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Abstract

Passivating contacts in the front-rear contacted c-Si solar cells enhances the device performance by
quenching the contact recombination and enabling sufficient carrier transport. Tunneling oxide passi-
vating contact (TOPCon) which consists of an interfacial oxide and a poly-SiO𝑥 layer is one of the most
promising contact techniques in passivating both surfaces of the silicon wafer. However, the full area
poly-SiO𝑥 layer is absorptive when it is applied at the front side which has become an efficiency limiting
factor. In this project, an advanced local poly-SiO𝑥 passivating contact architecture is proposed and
presented. The local poly-SiO𝑥 passivating contacts, so-called “poly-SiO𝑥 finger”, is deposited through
a hard mask at predefined locations which will be only placed underneath the metal contacts. The
formation of poly-SiO𝑥 finger and its application in the solar cells are discussed.

First, a silicon wafer hard mask is fabricated by a lithography process followed by a KOH wet
chemical etch-back process. Specified openings down to 38.7 𝜇m are established which isolate sections
of the substrate for the poly-SiO𝑥 finger formation. P+ doped a-SiO𝑥 :H is deposited using PECVD with
SiO𝑥 p+ diffused emitter commercial Cz wafers through the hard mask. By investigating the influence of
deposition parameters during the PECVD, specifically the power and pressure, decent uniformity of the
finger deposition is achieved. An optimized deposition condition of the doped a-SiO𝑥 :H is established
for the poly-SiO𝑥 finger formation: an RF power source at 15 Watt, a chamber pressure of 1.5 mbar,
and a substrate temperature of 180 °C. A narrow poly-SiO𝑥 finger with a width of 40.0 𝜇m has been
demonstrated.

Second, the passivation properties of the symmetrical samples are examined by varying the poly-SiO𝑥

and Al2O3 thickness for the hole carrier selective contacts. A full area p+ TOPCon and Al2O3 symmetric
samples were coated on the textured diffused p+ surface with an n-type c-Si substrate to investigate the
process parameters on the passivation properties. The optimal 𝑖𝑉𝑜𝑐 of p+ TOPCon samples is 662 𝑚𝑉
and a corresponding 𝐽0 of 156 𝑓 𝐴/𝑐𝑚2 which is obtained with a poly-SiO𝑥 thickness of 50 nm when
annealed at 850 °C. The optimal thickness for the Al2O3 passivation layer is achieved by depositing a 20
nm thick layer followed by FGA, with an 𝑖𝑉𝑜𝑐 of 692 𝑚𝑉 and a 𝐽0 of 22.4 𝑓 𝐴/𝑐𝑚2.

Finally, a process flowchart has been created to fabricate c-Si solar cells with the local p+ TOPCon
on the front p+ diffused emitter and a full area n+ TOPCon on the rear side. A localized polished
area is made by a poly-etch process for the alignment between the substrate and the pattern in the
lithography mask. Using the ascertained parameters during the optimization, NAOS-SiO𝑥 combining
with 50 nm-thick doped p+ a-SiO𝑥 :H fingers are applied on the p+ diffused surface and 100 nm-thick
n+a-SiO𝑥 :H on the rear side. A annealing step is performed for the crystallization. A 20 nm-thick
Al2O3 followed by a 75 nm SiN𝑥 layer are deposited on the front side and 100 nm SiN𝑥 layer is applied
on the rear side. Lithography, wet chemical etch-back together with Al/Ag(front/rear) evaporation
are utilized for solar cells metallization. The fabricated c-Si solar cells with poly-SiO𝑥 fingers has a
champion efficiency with an efficiency of 7.91 %, with a 𝑖𝑉𝑜𝑐 of 562 𝑚𝑉 , 𝑖𝑛𝑡 𝐽𝑠𝑐 of 34.7 𝑚𝐴/𝑐𝑚2 and
fill factor of 40.5 %. The limited performance originates from the poor passivation in the poly-SiO𝑥

local contact area and severe 𝑖𝑉𝑜𝑐 drop after the metallization process. For further improvement, good
performing c-Si solar cells by minimizing the recombination in the poly-SiO𝑥 local fingers contacts area
and optimizing metallization steps are expected to be fabricated .
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1
Introduction

1.1. Silicon solar cells
Solar energy is an indispensable building block for a renewable and neutral energy-system both in
the Netherlands and worldwide. The current cumulative installed capacity of PV modules in the
Netherlands at the end of 2022 exceeded 19 GW, worldwide this number is 700 GW [1, 2]. Given that the
large-scale usage of fossil fuels and the excessive CO2 emissions that come with it are the most important,
but not the only, cause of climate change, the implementation of Photovoltaic (PV) Technology will
only increase [3]. There are promising incentives to continue the development and implementation of
PV. The abundance of materials provides a good supply to fabricate PV modules, and the long-term
stability of crystalline silicon (c-Si) ensures a long lifetime of the PV modules. The expectation is that
the role of electricity generated from solar PV will strongly increase, potentially up to 90% of the total
energy supply in 2050 [4]. In order to make PV more affordable, it is important to increase the power
conversion efficiency (PCE) of semiconductor materials. Higher efficiencies lead to higher yields which
in turn results in lower module costs. Figure 1.1 shows the progression of efficiencies from various
companies and institutions over the years.
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Figure 1.1: Timeline of research solar cell energy conversion efficiencies since 1976 [5].

As figure 1.1 illustrates, there are many types of solar cells, and all of them are made of semiconductor
materials. Semiconductor materials come from different groups in the periodic table and they share
certain qualities. A conductor is a material that has the ability to conduct electricity. An insulator is a
material that has a poor conduction of electricity. A semiconductor is a material that has a moderate

1
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conductivity that sits between a conductor and an insulator. At low temperatures the semiconductors
will behave as insulators, and at higher temperatures they start to behave as conductors. There are
numerous elements and compounds that can be used as semiconductor material. Silicon (Si) however is
the most used material due to the low material costs, its ease of fabrication and a high abundance [6].

When a semiconductor is at an elevated temperature, such as the temperature where solar cells
operate, electrons that are present in the semiconductor lattice potentially start to move. Only if an
electron gains enough energy to move around the lattice it can participate in conduction. The minimum
amount of energy that is required for an electron to break free is called the bandgap of a semiconductor.
The energy and quantity of free electrons participating in conduction is crucial to the operation of solar
cells. Due to an electron moving around the lattice a space is left vacant. This space is called a hole
and appears as a positive charge in contrast to the electron. A good method to visualize the bandgap
is with a schematic showing the energy bands for electrons in a solid, as shown in figure 1.2. When
an electron attains enough energy it can excite from the valence band into the conduction band. The
minimum required amount of energy for this process has to be greater than or equal to the bandgap
energy. This energy varies per semiconductor material, for silicon it is equal to 1.12 𝑒𝑉 [7]. When
an electron-hole pair is generated and separated the final step is to collect them. This will take place
at metal contacts that form a connection with the semiconductor. The metal contacts are commonly
designed as a so-called finger grid designed to conduct the photogenerated current. A connection to an
external circuit allows the charge carriers to be transported out and perform electrical work. The carrier
behaviors can be summarized in four steps:

1. The absorption of photons in the semiconductor with energy greater than the bandgap energy
(𝐸 > 𝐸𝑔𝑎𝑝).

2. Formation of an electron-hole pair, with the electron moving from the valence band to the
conduction band.

3. Movement of the charge carriers through the semiconductor material.
4. Collection of the charge carriers at the contacts attached to both sides of the semiconductor surface.

Figure 1.2: An electron-hole pair is created when supplied sufficient energy (blue arrow). The electron-hole pair recombines to
release energy [8].

For the separation of the charge carriers solely pure silicon will not be sufficient. A p-n junction
has to be created in the semiconductor which allows for both types of charge carriers to relocate to
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one specific side of the semiconductor material. The process which provides the materials required
to form a p-n junction is called doping. During the doping process the number of electrons and
holes is varied. Once there is a dopant present in the semiconductor material the charge carriers
can be referred to as either majority or minority charge carriers. The n-type doping increases the
number of available electrons, the electrons are now called the majority charge carriers and hole are the
minority charge carriers. For p-type doping it is the exact opposite; the number of available holes is
increased, holes become the majority charge carriers and electrons the minority charge carriers. The p-
n junction is established by joining n-type and p-type material, leading to the separation of charge carriers.

Figure 1.3 shows a simplified representation of a high efficiency solar cell. It is composed of the
front contacts, a thin anti-reflection coating (ARC), a n-type emitter layer, a p-type absorber layer, a
p-type back surface field and full-area back contacts. The bulk material of the solar cell is the absorber
layer, this layer is also called the base and will absorb the majority of the incident photons and excites
charge carriers to the conduction band [9]. The top layer of the solar cell is referred to as the emitter,
together with the base it forms the p-n junction. The back surface field (BSF) is a highly doped region,
the interface’s highly and low doped regions behave similar to a p-n junction despite being the same
dopant type. The purpose of the BSF is to prevent minority carriers from reaching the back contacts,
this promotes the solar cell efficiency.
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1.9. Crystalline Silicon (c-Si) Solar Cells 

About 90% of globally produced solar cells are based on crystalline silicon and is by 

far the most important material in photovoltaics industry [8]. There are two types of 

crystalline silicon solar cells available in the market, monocrystalline and polycrystalline. 

Monocrystalline silicon is a crystalline solid material in which the crystal lattice is 

continuous and unbroken until the boundaries. Polycrystalline silicon or polysilicon is a 

material that consists of many small monocrystalline grains which are mixed in random 

orientations. Monocrystalline has one uniform color while polycrystalline has clear random 

grains that are visible even to the human eye [9]. Monocrystalline silicon solar cell has higher 

efficiency compared to polycrystalline solar cells due to lesser defects thus having longer 

recombination time for charge carriers. Figure 5 shows the monocrystalline and 

polycrystalline solar cell wafers. 

 

Figure 5. Monocrystalline and polycrystalline silicon wafers [10] 

 

1.10. Structure of c-Si Solar Cells 

The basic structure of high efficiency crystalline silicon (c-Si) solar cell is shown in 

Figure 6. It is composed of front contacts, antireflection coating, emitter layer (N-type), 

absorber layer (P-type), back surface field and back contact. 

 

Figure 6. Basic structure of a crystalline silicon solar cell 
Figure 1.3: A schematic visualization of a typical crystalline silicon solar cell [10].

The efficiency of solar cells is characterized by various parameters indicating the performance.
Most importantly the current-voltage parameters include the short-circuit current (𝐼𝑠𝑐), the open-circuit
voltage (𝑉𝑜𝑐) and the fill factor (𝐹𝐹) [11]. The 𝐼𝑠𝑐 is the current flowing through the solar cell when
the electrodes are short circuited, and it expresses the maximum collection of photogenerated charge
carriers. The 𝐼𝑠𝑐 is dependent on the solar cell area, a more common manner to express this property is
the short circuit current density 𝐽𝑠𝑐 by using equation 1.1. The maximum current that the solar cell can
deliver depends on the optical properties of the solar cell which include the absorption in the absorber
layers and the reflection.

𝐽𝑠𝑐 =
𝐼𝑠𝑐

𝐴
(1.1)

where 𝐴 is the surface area of the solar cell in 𝑐𝑚2.

The 𝑉𝑜𝑐 is the maximum amount of voltage that the solar cell can deliver, it is obtained when no
current flows through the solar cell. It is dependent on the photogenerated current density and can be
calculated using equation 1.2:

𝑉𝑜𝑐 =
𝑘𝐵 ∗ 𝑇
𝑞

∗ 𝑙𝑛(
𝐽𝑝ℎ

𝐽0
+ 1) ≈ 𝑘𝐵 ∗ 𝑇

𝑞
∗ 𝑙𝑛(

𝐽𝑝ℎ

𝐽0
) (1.2)

where 𝐾𝐵 is the Boltzmann constant , 𝑇 is the temperature, 𝑞 is the elementary charge, 𝐽𝑝ℎ is the
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photogenerated current and 𝐽0 is the saturation current density.

