not necessarily coincide with the best performing
DIE.

𝑐ℎ𝑎𝑟𝑎𝑐𝑡𝑒𝑟𝑖𝑠𝑡𝑖𝑐𝑠 𝐽፬፜[𝑚𝐴/𝑐𝑚ኼ] 𝑉፨፜[𝑚𝑉] 𝐹𝐹[%]

solar cell 1 (𝑖)𝑎 − 𝑆𝑖 ∶ 𝐻 6 𝑛𝑚 + (𝑝)𝑎 − 𝑆𝑖 ∶ 𝐻 6 𝑛𝑚 39.1 694 59
solar cell 2 (𝑖)𝑎 − 𝑆𝑖 ∶ 𝐻 4 𝑛𝑚 + (𝑝)𝑎 − 𝑆𝑖 ∶ 𝐻 8 𝑛𝑚 36.8 672 61

The 𝐽፬፜ of the cell with i/p = 4 𝑛𝑚 / 8 𝑛𝑚 is 2.3𝑚𝐴/𝑐𝑚ኼ less than the 6 𝑛𝑚 / 6 𝑛𝑚 cell, given that the
front metal grid and TCO material are the same, the cause for the decrease in 𝐽፬፜ is that the (p) a-Si
layer is more absorbive than the (i) layer and, while the 30 % of the carrier absorbed by the (i) a-Si:H
can be collected, no carriers absorbed by the (p) a-Si:H can be collected due to the high defect density
of the material [65].

The increase in 𝐹𝐹 is given by three main reasons: (1) the (p) layer used has high activation energy
(this issue will be addressed in the next section) and using a thicker layer will decrease the weakening
influence of workfunction difference between the TCO and the (p) layer; (2) a better lateral conductivity
of the doped layer with respect to the intrinsic layer [66] lead to lower series resistance, hence higher
fill factor and (3) the FF benefits of a thinner (i) layer because it enhances the holes tunneling of the
hetero-junction.

The external parameter on main interest in this series of experiments is the 𝑉፨፜ since we are now
addressing the issue of obtaining high passivation. The 𝑉፨፜ is mainly influenced by the chemical pas-
sivation provided by the intrinsic layer. Evidently the thinner (i) layer has lower passivation cababilities
and high recombination take place on the interface.

Despite the fact that in this devices were used the optimized i/n stack and TCOs (presented in
section 4.4 and 5.2). The external parameters of this devices, and specifically the 𝐹𝐹, is lower with
respect to the best performing devices obtained in this thesis work, the explanation relies on the adopted
front and back metallization. Which are, respectively, 2 𝜇𝑚 of aluminum in the front and 1.2 𝜇𝑚 of
aluminum in the back. In section 5.3 simulations and experiments have been carried out for different
metals and improvements were obtained.

As it will be seen in the next section, (p) a-Si:H layer is responsible to deteriorate the passivation
quality. This is because boron atoms penetrate the intrinsic layer and break Si-H bonds resulting into
a defective interface. When a thicker (p) layer is adopted, the sample is subject to boron injection for a
longer time which lead to stronger degradation of the intrinsic passivation.

Doping precursor gasses’ flow variation for p-layer

The band bending on the emitter side is essential to obtain a high selectivity of holes and it is mainly
influenced by: (i) the band offsets between a-Si:H and c-Si and (ii) by the doping of the a-Si:H layer.
Given that the band gap of the a-Si is taken to be 1.72 𝑒𝑉 and that the valence band offset is 0.45
𝑒𝑉 [67] we wan work on the doping of the emitter to minimize the activation of p-layer and therefore
increase the selectivity.



44 4. Passivation and Precursor of the Solar Cell Experiments

It is common to find in literature qualitative analysis of selectivity (namely is based on a simple
principle: the junction block one carrier type and conduct the other), however it is difficult to find a
quantitative analysis which defines the selectivity of a given material.

To do so we have to start by defining of the basic transport mechanism in a pn junction. When a pn
junction is under illumination excess electron-holes pairs are generated. The concentration of majority
carrier doesn’t change significantly while the concentration of minority carriers strongly increases; the
electrons and holes concentration profile is shown in figure 4.10 [7].

Figure 4.10 – Concentration profile in an illuminated pn heterojunction (with uniform generation-rate approxima-
tion).

Because there is a gradient of carrier concentrations, a diffusion current will form. The minority
carrier drift component can be neglected since it is assumed that the electric field is zero at the space
charge edges [10]. The current density equation is therefore composed only of the diffusion terms.
Figure 4.11 shows the carriers current density component in the depletion region and quasi-neutral
region of a pn junction.

From the figure it can be noticed that the total current is constant though the pn junction and it is
given by the sum of the minority carrier electron diffusion and the minority carrier hole diffusion. The
total current density is then:

𝐽 = 𝐽፩(𝑥፧) + 𝐽፧(−𝑥፩) (4.1)

based on mathematical manipulations (not shown here) it can be written as function of applied
voltage 𝑉ፚ:

𝐽 = 𝐽ኺ ⋅ [𝑒𝑥𝑝(
𝑒𝑉ፚ
𝑘𝑇 − 1)] (4.2)

Where 𝑘𝑇/𝑒 is the thermal voltage, 𝑉ፚ is the applied voltage and 𝐽ኺ is the saturation current which
is defined as:

𝐽ኺ = 𝑒 ⋅ 𝑛ኼ። ⋅ [
𝐷፧

𝐿፧ ⋅ 𝑁ፀ
+

𝐷፩
𝐿፩ ⋅ 𝑁ፃ

] (4.3)
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Figure 4.11 – Ideal electron and hole current components though a pn junction under forward bias.

Where 𝑛። is the intrinsic carrier concentration in the semiconductor material, 𝐷፩ and 𝐷፧ are diffusion
currents of holes and electrons, 𝐿፩ and 𝐿፧ are the diffusion lengths of minority carriers and 𝑁ፃ and 𝑁ፀ
are the impurity carrier concentrations.

To obtain an high current though the pn junction it is desired to have a low saturation current. To
obtain low saturation current we can increased the doping.

The key criterion for increasing selectivity is now clear. By increasing the doping of the emitter the
material selectivity increases [68] [69].

Thus in this section of experiments it is addressed the issue of doping, whose variation determines
the density of effective fixed charges in the films and the band bending.

(p) a-Si:H/(i) a-Si:H symmetric structures are fabricated. The deposition characteristics are shown
in table 4.7.

Table 4.7 – PECVD deposition parameters for the emitter. The diborane flow is varied between 0.75 to 4.5 ፬፜፜፦
while the other process parameters are kept constant. Note that the PECVD reactor injection flux of
ፁᎴፇᎸ is limited to 4.5 ፬፜፜፦.

(𝑝)𝑎 − 𝑆𝑖 ∶ 𝐻

Chamber 1
𝑆𝑖𝐻ኾ flow [𝑠𝑐𝑐𝑚] 1.5
𝐻ኼ flow [𝑠𝑐𝑐𝑚] 200
𝐵ኼ𝐻ዀ flow [𝑠𝑐𝑐𝑚] 0.75 − 4.5

Substrate temperature [°𝐶] 180
Process pressure [𝑚𝑏𝑎𝑟] 2.5

Power density [𝑊] 7.2
Layer thickness [𝑛𝑚] 6

Figure 4.12 shows the lifetime and activation energy 𝐸ፚ values for varying 𝐵ኼ𝐻ዀ flow from 0.75 to
4.5 𝑠𝑐𝑐𝑚. 𝜏፞፟፟ gives information about passivation quality. 𝐸ፚ gives information about the doping level



46 4. Passivation and Precursor of the Solar Cell Experiments

of the semiconductor material.

By definition the activation energy is the energy required by a particle to overcome a potential
barrier and it is dependent on the Fermi level: 𝐸ፚ = 𝐸ፅ −𝐸፯. For an intrinsic semiconductor at T= 0 ∘𝐶
𝐸ፚ =

1
2 ⋅ 𝐸፠. The lower is the activation energy, the higher is the doping of the semiconductor [70].

Figure 4.12 – Minority carriers lifetime (Ꭱᑖᑗᑗ) and activation energy ፄᑒ as function of ፁᎴፇᎸ flow rate which ranges
from 0.75 to 4.5 ፬፜፜፦. For the other PECVD deposition parameters of the emitter refer to table 4.7.
The activation energy was measured in the dark IV set up, and layers of 20 ፧፦ were deposited on
glass.

The lifetime increases with increase in doping of the p-layer, this behaviour is expected since the
highest 𝑉፨፜ is obtained when the Fermi level in the (p)/(n) a-Si layers is as close as possible to the
valence/conduction band. In addition, from the theory on the selectivity explained above, it is clear that
high doping means high selectivity, which is what we aim at obtaining.

Figure 4.13 shows the IV curves of two solar cells fabricated with the lowest doped emitter (𝐸ፚ =
543 𝑚𝑒𝑉)(blu line) and the highest doped emitter (𝐸ፚ = 410 𝑚𝑒𝑉)(red line).

The blue line shows a S-shape in the high voltage level, this indicates high 𝑅፬ and bad selectivity
of holes.