The power output of a solar cell can be calculated by multiplying the current and the voltage, the fill
factor is the ratio of the maximum power output of the solar cell and the product of 𝐽𝑠𝑐 and 𝑉𝑜𝑐 . The
maximum power point (MPP) denotes the point when plotting the J-V characteristics of the solar cell
where the power output is the highest. The current and voltage of the MPP will always be lower than
those of the 𝐽𝑠𝑐 and 𝑉𝑜𝑐 , thus the 𝐹𝐹 is never higher than 1. Calculating the 𝐹𝐹 is achieved by using
equation 1.3:

𝐹𝐹 =
𝐽𝑚𝑝𝑝 ∗𝑉𝑚𝑝𝑝
𝐽𝑠𝑐 ∗𝑉𝑜𝑐

(1.3)

6 
 

Another important solar cell parameter is the fill factor (FF), which is defined by the quotient: 

𝐹𝐹 =
𝐽MPP × 𝑉MPP

𝐽sc × 𝑉oc
. (2.5) 

Figure 4 show an exemplary J-V curve, a Jsc-Voc curve shifted by Jsc and a P-V curve. The Jsc-Voc plot 

corresponds to the J-V curve without the influence of the series resistance. 

Extrinsic conditions for an operating solar cell are temperature, illumination spectra and illumination 

power density. A widely-used set of measurement conditions for solar cells are the standard testing 

conditions (STC) that imply a temperature of 25°C, the AM1.5G illumination spectrum, and a power 

density of 1000 W/m² (international standard IEC 60904-3-Ed2). AM1.5G means that the sun light 

passes 1.5 times the earth’s atmosphere (which corresponds to a zenith angle of 48.2°) and the global 

spectra (partially diffuse and direct light). In the present thesis all solar cells are measured as close as 

possible to STC.  

Combining equations (2.1) and (2.5), we obtain a useful relation: 

η =
𝐽sc × 𝑉oc × 𝐹𝐹

100 mW/cm2
 , (2.6) 

 

where the importance of the essential three solar cell parameters Jsc, Voc and FF becomes evident. In 

order to achieve high energy conversion efficiencies, Jsc, Voc and FF have to be optimized at the same 

time. 

 

Figure 4: Current voltage J-V curve (blue), short-circuit current open-circuit voltage Jsc-Voc curve shifted by Jsc (red) and 

power density voltage P-V curve (black). 

  

Figure 1.4: Graph visualizing the J-V curve of a solar cell given in blue and the power density of given in black. The fill factor can
be presented as the light-grey square box below the J-V curve [12].

Various factors influence the losses which accumulate throughout the solar cells, section 1.2 will
discuss the types of losses.

1.2. Solar cell power loss mechanisms
In order to further increase the performance of solar cells while approaching the maximum theoretical
efficiency it is important to minimize the losses. When analyzing the loss mechanisms occurring in
the semiconductor material they can be categorized in two groups: optical losses and electrical losses.
Section 1.2.1 discusses the optical losses and section 1.2.2 the electrical losses. Section 1.2.3 introduces
another source of recombination which is that between the semiconductor material and the metal
contacts.

1.2.1. Optical losses
Optical losses affect the power generated by the solar cell by lowering the short-circuit current. The
short-circuit current, usually written as 𝐼𝑠𝑐 , is the largest possible current that a solar cell can reach. The
optical losses influence this property because light can reflect from the solar cell surface. The photons,
of which the light consists, will not participate in the potential excitation of electrons from the valance
band into the conduction band. There are solutions to reducing the reflection incident on the solar cell
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surface, such as the inclusion of an ARC and texturing the semiconductor surface. An ARC is a small
dielectric material deposited on top of the semiconductor surface as a thin layer with a specific thickness.
The ARC ensures that light reflected from the surface is minimized. The theory is that the presence
of a double interface from the ARC can produce two reflected waves, one from the ARC coating and
one from the ARC/c-Si interface, these waves are out of phases with each other and this results in
destructive interference [13]. This means that the waves can partially or totally cancel each other out. A
single layer ARC can often reduce the majority of the reflections, and an ARC consisting of multiple
layers can improve the effectiveness even further.

Surface texturing is a common technique for solar cell fabrication by which the surface morphology
is changed. If the surface is flat then it is easy for light to reflect away from the surface, a textured
surface introduces the possibility for light reflected away from the surface to interact with the surface at
another location. The texturing can be performed by etching along the crystal planes of the c-Si lattice,
the surface morphology changes to randomized pyramids in the order of microns. Figure 1.5 shows
an example of the pyramids. Having light interact with multiple surfaces of the c-Si will improve that
chance that light passes into the semiconductor, rather than reflect away from it.

Figure 1.5: Side-view of randomized pyramids on a c-Si surface, image taken using the SEM.

Not all of the photons that are absorbed by the semiconductor material contribute to the attainable
photocurrent, and this loss mechanism is referred to as parasitic absorption. All the layers present in
the solar cell structure are potential sources of parasitic absorption [14]. This is especially relevant for
photons in the infrared (IR) wavelength range which spans from 780 nm upwards. The IR photons that
do not leave the semiconductor material contribute to heating up the temperature of the cell and this
phenomenon needs to be minimized.

Shading is separate mechanism leading to a lower efficiency, this is caused by the front side metal-
lization. The inevitable collection of charge carriers requires a portion of the surface area to be deposited
with conductive material for the collection. The magnitude of the shading loss is proportional to the
metallization surface area and affects the performance for all wavelengths.

Transmission of photons present another challenge for reducing the optical losses, and any photon
not being absorbed by the absorber layer is undesirable. At IR wavelengths the photons will not have
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enough energy to interact with the semiconductor material and excite an electron. The relationship
between the energy (E) of an electron and the wavelength is given by equation 1.4.

𝐸 =
ℎ ∗ 𝑐
𝜆

(1.4)

where ℎ is the Plank constant, 𝑐 the speed of light in vacuo and 𝜆 the wavelength.

Making the rear surface reflective can increase the path length of photons present in the cell, thus
having a higher chance of absorption. Figure 1.6 shows over the relevant solar cell wavelength range the
various contributions to the current loss [15].

Figure 1.6: EQE spectrum dependent analysis of photon losses of a pyramid-textured solar cell. Adapted from [16].

1.2.2. Electrical losses
Once an electron-hole pair is generated they are able to recombine, this mechanism is referred to as
recombination. Recombination is a process by which the electron interacts with a hole and reverts back
to its original state [17]. The rate of recombination plays a key role in the performance of solar cells.
There are three basic types of recombination that can occur in the bulk of the semiconductor material,
there are:

• Radiative recombination. This is a recombination mechanism dominant in direct bandgap
semiconductors. A direct bandgap signifies that a the highest point of the valence band is
aligned with the lowest point in the conduction band. The alternate indirect bandgap will have
a misalignment between these two points, and this will require an excited electron to have a
momentum provided from the vibrations of the crystal lattice. Silicon happens to be an indirect
bandgap material, this limits this type of recombination and can be considered negligible. During
this recombination an electron in the conduction band recombines with a hole in the valence band.

• Auger recombination. This is an important recombination mechanism for indirect bandgap
material. Auger recombination is a process which involves three particles, the momentum and
energy of a recombining electron-hole pair is transferred to another hole or electron. If an electron
received the transferred energy and momentum it excites into a higher level in the conduction band.
For a hole, it excites into a deeper level of the valence band. This third particle will eventually
transfer the energy in the form of heat. Auger recombination limits the lifetime of the charge
carriers and thus the efficiency.

• Shockley-Read-Hall (SRH) recombination. SRH recombination is facilitated by an impurity atom
or lattice defects, and these elements can introduce trap states. Electrons that are excited to the
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conduction band can be trapped at the defects expedited by the trap states and subsequently
recombine. This recombination mechanisms is the most dominant process in semiconductors.
The energy released from the recombination is also in the form of heat. Figure 1.7 shows a visual
representation of all the recombination mechanisms.

The rate of band-to-band radiative recombination can be written in the

form

Urad 5Bðnp2 n2i Þ ð20Þ
where the coefficient B is sometimes written as R/ni

2. Radiative transi-

tions between a free electron and a localised state within the band gap

may also be important in certain situations—for example, in novel con-

cepts such as the impurity photovoltaic effect. The values of B for silicon,

gallium arsenide, and indium phosphide can be found in Table 11. In

other situations, the radiative recombination coefficient B can be deter-

mined from optical absorption using the detailed balance argument due

to van Roosbroeck and Shockley [33].

Conduction band

Valence band

hυ
B

Radiative Auger Defect-
assisted

(SHR)

Cn0 Cp0 Et

τn0

τp0

Figure 9 A schematic diagram of the principal recombination processes in semicon-
ductors and the notation for the rate constant adopted in this book. The direction of
arrows indicates electron transitions.

Table 11 The coefficients B of the radiative recombination rate (Equation (20)) and
Cn0 and Cp0 of the Auger recombination rate (Equation (21)). Sources of data: (a) [34];
(b) [32]; (c) [35]; (d) [26]

B.cm3s21 Cn0 cm
6 s21 Cp0 cm

6 s21

Si 1.83 10215(a) 2.83 10231(b) 0.993 10231(b)

GaAs 7.23 10210(a) B10230(c)

InP 6.253 10210(d) B93 10231(c)

49Semiconductor Materials and Modelling

Figure 1.7: Schematic diagram of the three recombination processes in semiconductors, the direction of arrows indicates electron
transitions [18].

A parameter indicative of the recombination between electrons and holes is the saturation current
density 𝐽0. This parameters depends on fundamental semiconductor parameters, ideally this parameter
is as low as possible [11]. 𝐽0 is able to express the charge carrier recombination in both equilibrium and
under external illumination [19].

The surface of the semiconductor material also participates in defect-assisted recombination, the
abrupt discontinuation of the crystal lattice introduces dangling bonds. Dangling bonds are unpaired
electrons at the surface and are essentially trap states which will induce the SRH recombination. The
recombination at the dangling bonds is very high, and a technique for reducing the recombination at
the surface is by passivation. Passivation implies that a thin layer of material is deposited which can
form a bond with the dangling bonds. These new bonds result in a lower trap state density and reduce
the recombination. Section 1.3 will go into more detail regarding the passivation.

1.2.3. Metal-induced recombination
Significant recombination can occur between the semiconductor and metal contact interface. During the
application of the metal contacts a so-called firing step is included which allow the contacts to form.
This process occurs at higher temperatures which causes metal to penetrate the diffused doping region
and depassivates the interface [20]. Properties of the metals used for the contacts can also result in a sub-
optimal work function difference at the interface, resulting in an increased minority carrier concentration.

1.3. Passivating contacts
Quenching the surface recombination can be achieved reducing the surface defect density. Chemical
passivation by applying an ultra-thin layer of SiO2 or a-SiO𝑥 :H will form either Si-O or Si-H bonds,
respectively [21, 22]. These bonds will saturate the surface and passivate the dangling bonds. Layers
such as these two can be deposited through a chemical vapor deposition (CVD), during this process



1.3. Passivating contacts 8

the surface reacts with gasses brought at an elevated temperature. Alternative means for applying an
ultra-thin layer of SiO𝑥 is through nitric acid oxidation of silicon (NAOS) [23]. In this process the layer is
grown by the immersion of the silicon substrate in a high concentration of nitric acid (HNO3).

Electric field passivation is an alternate method to achieve passivation; this process involves
electrostatically shielding the charge carriers from the interface by an internal electric field [24]. Putting
a barrier in place is how this can be achieved. This barrier is formed by a placing a highly doped
region beneath the surface. For both methods of passivation the ultimate goal is to reduce the surface
recombination velocity (𝑆𝑟). Equation 1.5 shows how this parameter can be defined:

𝑆𝑟 = 𝜐𝑡ℎ ∗ 𝜎𝑝/𝑛 ∗ 𝑁𝑠𝑇 (1.5)

where 𝜐𝑡ℎ is the thermal velocity in 𝑐𝑚/𝑠, 𝜎 is the capture cross section in 𝑐𝑚2 and 𝑁𝑠𝑇 the surface
trap density in 𝑐𝑚−2. The lower this value is, the lower the recombination.