A second important issue need to be addressed and it is related to the chemical bounds that the
diborane causes: We have seen that an increase in doping determines a decrease in activation energy.
The lowest 𝐸ፚ obtained is 410 𝑚𝑒𝑉 that is still quite high (compared to the BSF which has an 𝐸ፚ = 212
𝑚𝑒𝑉).

However a further decrease in 𝐸ፚ would lead to negative effects on the passivation. This has been
proven by a work performed by another student of the PVMD group and it is based on the recipe used
so far in the PVMD group.

Table 4.8 summarizes the characteristics of the best performing emitter used in this thesis work with
respect to the reference emitter used so far in the PVMD group.
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Figure 4.13 – IV characteristic of the SHJ solar cells with highly doped (ፁᎴፇᎷ = 0.75 ፬፜፜፦) emitter (red line) and
slightly doped (ፁᎴፇᎷ = 0.75 ፬፜፜፦) emitter (blue). For the other p layer deposition specifications
please refer to table 4.7. (note that even if they are not the best performing cells, DIE 2 of both cells
have been chosen for comparison).

Table 4.8 – PECVD deposition parameters, activation energy and lifetime measurements of the emitter films used
in this work with respect to the standard recipe used in the PVMD group [62].

reference (𝑝)𝑎 − 𝑆𝑖 failed (𝑝)𝑎 − 𝑆𝑖 (𝑝)𝑎 − 𝑆𝑖 ∶ 𝐻

Chamber 1 1 1
𝑆𝑖𝐻ኾ flow [𝑠𝑐𝑐𝑚] 20 20 1.5
𝐻ኼ flow [𝑠𝑐𝑐𝑚] - - 200
𝐵ኼ𝐻ዀ flow [𝑠𝑐𝑐𝑚] 1 5 4.5

Substrate Temperature [°𝐶] 180 180 180
Process pressure [𝑚𝑏𝑎𝑟] 0.7 0.7 2.5

Power [𝑊] 2.8 2.8 7.2

𝐸ፚ [𝑚𝑒𝑉] 608 317 410
𝜏፞፟፟ [𝜇𝑠] (symmetric) 350 < 50 908
𝜏፞፟፟ [𝜇𝑠] (precursor) 1483 − 3400

A crucial drawback of the reference emitter was that an increase in 𝐵ኼ𝐻ዀ lead to detrimental effects
on the passivation, therefore it has been reported that with a emitter gasses flow of 𝐵ኼ𝐻ዀ = 5 𝑠𝑐𝑐𝑚 and
𝑆𝑖𝐻ኾ = 20 𝑠𝑐𝑐𝑚 even though the activation energy decreased to 317 𝑚𝑒𝑉, the passivation dropped to
≤ 50 𝜇𝑠 proving that an elevate quantity of doping destroy the chemical passivation.

This is because boron is a small and reactive particle which can bound and diffuse into the intrinsic
layer. As consequence the passivation is deteriorated since the boron particles introduce defects on
the passivating layer [64]. This effect is specifically drastic in the used a-Si:H film because of the highly
diluted and reactive plasmas used [41].

One more time, the critical part of the fabrication is to find the optimal trade off between high band
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bending and low defect density [71].

Influence of RF power

The a-Si:H film growth conditions vary the physical and structural properties of the material. In this
set of experiment it is aimed to find a proper power regime while keeping a fixed medium pressure
regime of 2.5 𝑚𝑏𝑎𝑟. Table 4.9 gives an overview of the samples fabricated, an increase in RF power
determines an increase in deposition rate.

Table 4.9 – PECVD deposition parameters. The power regime vary from low (2.6ፖ) to high (7.2ፖ) while all other
parameters are kept constant. In particular the precursor gasses flow is the one which presented best
performance from the previous experiments and the pressure is fixed at a medium regime.

𝑆𝑖𝐻ኾ[𝑠𝑐𝑐𝑚] 𝐵ኼ𝐻ዀ[𝑠𝑐𝑐𝑚] 𝐻ኼ[𝑠𝑐𝑐𝑚] 𝑝[𝑚𝑏𝑎𝑟] 𝑃[𝑊] 𝑟𝑎𝑡𝑒[𝑛𝑚/𝑠]

1.5 4.5 200 2.5 2.6 0.025
1.5 4.5 200 2.5 4.8 0.033
1.5 4.5 200 2.5 7.2 0.039

Lifetime measurements reveal that the best passivation come from a power P = 7.2𝑊 (same power
used for the intrinsic layer), since at this condition the plasma is stable and the power soft on the fragile
thin layer [72].

Figure 4.14 – Passivation as function of deposition power which vary between 2.6ፖ and 7.2ፖ.

4.4. Back surface field ((i) a-Si:H / (n) a-Si)
In this study, we focus on the optimization of the BSF with particular focus on the effect of the contact
with the back metal. Thanks to simulation analysis with Sentaurus it is proposed an optimal (i/n) stack
thickness. Experimental test evidence that the used (i) a-Si:H / (n) a-Si:H stack guarantee an excellent
electron selective contact.
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Introduction and Motivation

The electron carrier selective contact in the SHJ cells designed in this work is created by depositing
highly doped (n) a-Si layer on the rear side of the c-Si substrate. A very thin (i) a-Si:H layer is inserted
to provide chemical passivation. The PECVD deposition parameters for the (i) a-Si:H / (n) a-Si:H stack
are reported in table 4.10.

Table 4.10 – PECVD deposition parameters for the BSF.

(𝑖)𝑎 − 𝑆𝑖 ∶ 𝐻 (𝑛)𝑎 − 𝑆𝑖

Chamber 4 2
𝑆𝑖𝐻ኾ flow [𝑠𝑐𝑐𝑚] 4 40
𝐻ኼ flow [𝑠𝑐𝑐𝑚] 200 −
𝑃𝐻ኽ flow [𝑠𝑐𝑐𝑚] − 11

Substrate Temperature [°𝐶] 180 180
Process pressure [𝑚𝑏𝑎𝑟] 8 0.6

Power density [𝑊] 7.2 2.6

The back side designed in this work fulfill three main requirements: (i) intrinsic layer provide excel-
lent surface passivation, which contribute to the reduction of recombination losses, (ii) the (n) doped
layer present a very low activation energy (𝐸ፚ = 212 𝑚𝑒𝑉), which guarantee the appropriate high band
bending for a selective collection of electrons, (iii) a good electrical contact with the metal is achieved,
which contributes to limit the series resistance of the device.

Figure 4.15, is the result of simulations for the c-Si / (n) a-Si and (n) a-Si / metal hetero-junctions.

The c-Si / (n) a-Si junction has to facilitate the transport of electron and blocks the holes. With
an highly doped (n) a-Si layer the spike at the conduction band is quite reduced and the electrons’
transport across the junction is provided by thermionic emission and tunnelling mechanisms. At the
valence band, thanks to the high offset, holes are effectively pushed back, diminishing the carrier
recombination probability.

The connection of (n) a-Si and the back metal determines the formation of another hetero-junction
which results in a local band bending and in a variation of the effective 𝐸ፚ of the a-Si:H layer. The
depletion region will rely mostly in the (n) a-Si:H part. If this depletion region will penetrate in the (i)
a-Si and c-Si it will affect also the c-Si / a-Si junction. In section 4.4.1, the optimal thickness of the
BSF is found by simulations. Depending on the difference of workfunctions (Δ𝑊𝐹 = 𝜙፦፞፭ፚ፥ - 𝜙ፚዅፒ።) a
schottky barrier may form, this issue is addressed in section 5.3.3.
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Figure 4.15 – Band diagram of ፜ ዅ ፒ። / (፧)ፚ ዅ ፒ። hetero-junction and (፧)ፚ ዅ ፒ። / back contact as calculated with
the Sentaurus simulation tool. ፄᑒ = 0.2፞ፕ, ፄᑘ = 1.7 ፞ፕ ᎤᑒᎽᑊᑚ = 3.9 ፞ፕ, Ꭻᑞᑖᑥᑒᑝ = 4.26 ፞ፕ.

4.4.1. Optimization of a-Si layers thicknesses

N-type wafers, symmetrically passivated with (i) a-Si:H / (n) a-Si:H show higher lifetime than wafer
passivated with just intrinsic layers, this is because the (n) a-Si provide field effect passivation in addition
to the chemical passivation (provided by (i) a-Si:H) [4]. However the study of the passivation quality
with only with a symmetric structure does not provide a complete picture of the situation. Therefore the
a-Si:H/metal junction influence the transport and interface properties of the back side of the solar cell.
The design optimization of the BSF has been carried out with simulation on Sentaurus and solar cell
device fabrication has been done to confirm the simulated results.

The depletion region width of a pn junction is given by:

𝑤 = √2𝜖፬ ⋅ (𝑉፛። − 𝑉)𝑒 ⋅ 𝑁ፃ
(4.4)

where 𝜖፬ is the dielectric permittivity, 𝑉፛። difference between the semiconductor and metal work
function, 𝑉 is the applied voltage and 𝑁ፃ is the donor concentration.

Equation 4.4 shows the relation between the depletion width and the doping level, in particular 𝑤 is
inversely proportional to the doping.

This relation implies that in the metal side of the junction, the depletion width 𝑤 is negligible, while
on the semiconductor side it is few 𝑛𝑚 thick. If the depletion region is thicker than the (n) a-Si:H then
the metal/ (n) a-Si:H junction will influence also the c-Si / (n) a-Si:H junction.

Figure 4.16 shows the results of the simulation carried to address the issue of optimization of the
BSF thickness.

The worse case is the 4.5 𝑛𝑚 + 6 𝑛𝑚 structure, for which and increase in recombination in the
c-Si/a-Si junction is caused by an induced band bending. This effect can be neutralized with a thicker
n layer.

Two cells have been tested to compare the effective performances for the 4.5/6 and 3/7.5 thick-
nesses. The precursor with thicknesses 3/7.5 present a 𝜏፞፟፟= 2300 𝜇𝑠 which shows that 3 𝑛𝑚 of (i)
a-Si layer is sufficient to provide high passivation. In section 5.2 the possible detrimental effect of the
back TCO sputtering/metal e-beam evaporation on the thin a-Si layer is treated in detail.
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Figure 4.16 – (n) a-Si / back metal junction effects on c-Si - (i) a-Si band bending. In this case it has been simulated
an (n) a-Siᐿ፥ፚ፲፞፫፰።፭፡ፚ፡።፠፡፞፫Eᑒ in order to stress on the induced c-Si band bending.

4.5. Conclusions
The influence of plasma-enhanced chemical vapour deposition (PECVD) process parameters on the
properties of amorphous layers is investigated with the aim of enhancing the passivation quality and
the external parameters of the solar cells.

• How to increase the surface passivation of the c-Si?

Firstly, the intrinsic layer is optimized. On this purpose the distance specimen-plasma is investi-
gated, and 8 𝑚𝑚 resulted to be the optimal distance that avoids plasma damage and ensures film
uniformity. Then the precursor gasses flow (𝑆𝑖𝐻ኾ and 𝐵ኼ𝐻ዀ) is studied. A film with diluted silane is
willed since it lowers the voids density of the film and improves passivation, however too much hydro-
gen changes the microscopic structure of the film and lead to epitaxial growth, which has detrimental
effects on passivation. This thesis proposes a passivation mechanism where in between c-Si and the
(i) a-Si:H layer is introduced a non-hydrogenated intrinsic layer, the seed layer. The so called double
intrinsic layer is formed by a first layer, adjacent the c-Si, of 2 𝑛𝑚 and which has 𝑆𝑖𝐻ኾ = 40 as only pre-
cursor gas. The second layer is of 4 𝑛𝑚 and has an high hydrogen content (precursor gasses: 𝑆𝑖𝐻ኾ =
4 𝑠𝑐𝑐𝑚 and 𝐻ኼ = 200 𝑠𝑐𝑐𝑚). With this structure we aimed at preventing the growth of the epitaxial layer
as well as at the reduction of defects density state and enhance the transportation of minority carriers
toward the selective contacts. The seed layer protects the c-Si bulk from the high hydrogen bombard-
ment which would introduce micro-structural damage on the crystallographic structure and the highly
diluted film (close to the amorphous-to-crystalline silicon transition) allows the maximal saturation of
dangling bonds.

• How does the thickness of i-p stack affect the passivation quality of HIT solar cell?

• How to find the optimal trade-off between a low activation energy and an high passivation quality
for the front emitter?

The study of the front emitter has been one of the most challenging part of this work, since it is
well known that the (p) a-Si:H layer is responsible to hamper device performance. A trade-off between
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optical (parassitic absorption) and electrical (passivation and FF) characteristics needs to be found
when designing the thicknesses of the (i/p) stack. Experimental evidence showed that the optimal
thicknesses are 6 𝑛𝑚 for both intrinsic and emitter layers.

Moreover, a trade-off between carrier selectivity (high doping) and induced defects on the intrinsic
layer needs to be addressed. The problem is related to the fact that when the 𝐸ፚ of the (p) a-Si:H de-
creases, the amount of boron introduced in the structure increases. These particles are highly reactive
and small, hence they can diffuse into the passivating layer which would result in a defective interface
with the c-Si. One more time, the critical part of the fabrication was to find the optimal trade-off between
high band bending and low defect density, we concluded that the gasses flow for the emitter should be
𝐻ኼ = 200 𝑠𝑐𝑐𝑚, 𝑆𝑖𝐻ኾ = 1.5 𝑠𝑐𝑐𝑚, 𝐵ኼ𝐻ኾ = 4.5 𝑠𝑐𝑐𝑚 at high power regime = 7.2𝑊 and medium pressure
regime = 2.5 𝑚𝑏𝑎𝑟. With this emitter 𝐸ፚ = 410 𝑚𝑒𝑉 and 𝜏፞፟፟ = 3400 𝜇𝑠 were obtained. Compared to
the reference emitter which had a 𝐸ፚ = 608 𝑚𝑒𝑉 and 𝜏፞፟፟ = 1483 𝜇𝑠. It should also be noted that the
(p) a-Si:H layer employed is highly hydrogenated which prevents the formation of an highly defective
layer and favors the formation of Si-H bonds by further improving the chemical passivation.

• How to design the optimal BSF?

The (n) a-Si:H layer employed in this work has a very low activation energy (𝐸ፚ = 212𝑚𝑒𝑉) and it is
able to induce a strong electrical field. The BSF/back contact junction is critical because it may cause
an induced band bending in the c-Si/ (n) a-Si junction, which would lead to more recombination. This
effect can be neutralized with a thicker n layer.



5
Front and Back-end Fabrication Process

Experiments

This chapter offers an analysis of the differences in electrical and optical properties of TCO materials.
A double TCO layer formed by 𝐼𝑂:𝐻/𝐼𝑇𝑂 is proposed as alternative to the reference ITO single layer.
Finally, different metallization techniques and materials are proposed in order to address the issue of
a low FF due to high metal series resistance.

The chapter is organized as follow: section 5.1 summarizes the full device fabrication process; in
section 5.2 is presented a double 𝐼𝑂:𝐻/𝐼𝑇𝑂 stack as alternative to the reference single 𝐼𝑇𝑂 layer. Lastly,
in section 5.3 copper front metal contact is proposed as alternative to aluminum contact.

5.1. Experiment set up
Starting from an n-type FZ c-Si (100) wafers, with resistivity 1 - 5 Ω ⋅ 𝑐𝑚 and thickness of 280±20 𝜇𝑚,
the solar cell fabrication process is as follows:

1. Wet chemical texturization and cleaning (as seen in section 3.3);

2. Front emitter and back surface field deposited by PECVD (as seen in section 4.3and 4.4);

3. Transparent conductive oxide (TCO) deposited by RF sputtering;

4. Front metal contacts deposited by thermal and electron-beam evaporation or alternatively by
electroplating;

5. Back metal contact deposited by thermal and e-beam evaporation.

Transparent conductive oxide films are deposited by radio frequency sputtering, which is a phys-
ical vapor deposition technique based on the bombardment of high energetic argon ions. Two different
dopant indium oxide films are tested in this work: (i) Indium Tin Oxide (ITO), where 𝐼𝑛ኼ𝑂ኽ is doped with
𝑆𝑛𝑂ኼ and (ii) Hydrogenated Indium Oxide (IO:H), in which 𝐻ኼ𝑂 vapor is inserted in the gas flux in order
to incorporate hydrogen into the 𝐼𝑛ኼ𝑂ኽ. The process parameters used are shown in table 5.1 [73].

53
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Table 5.1 – TCO sputtering process parameters.

𝐼𝑂 ∶ 𝐻 𝐼𝑇𝑂

Target 𝐿𝑛ኼ𝑂ኽ ∶ 𝐻 𝐿𝑛ኼ𝑂ኽ ∶ 𝑆𝑛𝑂ኼ
Substrate Temperature [°𝐶] room 110
Process pressure [Pa] 5.7 × 10ዅኽ 1.2 × 10ዅኼ
𝐻ኼ𝑂 partial pressure [Pa] 3 × 10ዅ኿ -

Power [W] 25 − 135 200
Ar flow [sccm] 40 40
𝑂ኼ flow [sccm] 0 0

RF sputtering is a hard deposition method which may damage the thin amorphous films. To address
this issue, a gradual increase in deposition power has been adopted for the two TCOs that have been
tested during this thesis work:

1. The first TCO is formed by 𝐼𝑂:𝐻 and 𝐼𝑇𝑂. The stack is composed by 65 𝑛𝑚 of 𝐼𝑂:𝐻 and 10 𝑛𝑚
of 𝐼𝑇𝑂. The first 10 𝑛𝑚 of 𝐼𝑂:𝐻 were deposited at 25𝑊, the next 55 𝑛𝑚 of 𝐼𝑂:𝐻 were deposited
at 135 𝑊 and the last 10 𝑛𝑚 of 𝐼𝑇𝑂 were deposited at 200 𝑊; this last layer of 𝐼𝑇𝑂 is inserted
because the contact resistivity between 𝐼𝑇𝑂 andmetal is lower than the contact resistivity between
the 𝐼𝑂:𝐻 and the metal [31].