The limiting factor for solar cell efficiency is due to the effectiveness of photogenerated carriers
collection at the metal contacts [25, 26]. An additional material positioned between the semiconductor
and metal can reduce area of direct contact, and this is facilitated by local contacts. Local contacts can
be found in structures such as the passivated emitter and rear cells (PERC) and passivated emitter
locally diffused cells (PERL) [27]. Figure 1.8 shows how these structures are built with the local contacts,
with the local contact shown in green. This local contact is a doped area which reduces the minority
carrier density by reducing the equilibrium concentration of minority charge carriers caused by the
doping concentration thus resulting in a difference in chemical potential with respect to the c-Si bulk
[28]. Furthermore the minority carrier mobility is also reduced [29]. The consequence of adding local
contacts to the structure is an increase in processing complexity, and a compromise between the 𝑉𝑜𝑐 and
𝐹𝐹 due to an increase in ohmic losses [30].

Figure 1.8: Schematic side view of the PERC and PERL solar cell structure [27].

1.3.1. Local poly-SiO𝑥 passivating contacts
A specific material used for the local contacts is doped polycrystalline silicon (poly-SiO𝑥) [31]. The
doped poly-SiO𝑥 is the material which facilitates the carrier selectivity. Poly-SiO𝑥 can be fabricated by
depositing the surface with hydrogenated amorphous silicon (a-SiO𝑥 :H) and subsequently performing
an annealing process which converts the a-SiO𝑥 :H to poly-SiO𝑥 via solid-phase crystallization (SPC) [32].
The doped poly-SiO𝑥 can be used to form a connection with a metal contact to extract the charge carriers.
In combination with a chemical passivation by ultra-thin SiO𝑥 and a metal contact, a passivating contact
can be created. This manner of contact has already been implemented in tunnel oxide passivated contact
(TOPCon) structures. Figure 1.9 shows a TOPCon stricture featuring a full tunnel oxide passivated rear
contact and a diffused p+ boron doped emitter.
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temperature annealing process to transform this doped amorphous sili-
con layer into doped poly-crystalline silicon layer. Depending upon 
annealing conditions, a very good surface passivation was observed 
which in turn provided a very high implied open-circuit voltage (iVoc) of 
above 710 mV and a very low recombination current density (J0,rear) of 
about 9–13 fA/cm2. This novel approach was named as TOPCon (Tunnel 
Oxide Passivated Contact) structure and the solar cells which comprise 
of this TOPCon structure are known as TOPCon solar cells. The sche-
matic diagram of a TOPCon solar cell is depicted in Fig. 3 which features 
tunnel oxide passivated rear contact and a diffused boron-doped p+

emitter. To reduce the front side surface recombination, boron-doped p+

emitter was passivated by a stack of atomic layer deposited (ALD) 
aluminium oxide (Al2O3) layer and plasma-enhanced chemical vapor 
deposited (PECVD) silicon nitride (SiNx) layer. Besides, it has been well 
established that silicon nitride (SiNx) layer also serves the purpose of 
anti-reflection coating (ARC) so that optical confinement inside the solar 
cell can be enlarged. Using this novel structure, apart from high implied 
voltage (iVoc), high implied fill factor (iFF) was also obtained in both 
maximum power point (MPP) and open-circuit (OC) conditions. In the 
cell fabrication process, front side metallic contacts were realized by 
thermally evaporated Ti/Pd/Ag seed layer and subsequent electro-
plating of Ag layer. The width of the metallic fingers was kept as 20 μm. 
On the other hand, thermally evaporated Ti/Pd/Ag stack was used as 
rear side metallic contact. Eventually, the best cell with an active cell 
area of 2 cm × 2 cm based onto 200 μm thick, <100> oriented, 1 Ω-cm, 
n-type FZ silicon wafers demonstrated a power conversion efficiency of 
21.81% featuring a short circuit current density (Jsc) of 38.4 mA/cm2, an 
open-circuit voltage (Voc) of 690.8 mV and a fill factor (FF) of 82.1%. In 
contrast, the best power conversion efficiency of 19.6% with Voc of 
638.3 mV, Jsc of 37.8 mA/cm2 and FF of 81.1% was achieved for the 
identical solar cells without TOPCon structure at the rear side. There-
fore, the importance of incorporating TOPCon structure at the rear side 
of the crystalline Si solar cells may be well understood. The process flow 
of TOPCon solar cell reported by Feldmann et al is given below: 

Step 1: Selection of shiny-etched 200 μm, <100> oriented, 1 Ω-cm n- 
type FZ Si wafers (2 cm × 2 cm) 
Step 2: Cleaning of wafers by standard RCA process 
Step 3: Diffusion of boron into random pyramid textured front side 
Step 4: Deposition of 1.4 nm SiOx layer (wet chemical process) and 
subsequent 20 nm phosphorous doped amorphous Si layer (PECVD 
process) at the rear side 
Step 5: High temperature annealing (optimized annealing tempera-
ture ∼ 850◦C) in N2 atmosphere 
Step 6: Deposition of ALD coated Al2O3 layer and PECVD coated SiNx 
layer onto front p+ emitter 

Step 7: Front side metallization by thermally evaporated Ti/Pd/Ag 
seed layer (finger width: 20 μm) and subsequent electroplating of Ag 
layer 
Step 8: Rear side metallization by thermally evaporated Ti/Pd/Ag 
layer 

However, for better light management, rear side Ti/Pd/Ag metallic 
stack was replaced by either a stack of lowly doped 200 nm ITO layer 
and 1 μm Ag layer or single 1 μm Ag layer. The use of ITO/Ag stack or 
single Ag layer provided higher Jsc compared to the cells featuring Ti/ 
Pd/Ag as rear side metallic contact. However, the solar cells featuring 
ITO/Ag stack at the rear side suffered from achieving higher FF due to 
having higher series resistance value. In contrast, no decrement in the FF 
was observed for the solar cells featuring single Ag layer at the back side. 
Additionally, the authors also varied the metalized area fraction at the 
front electrode by choosing two different contact opening widths (5 and 
20 μm). The reduction of metalized area fraction from 3% (20 μm con-
tact opening) to 1.1% (5 μm contact opening) resulted in a decrement of 
recombination current density at front metal/semiconductor interface. 
As a result, significant improvement in Voc was observed. Consequently, 
TOPCon solar cells featuring Ag single layer as the rear electrode and 
metalized area fraction of 1.1% at the front side demonstrated the 
highest conversion efficiency of 23.7% (Voc = 703.3 mV, Jsc = 41.0 mA/ 
cm2 and FF = 82.2%) whereas relatively poor power conversion effi-
ciency of 23.3% (Voc = 693.0 mV, Jsc = 41.4 mA/cm2 and FF = 81.2%) 
was obtained for the solar cells featuring Ag single layer as the rear 
electrode and metalized area fraction of 3% at the front side. The authors 
suggested that further improvement in the power conversion efficiency 
may be realized by reducing the recombination current density at front 
emitter. Consequently, Hermle et al. realized an enhancement in power 
conversion efficiency by placing selective emitter structure underneath 
the front side metallic contact [25]. Here, the best cell fabricated on 
n-type FZ c-Si wafer with an active cell area of 2 cm × 2 cm provided a 
power conversion efficiency of 24.9% with Voc = 718 mV, Jsc = 41.5 
mA/cm2 and FF = 83.4%. The incorporation of selective emitter struc-
ture underneath the metallic contact resulted in a very low front sided 
recombination current density (J0_front) of 16 fA/cm2 [14 fA/cm2 due to 
the 150Ω/sq p+-emitter and 2 fA/cm2 due to the selective emitter 
structure]. The authors further revealed that reduction in recombination 
current density at front p+ emitter and enhancement of optical 
confinement of the incident light into the absorbing layers may lead to 
fabricate TOPCon solar cells with the power conversion efficiency of 
well above 25%. Eventually, in 2015, Glunz et al. announced about the 
development of TOPCon solar cells with a conversion efficiency of 
25.1% (Voc = 718 mV, Jsc = 42.1 mA/cm2, FF = 83.2%) [21]. The 
corresponding cell area was 2 × 2 cm2. Fig. 4 represents the band dia-
gram of different interfaces such as a-Si/c-Si, poly silicon with tunnel 
oxide/c-Si and amorphous/poly silicon with tunnel oxide/c-Si (TOP-
Con). From these band bending diagrams, efficient and simplified sep-
aration of photo-generated carriers at the back side of n-Si base for a 
TOPCon solar cell can be well understood. 

Almost one and half years later, in 2017 Richter et al. reported about 
the influential effect of wafer thickness and bulk resistivity on the power 
conversion efficiency of TOPCon solar cells [15]. In the study, 150, 200 
and 400 μm thick n-type FZ Si wafers having a resistivity of 5 Ω-cm were 
used for the variation of thickness. In contrast, study of resistivity 
variation was conducted by choosing 200 μm thick n-type FZ Si wafers 
having three different resistivities of 1, 5and 10 Ω-cm. Solar cells 
featuring all these variations demonstrated a conversion efficiency of 
about 25%. However, significant degradation in FF and pseudo-FF (PFF) 
was observed for the increment of the base resistivity. Quokka simula-
tion study revealed that this reduction of FF may be caused due to the 
increment of Shockley-Read-Hall recombination losses in c-Si bulk. 
Simulation study also confirmed that the concentration of impurities in 
c-Si bulk is strongly dependent on the wafer thickness too. Finally, after 
optimizing the wafer thickness and resistivity, 25.7% (Voc = 725 mV, Jsc 

Fig. 3. Schematic diagram of tunnel oxide passivated contact (TOPCon) solar 
cell [20]. 
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Figure 1.9: Schematic structure of a TOPCon solar cell [33].

1.4. Motivation and objectives
A shortcoming of using full-area poly-SiO𝑥 for the carrier-selective contacts is the increase of parasitic
absorption losses [34]. In the TOPCon structure shown in figure 1.9 the poly-SiO𝑥 layer is placed at
the rear side, this induces much less parasitic absorption losses resulting in a higher overall 𝐽𝑠𝑐 . In this
project the poly-SiO𝑥 will be applied on the front surface of a TOPCon structure solar cell, however
to prevent the photo generated current loss induced by the parasitic absorption losses it will only be
applied locally. The locally applied doped poly-SiO𝑥 will function as a carrier-selective contact. One
approach for the local contact deposition is using a hard mask to deposit doped a-SiO𝑥 :H through
specified openings [35]. During a deposition process this mask will allocate the positions where the
a-SiO𝑥 :H may be deposited on the semiconductor substrate. In order to fabricate local passivating
contacts solar cells the poly-SiO𝑥 finger through the hard mask will have to be investigated. Furthermore
applying all the necessary layers for a TOPCon structure needs to be optimized in order to properly
function with the local carrier-selective contacts. The research questions that are posed for this project
are:

• How do the PECVD deposition conditions affect the local poly-SiO𝑥 fingers formation through a
hard mask?

• What is the influence when tuning the process parameters on the surface passivation of textured
p+ diffused c-Si and local poly-SiO𝑥 fingers?

• Can a flowchart be created for poly-SiO𝑥 finger solar cell fabrication?

1.5. Thesis outline
The report is structured in six chapters. Chapter 1 contains an introduction to solar cells and a description
of the recombination that can occur, as well as introducing the passivating contacts. In chapter 2 all
the necessary equipment and techniques that are required to make the eventual local poly-SiO𝑥 solar
cells are described and explained. This chapter also introduces the equipment used to analyze the
performance of the fabricated solar cells and its precursors. Chapter 3 focuses on the method to fabricate
the local poly-SiO𝑥 , first discussing how to make the hard mask and subsequently how to optimize the
depositions that are applied by implementing the hard mask. In chapter 4 the experimental procedures
for the surface passivation are described and analyzed, with a section dedicated to the doping profile of
the c-Si precursor. Chapter 5 discusses the fabrication of the local carrier-selective solar cells, followed
by the measured performance of the finalized local poly-SiO𝑥 carrier-selective solar cells and gives an
explanation for the power loss that was measured. Conclusions and recommendations for a follow-up
project are finally presented in chapter 6.