2. The second TCO is formed by 75 𝑛𝑚 of 𝐼𝑇𝑂. For this single 𝐼𝑇𝑂 layer, initial sputtering power of
20𝑊 was used for 10 𝑛𝑚 and the other 65 𝑛𝑚 were deposited at 200𝑊.

The gradual increase in deposition power guarantee a softer deposition in the part close to the a-
Si:H and high electrical properties of the TCO achieved with high deposition power [74]. 𝐼𝑂:𝐻 needs a
post-deposition annealing at 190∘𝐶 for 25 minutes such that the deposited amorphous film crystallizes.

Front metal contacts are deposited by thermal and electron-beam evaporation or alternatively by
electroplating. When aluminum is used as contact, photolitography is used to make the pattern: few
micrometers of photoresist are deposited on the sample by spin coating, then the sample is exposed to
ultraviolet light though a mask with the desired pattern. Then the wafer with the developed photoresist,
is placed in the evaporator. In this way the photoresist protect the part of the surface of the wafer where
the metal should not be deposited. After the evaporation the photoresist is dissolved in the acetone
and with it also the metal that was deposited on top. The aluminum is now present only in the areas
where no photoresist was present and it has a typical height ℎ = 2 𝜇𝑚.

When copper is used as contact, a seed layer need to be deposited before the copper. The seed
layer has three main tasks: (i) protect the Si from Cu contamination (copper is an heavy metal and
it can diffuse easily into silicon causing defects states of the bulk), (ii) it is a conductive layer for the
electroplating process, (iii) the ITO dissolves when a negative current is fed to it, so it has to be isolated
from the electrolyte solution. In this work 300 𝑛𝑚 of titanium are used as seed layer, and it is deposited
by e-beam evaporated. After the photoresist layer is deposited and photolitography make the pattern,
the sample can be immersed in the electrolyte solution; the current is conducted though four clamps
attached to the wafer. After plating, the photoresist is removed by rinsing in acetone. The last step is
the wet etching of the Ti seed layer. The cupper has typical height ℎ = 40 𝜇𝑚.
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Back metal contact is composed by a stack of 200 𝑛𝑚 of 𝐴𝑔 thermally evaporated, 30 𝑛𝑚 of 𝐶𝑟
and 1.5 𝜇𝑚 of 𝐴𝑙 e-beam evaporated.

For each wafer four solar cells are obtained (each with an area 𝐴፜፞፥፥ = 9 𝑐𝑚ኼ) with different coverage
in order to study their influence on the solar cell performances. The percentage of shading is DIE1 =
4.9%, DIE2 = 2%, DIE3 = 2.64%, DIE4 = 3.64%. Therefore, it is expected to find the highest 𝐽፬፜ in DIE
2, because of the lowest shading percentage, while the highest FF is expected from DIE1 due to the
better carrier collection (mainly due to a lower series resistance because of the higher metal fraction).

The cell characterization is obtained with (i) EQEmeasurement and (ii) illuminated IV solar simulator
(as seen in section 2.6). The TCO electrical and optical characterization is obtained with (i) four-point
probe method, to calculate the sheet resistance and (ii) Perkin-Elmer 950 spectrophotometer, to mea-
sure trasmittance and reflectivity [73].

5.2. Transparent Conductive Oxide
5.2.1. Introduction and Motivation
An important difference of SHJ solar cells with respect to conventional homojunction arises from the
very low conductivity (𝜎) of a-Si:H. In SHJ cells a transparent conductive oxide (TCO) layer is inserted
between a-Si:H and the metal in order to enhance lateral conductivity and increase the collected pho-
togenerated carriers.

Most commonly used TCO is indium tin oxide (𝐼𝑇𝑂). Its material properties have been studied
extensively and the sputtering deposition parameters have been optimized. Recently, however, hydro-
genated indium oxide (𝐼𝑂:𝐻) is gaining interest thanks to it’s electrical and optical properties. Normally
the TCO is inserted in between the a-Si films and the front and back metals. The front TCO is clearly
essential due to the need for lateral transport. On the back side, instead, the metallization is full area,
however often the TCO is used since it increases the internal reflection, thus the light absorption, and
also it decreases the metal absorption from the back side. The thicknesses are modulated such that
the front TCO has maximum transparency at around 450 𝑛𝑚, while the back TCO at around 800 𝑛𝑚.

In order to choose the optimal material, we have to understand which are the characteristics that
the ideal TCO should have:

• High electrical conductivity (𝜎) to act as carrier transport medium;

• High optical transparency (𝑇) to minimize the parasitic absorption;

• A refractive index that is the geometric mean of those of silicon and air (𝑛ፒ። = 4.2 and 𝑛ፚ።፫ = 1) to
serve as anti-reflection coating

As mentioned above, the first requirement for a good TCO is the high conductivity. By definition the
conductivity, 𝜎 [Ω ⋅ 𝑐𝑚], is given by the following equation:

𝜎 = 𝜇 ⋅ 𝑁፞ ⋅ 𝑒 (5.1)

where: 𝜇 = mobility [ ፜፦Ꮄፕ፬ ], 𝑁፞= carrier density [𝑐𝑚ዅኽ], 𝑒= electric charge [1.602 ⋅ 10ዅኻዃ𝐶].
Secondly, the TCO should be transparent and by definition a material become transparent to a

given EM wave propagation when the material plasma frequency is lower than the EM wave plasma
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frequency. It is therefore desired that the plasma frequency of the TCO is as low as possible, such that
it is transparent to most of the light hitting it. The plasma frequency is defined as:

𝑓፩፞ =
1
2𝜋 ⋅

√4 ⋅ 𝜋 ⋅ 𝑁፞ ⋅ 𝑒
ኼ

𝑚∗ (5.2)

where: 𝑁፞= carrier density [𝑐𝑚ዅኽ], 𝑒 = electric charge [1.602 ⋅ 10ዅኻዃ𝐶] and 𝑚∗= effective mass of
the electron [𝑘𝑔].

It should be noticed that the carrier density (𝑁፞) is present in both equations 5.1 and 5.2. To obtain
an high conductivity, 𝑁፞ should be as high as possible; on the contrary, to obtain high transparency,
𝑁፞ should be as low as possible. Therefore, a trade off between the electrical and optical properties of
the material has to be be found [75]. Typical values of carrier density for 𝐼𝑇𝑂 and 𝐼𝑂:𝐻 are: 𝑁፞ᑀᑋᑆ =
10ዅኻዃ − 10ዅኼኻ𝑐𝑚ዅኽ and 𝑁፞ᑀᑆ∶ᐿ = 10ዅኼኺ𝑐𝑚ዅኽ [74]. The other term that appears in equation 5.1 is the
mobility (𝜇), which is defined as:

𝜇 = 𝑒 ⋅ 𝜏
𝑚∗ (5.3)

where 𝜏 is the relaxation time and hence the mobility, which is dependent on (i) the crystalline
structure, (ii) the defect density and (iii) the grain size of the material. 𝐼𝑇𝑂 typically has mobility 𝜇 = 20-
40 𝑐𝑚ኼ𝑉ዅኻ𝑠ዅኻ, while 𝐼𝑂:𝐻 after deposition has mobility 𝜇፝፞፩፨፬።፭።፨፧ = 50 𝑐𝑚ኼ𝑉ዅኻ𝑠ዅኻ, which is improved
by annealing to 𝜇ፚ፧፧፞ፚ፥።፧፠ = 150 𝑐𝑚ኼ𝑉ዅኻ𝑠ዅኻ.

5.2.2. 𝐼𝑂:𝐻-𝐼𝑇𝑂 double TCO layer as alternative to 𝐼𝑇𝑂 single layer

In this section, the analysis of different TCO materials is presented. As mentioned above, the TCO
should be highly transparent and conductive. The 𝐼𝑇𝑂 is most commonly used because it fulfills both
requirements, however, as seen in the previous section, a difficulty arises from the opposite influence
that the carrier density (𝑁፞) has on electrical (𝜎) and optical (𝑇) properties. A trade-off has to be found
between high conductivity and high transparency. One way to overcome this limitation is to increase
the mobility, which increases the material conductivity. On this respect, the 𝐼𝑇𝑂 has low mobility value,
while 𝐼𝑂:𝐻 seems an interesting alternative since it has high mobility ≥ 100 𝑐𝑚ኼ𝑉ዅኻ𝑠ዅኻ. On the other
hand, ITO/metal contact has lower contact resistivity than 𝐼𝑂:𝐻/metal.

Two solar cells have been fabricated with the identical characteristics, besides the TCO. One cell
had 𝐼𝑇𝑂 and the other had 𝐼𝑂:𝐻/𝐼𝑇𝑂. In both cells the thicknesses were as follow: 75 𝑛𝑚 at the front
and 120 𝑛𝑚 at the back. Figure 5.1 shows a comparison of the EQE curves. The main difference is
present in the short wavelength range (from 400 𝑛𝑚 to 500 𝑛𝑚) where 𝐼𝑇𝑂/𝐼𝑂:𝐻 performs better.
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Figure 5.1 – Measured external quantum efficiency (EQE) as function of the wavelength of the fabricated SHJ-HIT
solar cells with TCO deposited at the front and the back. Two TCOmaterials are compared: standard
ፈፓፎ (red line) and ፈፎ:ፇ/ፈፓፎ stack (green line).

In order to understand the difference in EQE shapes we can refer to the absorption spectra of
𝐼𝑂:𝐻/𝐼𝑇𝑂 stack and 𝐼𝑇𝑂. From 5.2 it can be noticed that 𝐼𝑂:𝐻 is less absorptive in the short wavelengths
[76].

Figure 5.2 – Absorption spectra for ፈፓፎ (red line) and ፈፎ:ፇ/ፈፓፎ stacks (green line) (ፈፎ:ፇ film annealed 25minutes
at 180 ∘ፂ in air). An insert it presented in the plot to highlight the short-wavelength range of the
spectrum. The absorbance is obtained by the formula ፀ ዆ ኻ ዅ ፓ ዅ ፑ. Data extracted from [76].

Figure 5.3 shows the comparison of the I-V curves: a pronounced difference is in the 𝑉፨፜ and FF.
After TCO sputtering the samples presented a degradation in passivation. When 𝐼𝑂:𝐻 was used,
annealing recovered the sputtering damage, while it could not be recovered in the cells with 𝐼𝑇𝑂.

In order to understand the FF values we have to look at the 𝑅፬ and 𝑅፬፡. The series resistance
is slightly lower in the 𝐼𝑇𝑂 samples. 𝑅፬ᑀᑋᑆ = 3.08 Ω ⋅ 𝑐𝑚ኼ and 𝑅፬ᑀᑆ∶ᐿ/ᑀᑋᑆ = 3.78 Ω ⋅ 𝑐𝑚ኼ. Several
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factors influence the value of the series resistance, such as the resistivity of the TCO and the contact
resistance between the TCO and the metal. Measurements with the four probe method have been
done to determine the resistivity values of the two materials, but the results obtained are unreliable
since there was a problem on reproducibility. even though the 𝑅፬(𝐼𝑂𝐻) is higher than that for 𝑅፬(𝐼𝑇𝑂),
the IO:H cell shows the same FF as the ITO cell, which may related to the workfunction difference of
ITO and IO:H which determines the barrier height between TCO and amorphous silicon layers.

Figure 5.3 – IV characteristic of the SHJ solar cell with ፈፓፎ (red line) or ፈፎ:ፇ/ፈፓፎ stack (green line).

One of the most significant difference between the two TCOs is their respective behavior upon
annealing. A series of experiments on variation of with varying annealing times have been tested
on 𝐼𝑂:𝐻. When the oven is at 190 ∘𝐶 the optimal annealing time is 25 minutes. Figure 5.4 shows
the lifetime of: the precursor (blu), the sample after the TCO sputtering (red) and after 25 minutes of
annealing (green).

Figure 5.4 – Effect of RF sputtering and annealing on the lifetime of samples with ፈፎ:ፇ/ፈፓፎ and ፈፓፎ.

The sputtering process causes a damage on passivation. However, the lifetime of the 𝐼𝑂:𝐻/𝐼𝑇𝑂
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stack can be recovered thanks to the crystallization of the 𝐼𝑂:𝐻 at high temperature. In the case of 𝐼𝑇𝑂
the annealing does not help. This is a critical point, since the sputtering is a rather strong deposition
technique, which damages the thin a-Si layer and, regardless the fact that the power has been calibrated
to minimize this damage, still cannot be prevented. Annealing also affects the electrical characteristics
of the 𝐼𝑂:𝐻/𝐼𝑇𝑂 stack, whose mobility before annealing is 𝜇 = 60 𝑐𝑚ኼ𝑉ዅኻ𝑠ዅኻ and after annealing it
increases to 𝜇 = 120 𝑐𝑚ኼ𝑉ዅኻ𝑠ዅኻ. The mobility of the 𝐼𝑇𝑂 remains in the range 𝜇 = 25-28 𝑐𝑚ኼ𝑉ዅኻ𝑠ዅኻ.

5.2.3. Backside TCO influence
Figure 5.5 shows the effect of the back side 𝐼𝑂:𝐻/𝐼𝑇𝑂 on the EQE. As expected, there is a negligible
difference in EQE for all the wavelengths below 1000 𝑛𝑚, while between 1000 𝑛𝑚 ≤ 𝜆 ≤ 1200 𝑛𝑚,
when the back 𝐼𝑂:𝐻/𝐼𝑇𝑂 is applied, a small increase in EQE can be noted.

Figure 5.5 – Measured external quantum efficiency (EQE) as function of the wavelength of the fabricated SHJ-HIT
solar cells with 75 ፧፦ of ፈፎ:ፇ/ፈፓፎ deposited at the front and either no TCO in the back (green line)
or 120 ፧፦ of ፈፎ:ፇ/ፈፓፎ deposited at the back (blu line).

Figure 5.6 shows the performance differences of the solar cell with and without back TCO. As
deduced from the EQE, the 𝐽፬፜ of the cells with back TCO is higher because of the light absorbed from
the back side. Due to the fact that internal reflection comes from the back side TCO layer. At the same
time, the lower reflective index induces the smaller absorption from the metal.

The 𝑉፨፜ and FF of the cells without back 𝐼𝑂:𝐻/𝐼𝑇𝑂 are higher than those with back TCO. In order
to understand this difference we can analyze table 5.2, which shows the implied open circuit voltage
(𝑖𝑉፨፜) and the real device 𝑉፨፜. The 𝑖𝑉፨፜ is measured on the precursor, while the 𝑉፨፜ is the voltage of
the final device, so after the TCO sputtering. The reduction in 𝑉፨፜ indicates that the TCO decreases
the passivation quality. This concern is addressed by different research groups which are trying to find
a softer deposition technique, since the sputtering damages the ultra-thin a-Si layers due to particle
bombardment over prolonged timing. Studies carried with FTIR about the microstructural changes of
a-Si:H prove that sputtering (and post-annealing) changes the hydrogen bonding, specifically lead to
dangling bonds originated from the rupture of Si-H or Si-Si bonds [77].
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Figure 5.6 – IV characteristic of the SHJ solar cell with ፈፎ:ፇ/ፈፓፎ deposited at the front (green line) and at the
front and back (blu line).

The very low FF is a sign of low shunt or high 𝑅፬. The 𝑝𝐹𝐹 is defined as the fill factor when 𝑅፬ is not
taken into account. Hence, the 18.1% difference between the pFF and the FF in the front/back TCO
sample is a sign of high 𝑅፬. The high 𝑅፬ probably results from a barrier in the (n)a-Si/TCO contact.
Therefore, ideally, to form an ohmic contact with the n-doped (a)-Si:H the work function of the TCO
should be as close as possible to the workfunction of the (n) a-Si:H. Considering that 𝑋ፚዅፒ።(፧) = 3.9 𝑒𝑉,
𝜒ፈፎ∶ፇ = 4.6 - 4.8 𝑒𝑉, 𝜒ፈፓፎ = 5.3 - 5.4 𝑒𝑉 and 𝜒፦፞፭ፚ፥ = 4.07 - 4.26 𝑒𝑉, we can conclude that the work
function mismatch between the BSF and the TCO may lead to a strong decrease in FF.

Table 5.2 – Implied open circuit voltage ።ፕᑠᑔ, real open circuit voltage ፫፞ፚ፥ ፕᑠᑔ, pico fill factor ፩ፅፅ and real fill
factor ፅፅ values for two solar cells fabricated with 75 ፧፦ of ፈፎ:ፇ/ፈፓፎ deposited at the front and one
without back TCO while the other with 120 ፧፦ of ፈፎ:ፇ/ፈፓፎ.

𝐼𝑂:𝐻/𝐼𝑇𝑂 stack front and back front only

𝑖𝑉፨፜ [𝑚𝑉] 702 707
𝑟𝑒𝑎𝑙 𝑉፨፜ [𝑚𝑉] 692 694

𝑝𝐹𝐹 [%] 81.4 77.8
𝐹𝐹 [%] 63.3 65.0

𝑝𝐹𝐹 − 𝐹𝐹 [%] 18.1 12.8

We can conclude that the HIT solar cell with TCO deposited at the back can gain in photo-generated
current, but this gain cannot counterbalance (i) the reduction of 𝐹𝐹 resulting from the contact resistivity
among the (n) BSF / (n) TCO and TCO / metal interface and (ii) the reduction in 𝑉፨፜ which results from
the damage of thin a-Si:H due to the hard sputtering process. However, the deposition parameters
and the post annealing have been already optimize to minimize the sputtering counter-effect. For this
reasons the the TCO at the back is not employed in this research.
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5.3. Metallization
At this point of the work we obtained devices with very high value of current (𝐽፩፡ = 40.4 𝑚𝐴/𝑐𝑚ኼ) and
voltage (𝑉፨፜ = 694 𝑚𝑉). Nevertheless, the performances of the cells were still limited due to the low fill
factor.