2
Experimental method

This chapter discusses equipment located in the EKL, Kavli and ESP lab that allows for either fabricating
parts or defining the quality of applied features of the local poly-SiO𝑥 solar cells. Section 2.1 explains
how to go from a semiconductor to a functional solar cell, section 2.2 introduces equipment used to
analyze the poly-SiO𝑥 solar cells at various steps in the overall process. In section 2.3 a technique to
map the concentration of dopants is briefly introduced.

2.1. Equipment for the fabrication of local poly-SiO𝑥 solar cells
2.1.1. Laser cutter
The ability to create any shape out of a c-Si substrate is provided by the laser cutter. This machine
allows the user to draw shapes in the software which it will trace in the chamber containing the c-Si
substrate. Unconventional shapes can be cut to the standard 4-inch wafer size. A single trace of the
shape with the laser will never be sufficient to cut the c-Si substrate, the shape is always looped several
times. The cutting speed and power may also be changed to optimize the process. Generally the best
cuts and sharpest edges are obtained when the speed of the laser is at least 200 mm/sec and looped
for 100 cycles. If the thickness of the substrate increases then the number of loops will have to be
increased proportionally. Between each cutting process the chamber requires cleaning to remove any
shards that broke off from the surface. Figure 2.1 shows the chamber is where the wafers are positioned
below the laser, on the top and right side of the wafer are extrusions in the chamber’s table. Position-
ing the wafer against both these reference points provides the functionality to produce repeatable results.

Figure 2.1: Process of a large square wafer being laser cut into four smaller wafers.
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2.1.2. RCA cleaning
Contamination is a significant issue for silicon wafers during solar cells manufacturing. Any contaminant,
whether it is organic or inorganic, can reduce the performance of the eventual solar cell. Thankfully
a cleaning process can be carried out which will get rid of the majority of the contaminants when
performed correctly, and subsequently apply a thin protective layer on the semiconductor surface. This
cleaning process is called RCA cleaning and it consists of two steps [36]:

RCA 1
First is the RCA 1 cleaning process, the purpose of RCA 1 is to remove organic contamination and
particles for the c-Si surface. RCA 1 requires a solution consisting of deionized water, ammonium
hydroxide (NH4OH) and hydrogen peroxide (H2O2) heated up to a temperature of 70 °C. Prior to
submerging the wafers that need to be cleaned, a rinsing bath in deionized water is required. Another
bath is vital for a successful cleaning process, which is a bath for a so-called hydrogen fluoride (HF) dip.
This bath consists of mostly deionized water and a small concentration of HF. The purpose of the HF
dip is to remove native oxide which naturally grows on the semiconductor surface. A concentration of
0.55 % should be enough when performing the HF dip for a single minute. It should be apparent if the
HF dip is successful, because when the silicon wafers are removed from the bath the surface should be
hydrophobic. For safety reasons and to prevent the unwanted and potentially dangerous mixture of
chemicals, a rinsing step is obligated between every soaking process. When all solutions are prepared
and at the proper temperature, the order of the RCA 1 is as follows:

1. Rinse for 5 minutes in deionized water
2. HF dip for at least 1 minute
3. Rinse for 5 minutes in deionized water
4. RCA 1 bath for 10 minutes
5. Rinse for 5 minutes in deionized water

The result is a surface free of organic particles and a thin oxide on the surface of the wafer.

RCA 2
Second is the RCA 2 cleaning process, this is a further cleaning step and is a procedure for removing
metal ions from the silicon wafer surface. A slightly different combination of chemicals is used for
RCA 2. This solution also consists of deionized water and hydrogen peroxide, but additionally uses
hydrochloric acid (HCl) heated up to a temperature of 80 °C. For RCA 2 the hydrogen peroxide is
added after the solution has reached the required temperature. This is because the solution becomes
active after the hydrogen peroxide is mied into the solution and only is effective for no longer than 30
minutes. Given the waiting time required for the solution to reach 80 °C, it would be ineffective to add
the hydrogen peroxide prior. The order of the RCA 2 is as follows:

1. Rinse for 5 minutes in deionized water
2. HF dip for at least 1 minute
3. Rinse for 5 minutes in deionized water
4. RCA 2 bath for 10 minutes
5. Rinse for 5 minutes in deionized water

The result when performing these steps is clean wafers free of contamination that would hinder
the solar cell performance. RCA cleaning is performed in the wet bench located in the EKL C10000.
Appliances that provide the chemical baths with heat to increase the temperature are the built-in sink
and hotplate. The built-in sink provides heat via bain-marie, which is a heated bath used to gently heat
up the chemical bath. The RCA bath is placed in a room-temperature water bath, heat is then supplied
to the water bath and is transferred to the RCA bath. When using the hotplate to heat the RCA bath,
heat is directly supplied to the bottom of the RCA bath.



2.1. Equipment for the fabrication of local poly-SiO𝑥 solar cells 12

2.1.3. Local doped poly-SiO𝑥Ox formation
To create the doped poly-SiO𝑥 two processes will have to be used: plasma-enhanced chemical vapor
deposition (PECVD) and annealing. PECVD deposits materials based on predefined gases, these
react with electrodes in a deposition chamber which creates a plasma. Figure 2.2 depicts the working
principle for PECVD. The PECVD has many degrees of freedom when performing depositions, such as
temperature and deposition power [37]. The PECVD is performed using the AMOR located in the EKL
C10000. The AMOR contains several chambers that are hooked up to particular gasses, some chambers
can only be used to deposit n-type material while another chamber can only deposit p-type. The
chambers are kept at a constant temperature of approximately 180 °C. Singular substrates are positioned
inside of a holder, the substrate is clamped in the holder to prevent it from falling in the machine. The
hard mask and a substrate can be positioned in the same holder for a hard mask deposition. Inserting a
substrate in any chamber requires the use of a load-lock capable of pumping down to a low pressure
environment in the AMOR. The chambers in the AMOR can remain at a low pressure environment
while the load-lock is able to be brought to atmospheric pressure for inserting the holders. A robotic arm
facilitates the movement of the holder to any of the chambers. It is not possible to perform a deposition
for more than one wafer at a time, making the PECVD quite time-intensive. Using a combination of
silane (SiH4), hydrogen and boron, the doped a-SiO𝑥 :H can be deposited. Holders that are removed
from the AMOR will first have to cool down for further processing.

uses low energy ion sources by combining end-Hall ion
and hollow cathode electron sources together for sputter-
ing. The hollow cathode electron source is used for ejec-
tion of electrons whereas end-Hall ion source is used to
maintain stable plasma. This kind of ion source produces a
very high density of inert gas ions that increases deposi-
tion rate as compared to conventional IBSD.[32,33] This
method enables to deposit different nonmagnetic materials
such as chromium, titanium, Ag, magnetic materials such
as iron, cobalt, nickel, etc., and dielectric materials such as
aluminum oxide, silicon oxide, etc.

Plasma-Enhanced CVD

Working principle

Fig. 9 depicts working principle of plasma-enhanced CVD
process in which a mixture of an inert gas and reactant gases
is supplied between the ground substrate and the cathode.
Here, the inert gas ionizes to form capacitive coupling
between substrate and cathode by supplying 13.56 MHz
RF power to the cathode. Ionization of the inert gas molecule
helps in dissociation of reactant gas which further reacts with
other gas molecules or substrate material to form a new
compound at the surface of the substrate.[34] The process
involves chemical action, hence no subsequent heat is gen-
erated during the process. A variety of thin films can be
deposited on the temperature-sensitive substrates. The tem-
perature generated during process generally is in the range
from 250°C to 350°C which is quite low as compared to the
conventional CVD process. Another main advantage of
PECVD is the formation of ions through inert gas which

may bombard on the growing thin film coating. This plays
an important role in growth kinetics, nucleation, stress, struc-
ture, and properties of the deposited material.[35] High-
density power sources such as microwave (MW-PECVD)
and electron cyclotron resonance (ECR-PECVD) can also
be used for deposition of advanced materials.[36]

Advantages and disadvantages

PECVD offers many advantages such as low working tem-
perature, uniform deposition, good deposition on corners
and steps, less porosity, good adhesion with substrate, and
more flexibility in working with different depositing mate-
rials. Better control of PECVD process parameters allows
tailoring of mechanical, chemical, electrical, and optical
properties, stoichiometry, and residual stresses of the depo-
sition. It has some disadvantages such as generation of
toxic by-products, problems in depositing pure metals, and
costly process equipment.[6]

Applications

Materials typically deposited using PECVD include silicon
carbide, silicon nitride, silicon dioxide, and amorphous sil-
icon. Silicon nitride and silicon dioxide are the commonly
used insulating materials in the fabrication of electronic
devices. PECVD finds various thin film deposition appli-
cations in different fields such as microelectro-mechanical
systems (MEMS) to improve optical and mechanical prop-
erties,[37] depositing superconducting materials such as nio-
bium–germanium (Nb3Ge) and (CuMo6S8), semiconductor
deposition, depositing diamond-like carbon film (DLC) as
antireflection coating,[38] and microcrystalline silicon thin
film for solar cells.[39]

Plasma Thermal Spraying

Increase in demand for coating of high temperature, corro-
sion, and wear-resistant materials led to the development of
PTS which is a specific term for a group of coating processes
used to apply metal or nonmetal coatings.[40] The first indus-
trial plasma spray torch appeared in the 1960s. Earlier ver-
sions of PTSprocesses useddepositionmaterial in the formof
wirewhich can bemelted by combustion flames generated by
O2/acetylene gases in a process known as high-velocity oxy-
fuel coating. But the use of deposition material in the pow-
dered form necessitates plasma to generate high temperature
for powder melting and deposition and accordingly modifi-
cations in the torch design. Consequently, this process is
referred as PTS which is very efficient for medium-to-high
velocity deposition and yields higher bonding strength.[41]

Working principle

Fig. 10 shows the concept of the PTS process using depo-
sition material in the powdered form. Plasma is generatedFig. 9 Working principle of PECVD process.
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Figure 2.2: Schematic representation of the working principle of a PECVD reactor [38].

Annealing is the process which transfers the doped a-SiO𝑥 :H to the poly-SiO𝑥 [39]. The annealing
process takes place in a furnace located in the EKL C100. Samples are placed in a holder located in
the furnace tube. With the samples in place the tube retracts into the furnace and is heated up to the
required annealing temperature. Once this temperature is reached it remains there for a specified
duration before cooling down. Annealing temperatures for poly-SiO𝑥 are between 800 °C and 1100
°C, too high annealing temperatures results in the interfacial oxide from the chemical passivation
deteriorating leading to higher recombination characteristics [31]. An example of the progress from an
intrinsic semiconductor material to a single side doped semiconductor is shown in figure 2.3.
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Figure 2.3: Schematic structures the progression of a chemical passivated precursor, to PECVD deposited a-SiO𝑥 :H, to annealed
doped poly-SiO𝑥 .