Metallization has crucial influence on FF, therefore in section 5.3.2 we aim at increasing the FF
by testing two front metallization techniques and in section 5.3.3 the optical properties and the carrier
transport mechanism are analyzed for different metals of the back metallization.

5.3.1. Introduction and motivation
The fill factor is mainly influenced by the and parallel resistances. To understand their effect on the IV
characteristic we can refer to the equivalent circuit of a solar cell with one diode and see how each of
them deviate the IV curve from the ideal ”squared” shape.

Figure 5.7 – Equivalent circuit diagram of the solar cell including the parasitic series and shunt resistances.

The governing equation for this circuit is given by Kirchoff’s current law:

𝐼 = 𝐼፩፡ − 𝐼ፃ − 𝐼፬፡ (5.4)

Where 𝐼፩፡ is the light-generated current in the cell, 𝐼ፃ is the current through the diode and 𝐼፬፡ the
current lost due to shunt. Equation 5.4 can be re-written in the extended form:

𝐼 = 𝐼፩፡ − 𝐼ኺ[𝑒𝑥𝑝(
𝑉 + 𝐼𝑅፬
𝑛 ⋅ 𝑉ፓ

− 1)] − (𝑉 + 𝐼𝑅፬𝑅፬፡
) (5.5)

where 𝐼ኺ is the saturation current, 𝑛 is the diode ideality factor, 𝑉ፓ is the thermal voltage, 𝑅፬ is the
series resistance and 𝑅፬፡ is the shunt resistance. On the purpose of focusing on the fill factor, we are
mainly interested in the 𝑅፬ and 𝑅፬፡ terms. The shunt resistance in the equivalent circuit is in parallel,
which means that it is desired to have it as high as possible. A decrease in 𝑅፬፡ will mainly affect the low
voltage range of operation where the IV curve will acquire higher negative slope. On the opposite, a
lower 𝑅፬ is desired. Indeed, the influence of the series resistance in the IV curve can be seen towards
the open-circuit voltage, where a high 𝑅፬ will increase the slope of the curve.

On a fabrication point of view the shunt resistance arises from a fabrication fail, for example a short
circuit of the device by connecting the front and back TCO that offers an alternative path for the current
which will not follow anymore the external circuit hence power will not be extract from the solar cell.
The series resistance, instead, is mainly composed by three parts: (i) the lateral resistance 𝑅፥ፚ፭፞፫ፚ፥
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of the emitter (already addressed in chapter 4), (ii) the metal resistance 𝑅፦፞፭ፚ፥, critical for the front
metallization, and (iii) the contact resistance 𝑅፜፨፧፭ፚ፜፭, critical in the back metallization and related to
the (n) a-Si:H / metal junction transport mechanism.

𝑅፬ = 𝑅፥ፚ፭፞፫ፚ፥ + 𝑅፦፞፭ፚ፥ + 𝑅፜፨፧፭ፚ፜፭ (5.6)

In the next section we will get insight on 𝑅፦፞፭ፚ፥ and 𝑅፜፨፧፭ፚ፜፭ and we will try to reduce them by testing
different metal contact [78].

5.3.2. Front metallization
This part of the experiment focuses on obtaining low series resistance, which will determine an increase
in FF by acting on the metal resistance (𝑅፦፞፭ፚ፥). The latter is defined as:

𝑅፦፞፭ፚ፥ =
𝜌 ⋅ 𝑙
ℎ ⋅ 𝑤 (5.7)

Where 𝜌 is the electrical resistivity, 𝑙 is the length and (ℎ ⋅ 𝑤) is the area of the section of the
finger/busbar. Equation 5.7 shows that it is desired to have a low metal resistivity and high 𝐴፟።፧፠፞፫፬ to
obtain a low metal resistance. The resistivity 𝜌 is a material property and table 5.3 shows the values of
the used metals.

Table 5.3 – Electrical resistivity of used metal for the front metallization. The higher the resistivity, the stronger the
metal opposes to the flow of electric current. The resistivity of silicon (semiconductor) is also provided
as comparison value. All ᎞ are calculated at ኼኺ∘ፂ [79].

𝜌 [Ω ⋅ 𝑚]

Aluminum 2.8 ⋅ 10ዅዂ
Copper 1.68 ⋅ 10ዅዂ
Silver 1.59 ⋅ 10ዅዂ

Silicon 6.4 ⋅ 10ዄኼ

To reduce 𝑅፦፞፭ፚ፥, the 𝐴፟።፧፠፞፫፬ should be as big as possible, however an increase in 𝐴፟።፧፠፞፫፬ would
determine an increase in optical shadowing, unless the only the height (ℎ) and not the width (𝑤) of the
fingers is increased. In other words we aim to obtain a high aspect ratio, which is defined as:

𝐴𝑠𝑝𝑒𝑐𝑡 𝑅𝑎𝑡𝑖𝑜 = ℎ
𝑤 (5.8)

In the PVMD group, aluminum is the standard metallization material used for the front contact of
c-Si based solar cells, nevertheless the e-beam evaporation of aluminum limits the height of the fingers
to 2𝜇𝑚, holding the aspect ratio to ∽ 0.02 [80]. We are therefore driven to test different metallization
techniques, for which higher fingers height can be achieved. On this respect, two groups of samples
were fabricated to be compared: (i) SHJ with aluminum e-beam evaporated and (ii) SHJ with copper
electroplated.

Figure 5.8 shows the IV characteristics of the final devices metallized both with copper and alu-
minum. It also illustrates the external parameters and from these we can see that the cell metallized
with copper has lower 𝐽፬፜ and 𝑉፨፜, but the FF is 6.5% higher compared to aluminum. This determine
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an overall improvement in the performance of the solar cell, whose power conversion efficiency is 𝜂 =
18.44%, compared to 𝜂 = 17.71% obtained with Al metallization.

Figure 5.8 – I-V characteristic of the SHJ solar cell (DIE 2) with Copper and Aluminum front metallization (the ፉᑤᑔ
is given by the EQE measurement and then corrected for the shading losses).

Since the 𝑉፨፜ with copper is lower than the one obtained with aluminum, interesting conclusions can
be drawn by comparing their 𝑉፨፜ before and after metallization (refer to table 5.4). In both cases the
𝑖𝑉፨፜ is higher than 700 𝑚𝑉, however after copper is deposited there is a drop of 33 𝑚𝑉 (while in the
case of aluminum is only 13 𝑚𝑉), this indicates that the copper has a detrimental effects on the SHJ.

Table 5.4 – ።ፕᑠᑔ and ፫፞ፚ፥ ፕᑠᑔ with front metallization with Aluminum or Copper.

metallization Copper Aluminum

𝑖𝑉፨፜ [𝑚𝑉] 705 707
𝑟𝑒𝑎𝑙 𝑉፨፜ [𝑚𝑉] 672 694

To understand the cause for the decrease in 𝑉፨፜ we have to consider the drawbacks that copper
metallization involves: firstly, copper has poor adhesion on TCO, secondly it diffuses through the a-Si
and contaminates the c-Si damaging the performance of the cell. To solve this issues, a seed material
can be deposited between the TCO and the metal. Optimal candidates are nickel and titanium, which
can improve the adhesion of fingers and form barrier against copper diffusion. Nickel can be chemically
grown, but this process has not yet been optimized in our group. Hence, we opted for titanium that is
deposited by e-beam evaporation, which, in turns, may damage the under-layers due to high energetic
particle bombardment.

The lower 𝐽፬፜ obtained with copper is caused by a decreased carrier transport at the junction be-
tween the (n) TCO / Cu. Since the TCO workfunction is 𝜒ፓፂፎ = 4.6 - 4.8 𝑒𝑉 and, being an n-doped
material, it is desired to connect it to a metal with a similar work function, thus forming a Schottky barrier
[32]. In literature we find that the work function of aluminum is 4.07-4.25 𝑒𝑉, while the work function of
copper is 4.6-4.7 𝑒𝑉 [81].
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5.3.3. Back metallization
In the previous section we saw that, by fabricating contacts with high aspect ratio, we could reduce
metal resistance and shadow losses at the front of the SHJ device. In this part of the thesis we focus
on the back metallization. Here, there is no shadow related issue and hence it is possible to fully cover
the back side of the SHJ, lowering the 𝑅፦፞፭ፚ፥. However, now the 𝑅፜፨፧፭ፚ፜፭ becomes critical and we
have to understand which are the characteristics of the material for which the contact resistance is
minimized.

The contact resistance depends mostly on the band diagram at the junction between the metal and
the semiconductor. The metal work function will determine the formation of either an accumulation
contact or a depletion contact:

1. In the depletion contact a Schottky barrier will form and its height is given by the difference
between the metal work function (𝜙፦፞፭ፚ፥) and the semiconductor workfunction (𝜙ፚዅፒ።) (this is in
fact a simplified and idealized definition of Schottky barrier, but in reality it is also a function of the
surface states and the electric field in the semiconductor) [82][83].

Simulation on Sentaurus have been implemented in order to study the effect of different metal
work functions on the band bending of the (n) a-Si:H layer. The relevant parameters used for the
simulation are listed in table 5.5.