2.1.4. Atomic Layer Deposition
An essential layer when fabricating poly-SiO𝑥 passivating contacts is a hydrogen-rich capping layer,
Al2O3 is such a layer. Al2O3 functions as a reservoir for hydrogen. Performing an annealing step after
Al2O3 has been deposited on p+ poly-SiO𝑥 and the Si/SiOx interface will provide this hydrogen to the
layers below the Al2O3 [40]. Atomic layer deposition (ALD) is a suitable method to provide the c-Si
surface of Al2O3. ALD can produce thin films of atomic-scale precision with the ability to modify the
film thickness and the material composition with wonderful conformity [41]. The ALD is a sequential
process, this means that multiple reactants do not interact with the surface simultaneously. The reactants,
the so-called precursors, interact with the surface in non-overlapping pulses. The process is visualized
in figure 2.5. The precursors used for the Al2O3 are Al(CH3)3, also known as Trimethylaluminium or
simply abbreviated as TMA, and water. A purge of TMA enters the chamber containing the sample in a
low-pressure environment, then the TMA is brought into contact with the surface’s dangling bonds.
The TMA reacts with the dangling bonds, this is a self-limiting reaction because when the number of
free dangling bonds decrease the TMA doesn’t react. The excess TMA is purged from the chamber,
afterwards a purge of water enters the chamber and reacts with the methyl group (CH3) of the TMA, the
result are new OH bonds capable of reacting with a subsequent TMA purge. This process repeats for a
predefined number of cycles. The higher the number cycles, the thicker the Al2O3 will become. Figure
illustrates the ALD deposition on a p+ diffused emitter wafer. The ALD was performed using the ALD
Oxford located in the Kavli Nanolab. The process in the ALD Oxford takes place at 105 °C at a pressure of
approximately 3.00−6 Torr. The ALD Oxford is a temporal ALD, this implies that the position of sample
onto which the ALD will deposit is fixed [42]. The alternative to this is a spatial ALD. The spatial variant
ALD has a constant supply of precursors going to separate chambers, providing a constant deposition rate.
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Figure 2.4: Schematic structures the progression of a single side doped sample to a ALD deposited passivated sample.
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Figure 2.5: Schematic representation of the ALD cycle [43].

2.1.5. ARC application
The topmost layer of the solar cell will function as an ARC to promote the optical performance, a typical
material using for this application is SiN𝑥 . SiN𝑥 is a dielectric material which can cause destructive
interference, it typically is deposited using PECVD [44]. The machine used for the SiN𝑥 deposition is
the Plasmalab80+ located in the Kavli Nanolab[45]. This machine is capable of depositing on multiple
wafers at a high wafer loading and unloading rate with an accurate control of deposition. Wafers are
placed on a heating table which is at 400 °C. The chamber lid is brought down and the machine is
pumped down to perform the deposition in a low pressure environment. Once the proper pressure
is achieved a preheating step fill the chamber with nitrogen for a single minute. For the deposition
two extra gases are added into the chamber: silane (SiH4) and ammonia (NH3). Once the power
is turned on the plasma is created between electrodes present in the chamber and the deposition
begins. The specified amount of time determines the thickness of the deposited layer. Uniformity
is lower when samples are positioned near the edge of the chamber where the distance to the elec-
trodes are the highest, it is important to place the wafers as close to the center of the table without
overlapping each other. Following a successful deposition, the chamber is pumped down to remove
any excess gases for one minute. The chamber is finally brought back to atmospheric pressure so that
the chamber may be opened and the wafers removed. Figure 2.7 shows how this deposition is performed.
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Figure 2.6: Schematic structures the progression of a single side doped ALD passivated sample to a single side doped passivated
ARC protected sample.
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Figure 2.7: Schematic representation of the SiN𝑥 PECVD deposition [46].

2.1.6. Metallization
Collecting the charge carriers is the final step for the solar cell design, this step involves the localized
application of a metal on the semiconductor. The metallization is applied on both sides of the semicon-
ductor. Two possible methods are available for the metal formation: thermal evaporation and E-beam
evaporation. For both methods the wafers are present in a low pressure environment placed in a rotating
holder. This holder typically rotates at a rotation speed of 20 rpm, its purpose being to improve the
uniformity of the deposited metal. Thermal evaporation is achieved by having the metal heated up
to a sufficient temperature to for it to start vaporizing. The heating process is provided by having the
container in which the metal is placed receiving a high current, resulting in the temperature of the
container to rise. The vapor will condense on the wafer substrate to form a high purity metallic layer [47].
E-beam evaporation uses a high energy electron beam to heat up the metal. Metal from the container
will evaporate if the electrons from the beam provide enough energy [48]. Figure 2.8 visualizes both
these techniques. The Provac PRO500S in the EKL C10000 is capable both metallization processes [49].

Figure 2.8: schematic drawing for the metallization processes, left image is thermal evaporation and right image is E-beam
evaporation [50].
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2.1.7. Forming gas annealing
Forming gas annealing (FGA) is an additional annealing process that is performed following the
metallization. Not only is the FGA capable of providing the semiconductor surface with hydrogen to
passivate the dangling bonds, it can also supply the bulk with hydrogen to fill voids caused by hydrogen
abstraction, plus it can also activate the metal contacts to lower the specific contact resistance [51, 52].
The FGA is performed in a furnace located in the Kavli Nanolab. Forming gas is a mixture of primarily
nitrogen with a smaller concentration of hydrogen. The annealing is performed at 400 °C for 30 minutes.

2.1.8. Rapid thermal processing
The usage of rapid thermal annealing (RTA) is implemented during the optimization for the passivation
layers, specifically the influence on the Al2O3 layers deposited through ALD. Thermal treatments at
higher temperatures (≈ 800 °C) have shown to sometimes improve the surface passivation quality
[53]. The possibility for a degradation in passivation quality might also occur following RTA. Al2O3
passivation layers may not always improve or degrade progressively with an increase in annealing
temperatures. To investigate the implementation of the RTA the SSI Solaris located in the Kavli Nanolab
is used [54]. This machine is capable of reaching the high temperatures required for the RTA in less than
a minute, once the required temperature is reached it remains there briefly before reverting to lower
temperatures. Recipes have to be optimized by changing the parameters of the PID controller, these
parameters define the ramping speed and time of the temperature increase. Without the optimization
process the preferred temperatures are easily overshot leading to excessive annealing temperatures. The
heat is supplied by a lamp positioned above the sample inserted in the annealing chamber, only a single
wafer can be processed per RTA recipe. Depending on the preferences for the gases supplied to the
annealing chamber, either a pure nitrogen or a forming gas environment is present during RTA. Figure
2.9 shows how the RTA is performed.

Figure 2.9: Schematic overview of the RTA system [55].

2.1.9. Photolithography
Patterning is an important process step for the fabrication of solar cells, lithography is the process which
facilitates the patterning process. Lithography is an photographic process during which a light sensitive
polymer, referred to as a photoresist (PR), is exposed to ultraviolet light through a photoresist mask
creating a structure on the substrate. Ideally the photoresist which remains after the exposure will
replicate the pattern that is present in the mask on the exposed substrate. Afterwards an etching process
might be implemented which will remove some of the material not exposed to the photoresist, since
this now acts as a protection layer. Two types of photoresist can be used for the lithography: positive
photoresist and negative photoresist. The difference between these two types is how they interact with
the ultraviolet light; positive photoresist will disappear after the exposure and negative photoresist will
remain after the exposure. Figure 2.10 shows the difference between the two processes.
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Figure 2.10: Lithography process showing the difference between positive and negative photoresist [56].

The lithography process as a whole consists of several steps to properly create structures with the
photoresist, these include:

1. Photoresist coating. The photoresist comes as a liquid, in order to uniformly apply it to the
substrate surface spin-coating is utilized. A wafer is positioned on a turntable which uses a
vacuum to keep it in place. Due to the vacuum the turntable is able to reach high RPMs while
keeping the wafer centered. This is important if a photoresist has a high viscosity. Depending
on the photoresist viscosity, spin duration and spin speed the thickness of the photoresist can be
optimized. The substrate morphology also plays a role since flat and textured surfaces do not
interact the same with the coating. Coatings are applied in the polymer lab in the EKL C100.

2. Post-coating softbake. The photoresist will contain solvent which helps with the coating, once
the coating is applied this solvent has to be removed. A baking process in either an oven or on
top of a hotplate removes the solvent by evaporation, changing the properties of the coating and
improving the quality. This process also has to be optimized, excessive baking time or baking
temperatures may cause the photoresist to decompose. If the wafers are a standard size and do not
contain any features that will negatively affect the vacuum suction then the coating and baking
can be automated, if the wafers are of an unconventional size it has to be performed manually.

3. Exposure. During the exposure step the photoresist coated substrate is subjected to ultraviolet
light for a predefined duration with a mask separating the substrate and the light. A mask is a
square glass pane with a pattern design on it which stops the light from reaching the substrate. To
ensure a good exposure the substrate and the mask have to be aligned. If no pattern is present on
the substrate centering the wafer to the mask is the priority, however some wafers might already
have patterns from previous lithographic processes. Most masks will contain markers, which
are small objects in the order of a few hundred micron. These markers will have to be matched
to each other to ensure a good alignment of the mask’s features. This is a critical step in the
lithography process since bad alignment could lead to a poor solar cell performance. The exposure
will generally take second, thicker coating require a higher exposure time to fully imbue to pattern
of the mask onto the coating. For all exposures the SUSS MicroTec MA/BA8 mask aligner located
in the EKL C100 is used [57].

4. Post-exposure bake. A post-exposure bake will increase the quality of the pattern now present
in the coating. The purpose of this baking step is to smoothen out the pattern created by the
exposure. Without this baking step the structures formed from the resist will have irregular
sidewall leading to a decrease of pattern accuracy. This baking step is usually done using the a
small convection oven [58].

5. Development. The development process is the final step of the lithography process, during
this step the pattern will become visible through removing part of the photoresist. For positive
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photoresist the exposed area will be removed, for negative photoresist the unexposed area will be
removed. This is achieved by pouring a developer solution on the photoresist, the developer is
an aqueous base such as Tetramethylammoniumhydroxide (TMAH). After the pattern is clearly
visible the wafer is rinsed with water and dried.

Following a successful application of a lithography pattern on a substrate an etching step usually
follows. This etching step consists of the wafer being submerged into a chemical that reacts with the area
not protected by the photoresist. This will etch the pattern from the lithography mask into the substrate.
Finally the photoresist coating has to be removed. For positive photoresist acetone can be used, negative
photoresist is more resilient to acetone and requires something stronger such as N-methylpyrrolidon
(NMP).

2.2. Characterization
2.2.1. Surface morphology
During the process of fabricating solar cells, numerous layers are applied on top of each other. It is
important to measure the performance and quality of each layer whenever possible, however being able
to visually inspect a layer is tremendously helpful. Section 2.2.1 will explain some equipment that has
been used to observe layers applied on c-Si surface.

Dektak 8
The Dektak 8 [59] is a stylus profilometer, it analyzes topographical data of a pre-defined surface section.
The deposited materials on the c-Si surface will have a particular height that can be calculated or
approximated prior to the deposition based on the process parameters, this devices allows to investigate
the height afterwards. A silicon wafer is loaded onto the sample stage and locked in position using a
vacuum on the rear surface side. Once the stage has moved in position beneath the stylus, the stylus
descends towards the wafer and halting before making contact. A camera is attached to the stylus which
gives visual support when allocating the portion of the wafer that should be investigated. A path length
and sample steps can be assigned to the stylus, once the measurement starts the stylus will initiate contact
with the wafer and move in a horizontal direction along the wafer taking a topographic measurement
for each sample step. The stylus ensures that a scratch-free analysis is performed. A cross-sectional
profile of the surface is generated in real-time, the resulting data can be exported to the preferred file
type. Based on the step size and the assigned time for the measurement, the measurement can reach
a high degree of detail. Figure 2.11 visualizes how the Dektak 8 performs the morphology measurements.
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Figure 1. Profile data acquisition by a stylus-type profilometer.

profile has been conducted with a stylus-type roughness
tester since the early 1970s. Radhakrishnan [2] calculated and
analyzed the smoothing effect of the stylus using a digitized
profile. McCool [3] (who developed a simulation model for
assessing the distortion magnitude in roughness parameters)
investigated the nonlinear filtering effect due to a definite stylus
radius on the basis of his model.