Table 5.5 – Relevant input parameters used for simulations with Sentaurus. The thickness of the semiconductor
layer has been settled to 20 ፧፦ in order to avoid the effect of penetration of the (፧)ፚ ዅ ፒ። ∶ ፇ / metal
depletion region in the bulk.

a-Si (n) metal

Thickness [𝑛𝑚] 20 1500
Electron affinity / workfunction [𝑒𝑉] 3.9 4.26 − 2.74

Bandgap [𝑒𝑉] 1.72 −
Activation energy [𝑚𝑒𝑉] 212 −

Figure 5.9 shows the resulting band diagram. The worse case is for an increase in 𝜒፦፞፭ፚ፥ because
it would lead to and increase in barrier height.

Given that silver has workfunction 𝜒ፀ፠ ≃ 4.5 𝑒𝑉, in the (n) a-Si:H / Ag junction a Schottky barrier
will form. However, the (n) a-Si:H is highly doped an this will allow the barrier to be narrow, hence
allowing electrons to tunnel it. The low difference 𝜒𝑎 − 𝑆𝑖 − 𝜙𝑚𝑒𝑡𝑎𝑙 determine a low Schottky
barrier, hence few electron can overcome it by thermionic emission.

2. In the accumulation contact the carrier can flow over the junction with no contact resistance
and therefore this is the junction we are willing to obtain. Simulations were carried in which all
parameters are kept the same (as shown in table 5.5) but the metal work function is varied in the
range 4.03 - 4.09 𝑒𝑉

Considering that aluminum has workfunction 𝜒ፀ፥ ≃ 4.07 𝑒𝑉, in the (n) a-Si / Al junction is ideal,
since the current can flow toward the metal with no contact resistance.
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Figure 5.9 – The simulation result shows the schematic band diagram of (፧)ፚ ዅ ፒ። ∶ ፇ / metal hetero-junction.
The metal work function is higher than (፧)ፚ ዅ ፒ። ∶ ፇ. ፄᑒ = 0.2 ፞ፕ, ፄᑘ = 1.7 ፞ፕ Ꭴፚ ዅ ፒ። = 3.9 ፞ፕ
Ꭻᑞᑖᑥᑒᑝ = 4.3 - 4.7 ፞ፕ. The arrow indicates the increase in work function mismatch.

Figure 5.10 – Schematic band diagram of (፧)ፚ ዅ ፒ። ∶ ፇ / ፦፞፭ፚ፥ heterojunction with TCO work function lower
than (፧)ፚ ዅ ፒ። ∶ ፇ. ፄᑒ = 0.2 ፞ፕ, ፄᑘ = 1.7 ፞ፕ Ꭴፚ ዅ ፒ። = 3.9 ፞ፕ Ꭻᑞᑖᑥᑒᑝ = 4.03 - 4.09 ፞ፕ. The arrow
indicates the decrease in work function mismatch.

From a carrier transport point of view aluminum is preferred over silver, nevertheless experiment
results reveal that the back metallization with silver, chromium and aluminum (200 𝑛𝑚 of 𝐴𝑔 + 30 𝑛𝑚
of 𝐶𝑟 + 1 𝜇𝑚 of 𝐴𝑙) gives better performances, which has to be related to the good internal reflection
given by Silver.
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5.4. Conclusions
• Which is the optimal material to be employed as TCO?

Despite the several advantages offered by heterojunction, the a-Si:H suffers of very low conductivity.
Therefore, the need for a conductive layer is necessary to foster later conductivity from the emitter to
the front contact. For this task, a TCO layer is used and the optimal TCO should have (i) high electrical
conductivity (𝜎) to act as carrier transport medium, (ii) high optical transparency (𝑇) to minimize the
parasitic absorption and (iii) a mean refractive index to serve as anti-reflection coating.

Two cells were fabricated with two TCO materials: the first TCO is formed by 65 𝑛𝑚 of 𝐼𝑂:𝐻 and 10
𝑛𝑚 𝐼𝑇𝑂, the second TCO is formed by 75 𝑛𝑚 of 𝐼𝑇𝑂. EQE curves show that the ITO generates less
carriers in the short wavelength range, this is because of the absorbance of the ITO, which is higher with
respect to the one of the 𝐼𝑂:𝐻 for short wavelengths. Sputtering has detrimental effects on the a-Si:H
layer, due to the strong particle bombardment. After sputtering the lifetime of all the samples collapsed,
however when the 𝐼𝑂:𝐻/𝐼𝑇𝑂 stack is used the lifetime can be recovered thanks to the crystallization
of the 𝐼𝑂:𝐻 at high temperature. Annealing has also positive effects on the electrical characteristics,
indeed the mobility before annealing is 𝜇 = 60 𝑐𝑚ኼ𝑉ዅኻ𝑠ዅኻ and after annealing it increases to 𝜇 = 120
𝑐𝑚ኼ𝑉ዅኻ𝑠ዅኻ. On the contrary, when ITO is employed the collapse in lifetime after sputtering cannot be
recovered.

• Does the back TCO influence positively the performance of the solar cell?

Another set of experiment was carried to compare the effect of the back TCO. Two solar cells were
fabricated with 75 𝑛𝑚 of 𝐼𝑂:𝐻/𝐼𝑇𝑂 deposited at the front. One was without back TCO while the other
had 120 𝑛𝑚 of 𝐼𝑂:𝐻/𝐼𝑇𝑂. When back TCO is used an increase in EQE in the long wavelength is
noticed, due to the increased internal reflection at the back, hence there is a gain in photogenerated
current, however this cannot counterbalance the reduction in 𝑉፨፜ and 𝐹𝐹. The low 𝑉፨፜ is, once more,
a prove of the sputtering damages on the thin film. The low fill factor, instead, is sign of shunt or high
𝑅፬. The difference between pFF and FF is very high (pFF - FF = 18.1%), which implies the presence
of high series resistance. The high 𝑅፬ probably results from the workfunction mismatch at the a-Si(n) /
TCO contact. Given that the electron affinity of the BSF is 𝑋ፚዅፒ።(፧) = 3.9 𝑒𝑉 and that the workfunctions
of the used TCO are 𝜒ፈፎ∶ፇ = 4.6-4.8 𝑒𝑉 and 𝜒ፈፓፎ = 5.3-5.4 𝑒𝑉, the resulting Δ𝑊𝐹 is too high and it
leads to Schottky barrier formation.

• How to improve the metallization of the HIT solar cell by targeting an increase in FF?

At this point of the work we obtained devices with very high value of current 𝐽፩፡ = 40.4𝑚𝐴/𝑐𝑚ኼ and
voltage 𝑉፨፜ = 694 𝑚𝑉. Nevertheless, the performances of the cells were still limited due to the low fill
factor. To address the issue of a low fill factor, an alternative metallization technique is used in the front.
Thanks to electroplating we could grow copper fingers with height = 40 𝜇𝑚 (compared to the reference
Al fingers with height = 2 𝜇𝑚). The increase in finger height, hence aspect ratio, allows to drastically
decrease the 𝑅፬. Two solar cells were fabricated with Al and Cu front metals, the cell metallized with
copper has lower 𝐽፬፜ and 𝑉፨፜, but the increase in FF by 6.5% determined an overall improvement in
the power conversion efficiency 𝜂 = 18.44% compared to 𝜂 = 17.71% obtained with Al metallization.
Potentially the cell fabricated with copper can be further improved, since the decrease in 𝑉፨፜ proved
that copper diffused on the c-Si bulk destroying the passivation. In this cell 300 𝑛𝑚 of seed material
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(titanium) were deposited by e-beam evaporation, which may damage the under-layers due to high
energetic particle bombardment. The lower 𝐽፬፜ obtained with copper is caused by a decreased carrier
transport at the junction between the (n) TCO / Cu. Copper has higher workfunction than aluminum
and this lead to the formation of a Schottky barrier in the (n) TCO / Cu junction.

At the back contact, depending on the magnitude of the workfunction of the metal either an accu-
mulation contact or a depletion contact is formed. When low workfunction aluminum is used, an ohmic
junction will form and the carrier can flow over the junction with no contact resistance.





6
Conclusions and Outlook

Pre-PECVD-deposition treatments are crucial to increase the performances of solar cells. Wafers are
textured for 20 minutes in a solution of 4 𝑙 of DI water, 1 𝑙 of TMAH 25% and 120 𝑚𝑙 of Alkatex Zero.
The resulting surface morphology has a uniform distribution of pyramids. Moreover, the probability of
absorption of light is increased due to the fact that small pyramids (height = 0.5 𝜇𝑚) are surrounded by
bigger pyramids (height = 4 𝜇𝑚), favoring the reflection of hitting photons. After texturization the wafers
are cleaned through four Nitridic acid oxidation cycles. 𝐻ኼ plasma treatment on the PECVD chambers
is performed (50 𝑠𝑐𝑐𝑚 of𝐻ኼ gas flow at p = 2𝑚𝑏𝑎𝑟 and P = 60𝑊 for 10 minutes). Holder contamination
is also an issue due to the residuals of boron atoms/molecules on the holders. An increase in lifetime
was observed when the holders were pre-covered with 70 𝑛𝑚 of dummy intrinsic layer.

The influence of plasma-enhanced chemical vapour deposition process parameters on the prop-
erties of amorphous layers is investigated with the aim of enhancing the passivation quality and the
external parameters of the solar cells.

Firstly, the intrinsic layer is optimized. This thesis proposes a passivation mechanism where in
between c-Si and the highly hydrogenated intrinsic a-Si:H layer, a non-hydrogenated intrinsic layer, the
seed layer is introduced. With this structure, we aimed at preventing the growth of the epitaxial layer
(with the intrinsic seed layer) as well as at the maximum saturation of dangling bonds (with the intrinsic
highly hydrogenated layer) and at enhancing the transportation of minority carriers toward the selective
contacts.

The study of the front emitter is very challenging, since the (p) a-Si:H layer is responsible for ham-
pering the device performance. A trade-off between high carrier selectivity (high doping) and induced
defects on the intrinsic layer needs to be addressed. The problem is related to the fact that when
the 𝐸ፚ of the (p) a-Si:H decreases, the amount of boron introduced in the structure increases. These
particles are highly reactive and small, therefore they can diffuse into the passivating layer resulting
in a defective interface with the c-Si. Again, the critical part of the fabrication was to find the optimal
trade-off, in this case between high band bending and low defect density. The emitter used (𝐻ኼ = 200
𝑠𝑐𝑐𝑚, 𝑆𝑖𝐻ኾ = 1.5 𝑠𝑐𝑐𝑚, 𝐵ኼ𝐻ኾ = 4.5 𝑠𝑐𝑐𝑚) has 𝐸ፚ = 410 𝑚𝑒𝑉 and 𝜏፞፟፟ᑡᑣᑖᑔᑦᑣᑤᑠᑣ = 3400 𝜇𝑠. Thus an
improvement with respect to the reference emitter which had 𝐸ፚ = 608 𝑚𝑒𝑉 and 𝜏፞፟፟፩፫፞፜፮፫፬፨፫ = 1483
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𝜇𝑠 was obtained. It should also be noted that the (p) a-Si:H layer employed is highly hydrogenated so
it prevents the formation of a highly defective layer and favors the formation of Si-H bonds by further
improving the chemical passivation.

At the back side, the (n) a-Si:H layer employed in this work has a very low activation energy (𝐸ፚ
= 212 𝑚𝑒𝑉) and it is able to induce a strong electrical field, while the (i) a-Si:H chemically passivates
the dangling bonds. The BSF/back contact junction is critical because it may lead to a penetration of
the band bending imposed at the BSF/metal junction through the entire BSF stack and diminish the
c-Si band bending, which would lead to more recombination. This effect can be neutralized with a thick
enough BSF layer.

Despite the several advantages offered by heterojunction, the a-Si:H suffers of very low conductivity.
Therefore, a TCO conductive layer which fosters lateral conductivity from the emitter to the front contact
is required. The optimal TCO should have (i) high electrical conductivity to act as carrier transport
medium, (ii) high optical transparency to minimize the parasitic absorption and (iii) a mean refractive
index to serve as anti-reflection coating.

The front TCO used is formed by 65 𝑛𝑚 of 𝐼𝑂:𝐻 and 10 𝑛𝑚 𝐼𝑇𝑂, this structure shows higher trans-
parency and mobility while maintaining low resistance with the metal if compared to the reference TCO.
Annealing of 𝐼𝑂:𝐻/𝐼𝑇𝑂 is essential to crystallize the film and increase the electrical properties and re-
cover the lifetime which collapsed after sputtering the TCO.

With a TCO deposited at the back we can gain in photogenerated current, but this gain cannot
counterbalance the reduction in 𝑉፨፜ and 𝐹𝐹.

At this point of the work we obtained devices with very high value of current 𝐽፩፡ = 40.4 𝑚𝐴/𝑐𝑚ኼ
and voltage 𝑉፨፜ = 694 𝑚𝑉. Nevertheless, the performances of the cells were still limited due to the
low fill factor. To address this issue, an alternative metallization technique is used in the front. With
electroplating we could grow copper fingers with height = 40 𝜇𝑚 (compared to the reference Al fingers
with height = 2 𝜇𝑚). The cell metallized with copper has lower 𝐽፬፜ and 𝑉፨፜, but the increase in FF by
6.5% determined an overall improvement in the power conversion efficiency 𝜂 = 18.44% (𝑉፨፜ = 672𝑚𝑉,
𝐽፬፜ = 39.1 𝑚𝑉 and 𝐹𝐹 = 71.71 𝑚𝑉) compared to 𝜂 = 17.71% obtained with reference Al metallization.

6.1. Outlook
There is still a substantial gap between the highest efficiency achieved and the record efficiency. Al-
though the results on the fabricated devices presented in this thesis represent a self-contained piece
of work, further improvements can be applied.

Device fabrication
In terms of solar cell processing, there are few consideration to be done. Most important is the

(p) a-Si:H which has been proven to be the main cause of hampering the device performances. The
proposed (p) a-Si:H shows two main problems:

1. It is highly hydrogenated, which results in a structural modification and change in chemical bond-
ing of the c-Si/ (i/p) a-Si:H interfaces and risks of etching away the (i) a-Si:H layer,

2. It is lowly doped, which results in low band bending. However the problem is that 𝐵ኼ𝐻ዀ particles
are very reactive and boron diffuses easily through the passivating layer, so we cannot increase
the doping level of the emitter.
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These two problems can be overcome by incorporating other elements (oxygen and carbon) into
the a-Si:H network. 𝐶𝑂ኼ guarantees a good passivation, by favoring the substitution of the weak 𝑆𝑖−𝑆𝑖
and 𝑆𝑖 − 𝐻 bonds with 𝑆𝑖 − 𝑂. The emitter would benefits of a wider bandgap which would increase
band bending (hence carrier selectivity) while avoiding the need to increase the 𝐵ኼ𝐻ዀ gas flow and, at
the same time, would reduce parassitic absorption of these front layers. On the back side of the solar
cell further improvements can be achieved by depositing intrinsic 𝑎 − 𝑆𝑖𝑂፱ ∶ 𝐻 or 𝑎 − 𝑆𝑖𝐶፱ ∶ 𝐻. iI this
way, besides excellent surface passivation and symmetry, there is no more need to texturize the back
of the c-Si, since the proposed a-Si alloy can guarantee a better internal reflection with respect to the
reference a-Si:H [23].

The calculation of 𝑝𝐹𝐹 and 𝐹𝐹 revealed that 𝑝𝐹𝐹 = 81.4% when 𝐼𝑂:𝐻/𝐼𝑇𝑂 is deposited at the front
and the back while 𝑝𝐹𝐹 = 77% when 𝐼𝑂:𝐻/𝐼𝑇𝑂 is deposited only at the front. Nevertheless the 𝑟𝑒𝑎𝑙 𝐹𝐹
is higher for the latter case. This proves that the sputtering process causes a damage which should
be further investigated. A comparison of the 𝐹𝐹, 𝑝𝐹𝐹 and 𝑖𝐹𝐹 could also help to understand to which
extend the shunt and the series resistances individually hamper the device performances.

From a fabrication methodology point of view, for each TCO deposition, a film on a bar glass should
be co-deposited such that TCO properties (thickness, resistivity, carrier density and carrier mobility)
can be measured. Another issue of the fabricated devices is the low shunt resistance. So far the TCO
has been sputtered on the entire surface of the wafer, therefore in future it is advisable to adopt masks
or a proper edge isolation step to avoid any shunt in the cell.

The metallization also requires further optimization.
The front metallization with copper is very promising but fabrication improvements are still required,

i has been already mentioned the necessity of using a seed layer, currently it is employed Titanium
(300 𝑛𝑚), but it present two disadvantages:

1. It is deposited on the whole surface of the wafer, which implies the need of etching it away after
the plating of copper, on this respect the use of alignment markers would simplify the process.

2. It is deposited by e-beam evaporation, which is a hard deposition technique which can damage
the thin a-Si:H layer.

The titanium can be replaced with nickel, which is chemically grown, this has two main advantages:
(i) it would avoid the strong ion bombardment of evaporation, (ii) a thicker layer (around 1 𝜇𝑚) can be
grown which ensures that copper do not diffuse and contaminate the c-Si.

The best back metallization resulted to be the one with silver, chromium and aluminum. In this work
it is proved that, from a carrier transport point of view, aluminum is better than silver, nevertheless,
from an optical point of view, silver has higher reflective index which allows better internal reflection.
Further studies should be implemented in finding the optimal trade off between the electrical and optical
characteristics of the back contact.

Fundamental aspects
The microscopic structure of the a-Si:H layers should be analyzed with FTIR, Raman and TEM after

the PECVD deposition and after the deposition of all subsequent layers, to verify bonds composition
and the eventual change in microstructure characteristics.

The simulations of the band bending were performed based on work function values found in liter-
ature, specific UPS measurements should be done to find the exact work function value of the a-Si,
TCO and metal fabricated.
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