Since the development of the atomic force microscope
(AFM) at the end of the 1980s [4], various studies to
examine the relationships between the AFM probe tip
and the real surface have been performed based on the
algorithm used for the conventional stylus-type roughness
tester. Gallarda and Jain developed the imaging process model
of the AFM and proposed a model for interactions between
the AFM tip and the surface geometry from the viewpoint
of morphological operations. However, they produced a
restrictive model that was only effective under limited
assumptions about probe shape [5]. After that, a nonlinear
transform that restores real surfaces using a measured image
and a non-ideal tip was proposed [6–8]. Also, Villarrubia
proposed a blind reconstruction algorithm which estimates
the actual shape of the surface as well as the tip using
known characteristics of a tip that has been used in the
measurement [9, 10]. In addition, the effectiveness of this
algorithm was verified using a real surface profile [11, 12].
Through these studies, various contact mechanisms and
models for investigating the distortion phenomena were
proposed and published. While AFM-related research works
have emphasized estimation methods for real surface profile
data, research works on the conventional roughness tester
have progressed to investigate the effect on widely used
surface roughness parameters. Various developments and
associated studies are being performed based on a vast range

of relevant data that have been accumulated using the stylus-
type roughness tester. Hence, the compatibility of data and
maintaining its reliability are important. Consequently, unlike
studies of the AFM, two-dimensional models have been
consistently adopted in most of these studies.

Mendeleyev [13] (who developed a numerical model
of random profile tracing) investigated the numerical
relationships between the stylus radius and the root-
mean-square (rms) surface roughness parameters. In other
approaches, Church and Takacs [14] analyzed the spectral
density of analytically measured surface profiles, and Wu
[15, 16] and Cho et al [17] applied the spectral analysis
method to analyze the distortion effect included in profile
data generated as fractal and random profile data. Lee et al
[18] developed an algorithm that improves their software
performance for roughness assessment by evaluating the
uncertainties of the stylus tip radius and pick up pivoted
arm. Tsukada [19] and Haitjema [20] researched wavelength
limitation due to stylus tip radius and defined the critical
wavelength to classify the usefulness of short wavelength
components.

With the above background, the following three objectives
were established for this study. First, to simulate the contacting
phenomena of the stylus and specimen surface, we propose
three-dimensional contact mechanism models by which the
contacting status during actual measurement can be better
explained, and we confirm the utility of this 3D model by
comparing it with the 2D models used in most of the previous
studies. Second, we evaluate the reliability of the profile data
of the real machined surface on the basis of the simulation
in which the comparative advantage model is applied. Third,
we suggest that the appropriate stylus tip selection criteria
depend on the characteristics of the specimen surface, that is,

2

Figure 2.11: Schematic illustration of the working principle of a stylus-type profilometer[60].

Optical microscope
The advantage of using an optical microscope is that small details otherwise invisible to the naked
eye can be observed quick and with relative ease. During processes which involve lithography the
microscope is especially useful since it shows if alignment has been performed successfully. The optical
microscopes situated in the EKL also allows for images to be taken of the samples, measurements of
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features can also be performed. Several lenses are available to cycle through to find the most suitable
magnification for the observed sample, with the resolution reaching magnitudes of up to 200 times.
Figure 2.12 shows the basic principle of the optical microscope.

Scanning electron microscope
The fabrication of solar cells on semiconductors is a process that focuses on a small scale, occasionally
on a nano-scale level. To study how a certain fabrication technique affects the semiconductor a tool is
required that can properly characterize and visualize the structure on said level. A scanning electron
microscope (SEM) is a powerful microscope that offers all these capabilities. The specific SEM used in
the EKL is called a Hitachi Regulus 8230 [61]. The SEM works by firing a beam of electrons at a specimen,
these electrons interact with the sample, reflect from the sample and subsequently are collected by
detectors. Through the information of these detectors an image is generated on the screen. Based on the
surface topology of the wafer the differences in surface heights, materials and textures should be able to
be identified. The samples will not be damaged or deformed by the beam. Figure 2.13 illustrates the
working principle of the SEM.
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3.3 Imaging Tools 

3.3.1 Optical microscope 

3.3.1.1 Classical optical microscope 

 
Fig. 59: Schematic principle of a classical optical microscope. (from [101]) 

The optical microscope is used to create an enlarged view of an object typically in the 
magnification range of 5x to 1 000x. The resolution depends on the physical properties of lens 
and on the wavelength of light that is passed through the lens. The physical properties are 
summed up in a value known as the numerical aperture while the wavelength is determined 
by the light color.  
Increasing the visibility of objects under the microscope has followed various routes. Several 
of these techniques make use of the fact that light is deflected, reflected, or diffracted at 
boundaries between two materials with different refractive indices. These techniques are 
named: Absorption, Refraction, Fluorescence, Reflection and Diffraction. 
There are three modes by which optical microscopy is commonly conducted, namely, 
brightfield illumination, darkfield illumination, and interference contrast (Nomarski).  
Brightfield illumination is the normal mode of viewing with an optical microscope. This mode 
provides the most uniform illumination of the sample. Under this mode, a full cone of light is 
focused by the objective on the sample. The observed image results from the various levels of 
reflectivities exhibited by the compositional and topographical differences on the surface of 
the sample. 
Under darkfield illumination, the inner circle area of the light cone is blocked, such that the 
sample is only illuminated by light that impinges on its surface at a glancing angle. This 
scattered reflected light usually comes from feature edges, particulates, and other irregularities 
on the sample surface. Structure in the object appears bright on a dark background. ). Either 
incident or transmitted light may be used. Darkfield illumination is therefore effective in 
detecting surface scratches and contamination.  
The interference contrast (Nomarski) makes use of polarized light that is divided by a 
Wollaston prism into two orthogonal light rays. These slightly displaced light rays hit the 

Figure 2.12: Schematic illustration of the working principle of an
optical microscope [62].

Figure 2.13: Schematic illustration of the working principle of a
scanning electron microscope [63].

2.2.2. Solar cell performance
To express the performance of the test samples and the solar cells, several tools are used that can
characterize the operation. The following section will introduce and explain the tools used for this
purpose.

Photoconductance decay of carrier lifetimes
Being able to measure the passivation quality is essential when optimizing the solar cell, this can be
achieved by measuring the wafer minority carrier lifetime. A device which provides this measurement
is the Sinton WCT-120 lifetime test instrument [64]. This device uses an eddy-current conductance
sensor and a filtered xenon flash lamp to measure the carrier lifetime. Figure 2.14 shows an example of
a Sinton setup. Under illumination, the excess carrier density is calculated from the conductivity of the
sample [65]. As input it requires the wafer thickness, resistivity, doping type and an optical constant
based on the top layer of the solar cell. Besides the minority carrier lifetime the implied open-circuit
voltage (𝑖𝑉𝑜𝑐) and the saturation current density (𝐽0) are also calculated. These values are of use since
they are a measure of the passivation quality for symmetrically passivated wafers [66]. The lifetime
expressed by the Sinton in calculated using equation 2.1.

𝜏 =
Δ𝑛(𝑡)

𝐺(𝑡) − 𝑑Δ𝑛(𝑡)
𝑑𝑡

(2.1)

where Δ𝑛 is the change in carrier density and is 𝐺(𝑡) is the photogeneration rate.
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also been measured by high spatial resolution imaging of the band-to-band 

photoluminescence (PL). These three techniques are described in sections 4.2.1, 4.2.2 and 

4.2.3, respectively. 

4.2.1 QUASI-STEADY STATE PHOTOCONDUCTANCE (QSSPC) 

The quasi-steady state photoconductance (QSSPC) method was first suggested by Sinton and 

Cuevas [73], and has since then been widely adopted in solar cell characterization labs. In this 

technique, the excess carrier density is calculated from the conductivity of the sample under 

illumination, measured by an inductively coupled coil, as shown in Figure 4.2 (a). The 

excitation intensity is varied over time by the use of a flash, and the lifetime can therefore be 

measured as a function of injection level in a single, fast measurement. In the first version of 

the setup it was required that the time constant of the flash decay was much longer than the 

carrier lifetime in the material, meaning that the excess carrier density is approximately in 

steady state at each point of the measurement (hence the name quasi-steady state). Later, 

Nagel et al. [74] published a generalized analysis to allow for measurements of longer carrier 

lifetimes, in the same range or larger than the decay constant of the flash. This generalized 

analysis is used for all measurements presented in this work. 

The starting point for the general analysis is the time evaluation of the carrier density, 

given by  

 
   ( )

  
  ( )   ( )  

 

 
   

(4.1) 

 
 

Figure 4.2. (a) Schematic illustration of the Sinton WCT-100 inductively coupled photoconductance 
measurement setup used for the QSSPC measurements. (b) Typical raw measurement data of 
photoconductance and illumination intensity used to calculate   ( ) and  ( ) in Eq. (4.2). 

(a) (b) 

Figure 2.14: Schematic illustration of a Sinton photoconductance measurement setup [65].

J-V
For a reliable analysis of the J-V characteristics of a solar cell the WACOM solar simulator is utilized [67].
Through the use of a xenon and halogen lamp sunlight can be imitated for standard test conditions
(STC). The requirements for the STC are an irradiance of 1000 W/m2, the spectrum resembles an AM1.5
spectrum and the temperature should be 25 °C. Due to the temperature emitted from the lamps an active
cooling element is preventing the solar cells from reaching excessive temperatures. Figure 2.15 shows a
schematic for a basic solar cell J-V measurement setup. The solar cell needs to be positioned beneath the
lamps and connections are made with several pins to the metal contacts. Prior to the measurement a
voltage range and the solar cell surface area have to be specified. Since wafers may include multiple
cells black segments are used to cover the cells that will not be measured so that no charge carriers may
be generated on those surfaces. Besides the J-V curve as an output, other external parameters that are
measured include the 𝐽𝑠𝑐 , 𝑉𝑜𝑐 , 𝐹𝐹 𝜂, 𝑅𝑠 and 𝑅𝑠ℎ . The efficiency is determined as the ratio of the incident
power that can be converted into electricity, using the parameters measured from the J-V characteristics
the power and efficiency can be expressed as:

𝑃𝑚𝑎𝑥 = 𝐽𝑠𝑐 ∗𝑉𝑜𝑐 ∗ 𝐹𝐹 (2.2)

𝜂 =
𝐽𝑠𝑐 ∗𝑉𝑜𝑐 ∗ 𝐹𝐹

𝑃𝑖𝑛
=
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
(2.3)

 Journal of Materials Science: Materials in Electronics

1 3

spectrum [68]. The illumination source must prevent the 
feature like nonuniformity, the difference in total irradi-
ance related to time and spectral mismatch of order less 
than 1% [69]. It is also important to keep an eye on the 

temperature variance during efficiency measurements. By 
virtue of efficiency, a comparative analysis of the perfor-
mance of one solar cell with respect to other solar cells 
can be attained [70].

Fig. 2  The flow diagram of fabrication process in a flexible DSC module. Reproduced with permission from Ref. [59]. Copyright 2011, Elsevier 
Ltd

Fig. 3  Basic solar cell efficiency 
measurement set up [74]

Figure 2.15: Schematic illustration of the setup to measure the J-V characteristics [68].
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EQE
The External Quantum Efficiency (EQE) of a solar cells is the ratio of the collected electron-hole pairs
at the metal contacts of the solar cells to the number of photons incident on the solar cell. It can be
expressed using equation 2.4 [11]:

𝐸𝑄𝐸(𝜆) =
𝐼𝑝ℎ(𝜆)
𝑞 ∗ 𝜙(𝜆) (2.4)

where 𝐼𝑝ℎ(𝜆) is the photocurrent measured in the solar cell, 𝑞 is the elementary charge and 𝜙(𝜆) is
the spectral photon flow incident on the solar cell. It is also possible to calculate an integrated 𝐽𝑠𝑐 from
the EQE, equation 2.5 shows how:

𝑖𝑛𝑡 𝐽𝑠𝑐 = 𝑞 ∗
∫ 𝜆2

𝜆1

𝐸𝑄𝐸(𝜆) ∗ 𝜙(𝜆)𝑑𝜆 (2.5)

The EQE is presented in a graph with the wavelength of light on the x-axis and the percentage of the
collected electron-hole pairs to the incident number of photons on the y-axis. The wavelength range
typically used is 300 nm to 1200 nm. This is because 300 nm is the lower limit of the AM1.5 spectrum
and above 1200 nm most photons will not interact with the semiconductor. The EQE is measured by
positioning the solar cell in a chamber in front of a Xenon lamp with a wavelength range from 200 nm
to 2500 nm. At specified wavelength intervals that collected charge carriers are measured over the
wavelength range. The output is a graph that shows for each wavelength the EQE percentage. This
graph can assist in identifying major optical loss mechanisms in the solar cell. If the EQE is low for short
wavelengths, the photons are absorbed prior to reaching the absorber layer which leads to parasitic
absorption. If the EQE is low for high wavelengths, the light passes through the absorber layer and
subsequently leaves the solar cell.

TLM
Characterizing the contact resistance of solar cells can be determined by using the transmission line
method (TLM). TLM is implemented on test samples with variable spacing between metal contacts
deposited on the semiconductor surface [69]. The metal contacts are of identical dimensions and as
many contacts as possible are preferred for measuring the contact resistance (𝑅𝑐) between them. An
example of a TLM structure is presented in figure 2.16. Measuring the 𝑅𝑐 between the different lengths
of the semiconductor area provides values that can be plotted in a graph, with increased semiconductor
surface lengths the 𝑅𝑐 increases given the longer distances carriers will travel. A line can be plotted
over the measured 𝑅𝑐 from which it is possible to extrapolate the sheet resistance (𝑅𝑠), this property
indicates the resistivity over the thickness of a layer.

The contact resistance is dependent on the size of the metal contacts, a property more suited for the
comparison of contact formation is the contact resistivity (𝜌𝑐). A phenomenon referred to as current
crowding, which is a uneven flow of current to and from the contacts, is also considered in the when
calculating the 𝜌𝑐 by using the transfer length (𝐿𝑇). The 𝐿𝑇 is defined as the average distance a carrier
will travel between contacts. Equation 2.6 describes the calculation for the contact resistivity:

𝜌𝑐 = 𝑅𝑐 ∗ 𝐿𝑇 ∗𝑊 (2.6)

where 𝐿𝑇𝑊 can be considered the effective area of the contact.
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A typical arrangement for a TLM test pattern is shown below.  There is a 
single rectangular region (blue in the figure) that has the same doping 
(i.e. same sheet resistance) as the contact areas of the devices.  An array 
of contacts (darker gray in the figure), with various spacings, is formed 
over the doped region.

W

L1 L2 L3 L4

Resistance measurements between each pair of contacts can be used to 
construct the TLM graph.  From the graph the parameters RS, RC, LT, 
and ρC can be determined.

Figure 2.16: Schematic illustration of a typical arrangement of a TLM pattern, the semiconductor surface is given in blue and the
metal contacts in grey [69].

2.3. Elements profiling
Electrochemical capacitance–voltage (ECV) measurements are performed to measure active carrier
concentrations in the semiconductor material. Specifically, the carrier concentrations refer to the doping
profile close to the surface of the material. The capacitance of the solar cell is measured whilst it is
positioned against an electrochemical cell [70]. The electrochemical cell uses an electrolyte to create a
depletion region , by etching the semiconductor surface the capacitance measurements are performed
as a function of depth. After every etching step the capacitance is measured and this process is repeated
in a cycle until the concentrations of dopants have reached intrinsic values. The resulting values can be
inserted into a logarithmic plot given the variation in the order of magnitude when considering doping
profiles.



3
Local poly-SiO𝑥 finger fabrication and

optimization

For this project the local poly-SiO𝑥 will be deposited through a hard mask, this chapter will first explain
how this mask is fabricated and subsequently implemented for the deposition process in section 3.1.
A morphology optimization has also been performed for the a-SiO𝑥 :H deposited through the hard
mask which is discussed in section 3.2. Finally section 3.3 shows the cell designs that are used for the
fabrication process.

3.1. Fabrication of the hard mask
Making the hard mask is a rather straightforward process. This mask will function as a cover for the
substrate when a PECVD deposition is performed. The mask has certain requirements:

• The openings widths of the mask have to be close to the calculated dimensions, this ensures that
the design can be optimized for the various solar cell patterns. The edges of the mask will have to
be straight and not irregular which might result in inaccurate depositions.

• The mask requires a good durability. One of the advantages of the hard mask is the ability to re-use
it for multiple depositions, a fragile mask might break after a single deposition. The mask must
not break when it is clamped into the PECVD holder, survive the PECVD deposition numerous
times and not shatter during a cleaning process.

• The size of the mask has to be close to that of the wafer used for the deposition, and the surface
of the mask that is in contact with the wafer should be flat. When the mask is positioned in the
PECVD holder it can not exceed the holder’s border. A too small mask will fall out of the holder if
it is not in contact with all of the holder’s edges. The flat surface is important because the space
between the mask and the wafer has to be minimized; any leftover space will influence the PECVD
deposition. Some material could slip between the substrate and the mask opening resulting in
uneven finger depositions.

The masks are fabricated using standard silicon wafers that are double side polished with a thickness
between 280 ± 25 𝜇. The orientation of the wafer is <100>, this relates to the direction of the silicon
crystal lattice. Making the mask openings requires an etching step that will fully etch through the wafer.
A layer has to be deposited on the wafer surface that is able to resist the etching solution, otherwise
the entire wafer is etched and will be destroyed. This resistant layer will have to be patterned using
lithography in order to preserve certain areas of the wafer. Once the etching process is finished this
protective layer will have to be removed. The entire process consists of the following steps:

1. Silicon nitride deposition of the front side of the mask. This layer will function as the material
resistant to the etching step. The silicon nitride layer is deposited at a temperature of 400 °C and is
a few hundred of nm thick, approximately 240 nm.
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2. Lithography on the front side of the mask. This step will add a layer of photoresist on top of the
silicon nitride layer, the pattern of the photoresist will correspond to the design of the hard mask.

3. Silicon nitride removal on the front side of the open area. For the wet etching step some areas of
the mask have to be exposed, currently it is fully covered by silicon nitride and some closed areas
with photoresist. An etching step of the silicon nitride will remove this layer up to the silicon bulk
material.

4. Photoresist removal. The photoresist has served its purpose now that a pattern has been created
in the silicon nitride layer, removing the photoresist is required for the steps which follow. The
photoresist has to be stripped from the surface.

5. Cleaning of the wafer masks. To prevent contamination possible obtained from the previous
processes a cleaning step is included to prevent the risk of contamination to machinery. This
cleaning process consists of first a nitric acid bath with a concentration of 99% at the room
temperature, second a nitric acid bath with a 69% concentration at 110 °C. Rinsing is performed
before and after each bath for safety reasons and to prevent contamination of the masks. Drying
the wafers is the final step of the cleaning process to remove any residual water.

6. Silicon nitride deposition of the rear side of the mask. The rear side of the mask does not yet have a
silicon nitride layer, without this layer the etching step will fully etch the rear side and destroy the
mask. A full area silicon nitride layer is deposited at 400 °C that also is about 240 nm in thickness.

7. Wet etching of the mask. The wet etching will be performed using a potassium hydroxide (KOH)
solution. Silicon nitride has a high selectivity to KOH, the etch rate will be below 1 nm/h [71].
The etching rate of silicon in KOH varies depending on the temperature and concentration of
the solution. Reported KOH etching rates when the solution has a concentration of 30% and a
temperature of 80 °C are approximately 80 𝜇m/h [72]. Given that the thickness of the wafer is at
least 255 𝜇m, the etching process will take at least 3 hours. The KOH will etch away at the silicon
at an angle of 54.74 °, which corresponds with the <100> orientation of the wafer. Once the wafer
has been fully etched through and opening are visible of both the front and rear side, it is removed
from the solution and rinsed.

8. Silicon nitride removal from both sides of the mask. The mask now has been fabricated, removing
the silicon nitride is the final step. Any solution that can etch away silicon nitride is suitable for
this step. A buffer oxide etch (BOE 1:7) at room temperature is the most convenient chemical to
properly remove the silicon nitride, depending on the quality of the silicon nitride the removal
will take several minutes. The complete mask fabrication process is visualized in figure 3.1. An
example of a hard mask fabricated with this process is shown in figure 3.2.
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Figure 3.1: Schematic overview of the hard mask fabrication.

Figure 3.2: Hard mask with openings of various
dimensions.

3.2. Poly-SiO𝑥 finger surface morphology optimization
This section investigates the deposition through the hard mask using the PECVD. Section 3.2.1 will
discuss how the hard mask affects the shape of the deposition and section 3.2.2 introduces the parameters
of the PECVD deposition that influence the deposition. Section 3.2.3 briefly explains another method
for the poly-SiO𝑥 finger fabrication which does not use a hard mask.

3.2.1. Influence of the hard mask
The hard mask fully determines the dimensions of the PECVD deposited a-SiO𝑥 :H fingers. Materials
will be deposited through the openings and attach to the c-Si substrate. In order to minimize the
parasitic absorption caused by the poly-SiO𝑥 it is important to have narrow fingers. These fingers do
have to be wide enough in order for metal contacts to be deposited on top of them. In order to optimize
the a-SiO𝑥 :H deposition a test mask was fabricated that allowed for a wide range of finger widths. The
mask fabricated for this purpose is shown in figure 3.3.
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Figure 3.3: Hard mask used for investigating the opening width, three groups of opening widths are indicated.

This mask has three mains groups based on the mask opening widths, going from smallest to
largest they are group A, B and C. These groups consist of a number of openings, group A has three
openings and both group B and C have six openings. The groups are of similar magnitude in opening,
however the minimal finger opening width is different. Group A has the smallest width and C has the
widest, group B is in between the two. In each group the fingers given a number based on number to
differentiate them. Each opening in a group has a 50 𝜇m width difference. If both the opening of the
mask on the front side, the thickness of the mask wafer and the crystal orientation of the wafer is known
then the theoretical opening on the rear side of the wafer can be calculated. The optical microscope or
the SEM can be used to measure the openings. Both the calculated and the measured width openings
are presented in tables 3.1, 3.2 and 3.3.

Table 3.1: Width openings of group A.

A1 A2 A3
Design width [𝜇m] 130 80.0 30.0

Measured width [𝜇m] 136 85.3 38.7

Table 3.2: Width openings of group B.

B1 B2 B3 B4 B5 B6
Design width [𝜇m] 330 280 230 180 130 80.0

Measured width [𝜇m] 333 285 235 186 133 82.4

Table 3.3: Width openings of group C.

C1 C2 C3 C4 C5 C6
Design width [𝜇m] 630 580 530 480 430 380

Measured width [𝜇m] 636 587 541 491 438 387

All of the measured widths are slightly larger than what the calculated width had anticipated them to
be. Several reasons can be the cause for these deviations, such as that the wafers spent a few minutes too
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long in the KOH bath during the etching process. Another reason could be that the concentration, the
temperature, or a combination of both were slightly higher than the assumed values in the calculation
for the KOH bath. The thickness of the wafer also could be lower than the reporter thickness, leading to
the etch through the wafer being finished earlier than expected. Nevertheless, given the number of
variables to consider the measured width openings are close enough to the calculated values. All these
opening serve as pathway for the a-SiO𝑥 :H deposited during the PECVD to pass through, figure 3.4
shows a 2D schematic lay-out of this process.

Figure 3.4: Schematic representation of the PECVD process when a hard mask is included.

3.2.2. Influence of the a-SiO𝑥 :H layer deposition parameters
The PECVD allows for various parameters to be altered for the depositions, this section will discuss
some of the investigated parameters and their effects. These parameters include:

• Gas flow rate
• Power density
• Working pressure
• Substrate temperature
• Deposition time

During the optimization process the influence of the power, pressure and deposition time were
investigated. The temperature was not changed due to the PECVD chamber being kept at a constant
temperature, the substrate when deposited reach a temperature of 180 °C after waiting 30 minutes. The
gas flow rate was not investigated to reduce the complexity of the optimization. Several recipes were
established to deposit the a-SiO𝑥 :H through the hard mask, table 3.4 shows the specifications of the
recipes.

Table 3.4: Recipes investigated for the PECVD showing the parameters which were varied.

Power [W] Pressure [mbar] Deposition time [min]
Recipe 1 5 1.0 60
Recipe 2 15 1.0 60
Recipe 3 25 1.0 60
Recipe 4 5 1.0 12
Recipe 5 5 1.5 12
Recipe 6 5 2.0 12
Recipe 7 15 1.0 12
Recipe 8 25 1.0 12
Recipe 9 15 1.5 12
Recipe 10 25 1.5 12

This list of recipes provides a good combination between the influence of the power and pressure
on the morphology of the a-SiO𝑥 :H. All recipes were deposited through the hard mask on a flat wafer.
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For the solar cells fabrication the a-SiO𝑥 :H will be deposited on textured wafer, however to investigate
the morphology flat wafers are more suitable to be used with the Dektak 8. The a-SiO𝑥 :H will be
tens-to-hundreds of nanometers in scale and this is difficult to measure on the randomized pyramids of
a textured surface which is in the order of microns.

Recipe 4 deposits the a-SiO𝑥 :H at low power, pressure and a short deposition time, figure 3.5 shows
the morphology of a select number of fingers from group C. The morphology of these fingers appears
rough and irregular. The majority of the deposited material has not accumulated in the center of the
opening width through the mask, this location being at 0 on the x-axis. Furthermore the surface of all
the fingers show a constant unevenness with some measurements shooting upwards several nm. This
occasional spike could be a measurement irregularity of the Dektak 8, however the small deviations
which fill the surface certainly are not. The low power and moderate pressure show promise for the
a-SiO𝑥 :H deposition but the morphology preferably is more constant throughout.
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Figure 3.5: Doped a-SiO𝑥 :H deposition through the hard mask at 5 Watt, 1.5 mbar and 12 minutes.

It can be observed that the morphology in terms of uniformity drastically improves with a higher
power, as shown in figure 3.6. For this recipe the power has increased from 5 to 25 Watt, this should
improve the uniformity of the a-SiO𝑥 :H fingers because of the higher deposition rate of the a-SiO𝑥 :H
[73]. The surface still has small nanometer scale irregularities, however given the larger dimensions of
these fingers they become less noticeable in the given figure. The uniformity has drastically improved
when compared to recipe 4 with the increase in deposition power. The center of the fingers are distinctly
located at the center of the x-axis and its shape is clearly that of a finger.
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Figure 3.6: Doped a-SiO𝑥 :H deposition through the hard mask at 25 Watt, 1.5 mbar and 12 minutes.

Another deposition is given in figure 3.7. This deposition is performed at a power of 15 Watt and at
a pressure of 1.5 mbar. A significant difference with this a-SiO𝑥 :H finger deposition compared to the
deposition in figure 3.6 is the variation of the finger height for each hard mask opening. Each of the
fingers from the previous graphs are from the same group of the hard mask, the deposition from recipe
9 shows the highest deviation between each finger height. When the opening width decreases 100 𝜇m,
the height of the finger deposition decreases approximately 35 nm. Despite this discrepancy between
the finger heights, the lower power shows that at a lower deposition rate there is still uniformity for the
fingers. The lower deposition rate provides a higher control of the deposition in terms of the deposited
finger thickness.
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Figure 3.7: Doped a-SiO𝑥 :H deposition through the hard mask at 15 Watt, 1.5 mbar and 12 minutes.

One aspect of the finger deposition is that material can pass between the mask and the substrate
if there is a small gap, a-SiO𝑥 :H will subsequently accumulate beyond the hard mask openings as
illustrated in figure 3.8. Figure 3.8 includes 2 vertical black lines, these lines indicate the opening of the
hard mask through which the finger is deposited, which is 38 𝜇m in total width. Past these black lines it
can be observed that a slight amount of a-SiO𝑥 :H is measured. The a-SiO𝑥 :H which slips past the hard
mask opening will accrue and potentially could results in parasitic absorption losses. Clamping the
hard mask to the semiconductor substrate does not seems to resolve this issue, the textured surface of
the substrate is several orders of magnitudes larger than the a-SiO𝑥 :H slipping through. This excess
material will always be present when depositing through the hard mask.
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Figure 3.8: Doped a-SiO𝑥 :H deposition through the hard mask at 15 Watt, 1.5 mbar and 12 minutes, showing the overshoot of
material.

Only several of the measurements were discussed in this section, and ultimately the recipe deemed
most suitable for the poly-SiO𝑥 finger fabrication is recipe 9. The parameters used for the deposition of
a-SiO𝑥 :H through the hard mask with recipe 9 result in a uniform deposition, while having a controllable
deposition rate and not overly degrading the quality of the hard mask. When depositing using a power
5 Watt there is little uniformity, at a power of 25 Watt there is plenty uniformity however this is paired
with a higher deposition rate. For a better control of the a-SiO𝑥 :H finger thickness, a power of 15 Watt
provides decent uniformity while having a higher control of the deposition rate. The influence of the
pressure has not resulted in any measurable changes.

3.2.3. Etch-back method
Till now the only method for depositing the poly-SiO𝑥 fingers that has been discussed is the hard mask
method. An alternative method for fabricating local poly-SiO𝑥 fingers is implementing an etch-back
method. This process involves lithography steps after a full-area poly-SiO𝑥 layer has been deposited on
the c-Si surface. This purpose of the lithography step is to protect certain parts of the poly-SiO𝑥 that we
want to preserve, these parts being the narrow poly-SiO𝑥 fingers. The process is visualized in figure 3.9.
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Figure 3.9: Visual representation of the etch-back method.
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3.3. Design of the poly-SiO𝑥 fingers
The design of a localized poly-SiO𝑥 finger solar cell requires several masks to make the complete
structure. For lithography purposes a design is needed to make a new hard mask that allows for
the placement of the poly-SiO𝑥 finger on a solar cell structure. A second design is required for the
metallization on the front side of the wafer, this design has to include the metal fingers that will be
placed on top of the poly-SiO𝑥 fingers and busbars which go around the solar cell’s edge. Finally a
design is required for the rear side metallization which can facilitate a metal deposition covering each
cell present on the wafer, while not coming into contact with each other. Figure 3.10 shows the masks
used for the local poly-SiO𝑥 solar cell fabrication process.

Figure 3.10: Four black lithography masks and a full area metallization mask for the local poly-SiO𝑥 finger application.

The top-left black lithography mask in figure 3.10 is used for the hard mask design, the other three
are used for the metallization. The openings on the hard mask approximately 40 𝜇m. The difference
between the three metallization masks is the width of the fingers on the cells, which are 10, 20 and 30
𝜇m. The metal mask on the right side is used for the rear side metallization. Ideally a lithography
mask with the same design as the rear side metallization mask is also used, unfortunately such a
mask was not available. The purpose of the extra mask would be do perform a front side cell isolation
prior to the local poly-SiO𝑥 finger deposition to prevent a cross connection of the doping layers of the cells.

The six cells depicted on the masks are comprised of a varying amount of fingers, meaning that they
have a different metal finger coverage (MFC) per solar cell. The MFC is a percentage which expresses
the percentage of the solar cell area covered with metal fingers relative to the entire solar cell surface
area. A thicker metal finger width subsequently leads to a higher MFC. Table 3.5 gives an overview of
the differences of the six solar cells.

Table 3.5: Number of fingers for each solar cell (SC) and MFC for each cell given a specific metal finger width.

Fingers MFC for 10 𝜇m [%] MFC for 20 𝜇m [%] MFC for 30 𝜇m [%]
SC-1 33 1.65 3.30 4.95
SC-2 22 1.10 2.20 3.30
SC-3 17 0.85 1.70 2.55
SC-4 13 0.65 1.30 1.95
SC-5 11 0.55 1.10 1.65
SC-6 10 0.50 1.00 1.50
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Figure 3.11 shows a detailed close-up of the markers of the mask. These markers are located on both
sides of all the mask, these are relevant for aligning the poly-SiO𝑥 fingers to the metal fingers. These
markers are the essential structures for the alignment of the structures displayed on the lithography
masks. Either of the two markers in located on beside the solar cell structures in lithography mask. The
alignment utilizes two microscope lenses during the alignment, one lens for each marker. The usage
of two reference points increases the accuracy when trying to overlay a structure on top of another.
Although in theory the alignment might come across as trivial it is rather intricate given the small scale.
The markers in figure 3.11 are not larger than 300 𝜇m in width and length, potential misalignments will
surely occur. Figure 3.12 highlights several misalignments. It is important to use the optical microscope
as often as possible to ensure that alignments are carried out accurately.

Figure 3.11: Markers located on all the black lithography masks,
the left marker is of the hard mask design and the right markers

is present in the three metallization masks.
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Fig. 3. Schematic of the bonding pads based on the via design rule. L1 and L2

are the diameters of the bonding pads on the first and second wafers, LOverlap

is the minimum overlay between the bonding pads on the first and second
wafers, LPitch is the edge-to-edge distance of the bonding pads on the second
wafer, and LSpace is the distance between two bonding pads on the first wafer.

In all of the 3-D platforms, after alignment, two aligned
wafers may experience further thermal/mechanical processes
such as bonding, thinning (grinding and polishing), further
interconnect or redistribution layer formation, TSV forma-
tion, etc. These thermal/mechanical processes may affect the
alignment accuracy obtained during the room-temperature
wafer-to-wafer alignment. Therefore, those processes have to
be evaluated and controlled for 3-D integration.

IV. ALIGNMENT IMPACT ON INTERCONNECT VIA DENSITY

Accurate alignment is a critical factor for high interstrata
interconnection via density and multilevel stacking. Interstrata
interconnection via density in wafer-level 3-D approach is
directly related to the performance of the wafer-level alignment
tool and the process control, which determines via pitch and
size. The minimum pitch and overlap via size can be defined as
follows [46]:

LPitch =LSpace + 2 · LOverlap + L2 (1)

LOverlap =MMean + 3 ·MSdv +MRun-out (2)

where L2 is the diameter of the bonding pads (as shown in
Fig. 3), LOverlap is the minimum overlay, LPitch is the edge-to-
edge distance of the bonding pads on the second wafer, LSpace

is the distance between two bonding pads on the first wafer,
MMean is the mean of the wafer-to-wafer misalignment, MSdv

is the standard deviation of the wafer-to-wafer misalignment,
and MRun-out is the maximum run-out misalignment. The
maximum run-out misalignment may be controlled as discussed
in the following sections.

For instance, with the current alignment technology, let us
consider that both the mean and the standard deviation are
1 µm, and the maximum misalignment within a wafer with
the best wafer bow control is also 1 µm. For the minimum
landing pad size of 5 µm, the pitch size would be calculated as
12 µm if both via size and line spacing are 1 µm. The number
of interwafer interconnects in an area of 10 mm2 could be
∼2× 104 when the interstrata interconnection area ratio (i.e.,
area of interstrata interconnects/die area) is 1% [9]. However, if
the mean and standard deviation are 0.25 and 0.1 µm, the pitch
size and the number of interstrata interconnects in the same
area (10 mm2) could be 5.1 µm and ∼6× 104. The wafer-to-

Fig. 4. Schematic of various misalignments. (a) Translation (shift). (b) Rota-
tion. (c) Run-out (expansion).

wafer alignment accuracy and the maximum misalignment with
wafer are key factors affecting the pitch size and the number
of interstrata interconnects, whereas the via size is dictated by
the technology of via formation. As a comparison, a pitch size
of 0.156 µm is projected for minimum global wiring pitch of
microprocessor unit, and a pitch size of 0.1 µm is projected for
Metal 1 wiring pitch of DRAM interconnect [19].

V. MISALIGNMENT CATEGORY

Misalignments, such as translation (shift), rotation, and run-
out (expansion) misalignment, have been studied in 2-D litho-
graphy in the form of mask-to-wafer alignment and in 3-D
integration in the form of wafer-to-wafer alignment [38], [47],
as shown in Fig. 4. Translation and rotation errors are steadily
minimized by continued developments of commercial bond
alignment tools, while run-out misalignment is still one of the
most challenging issues in wafer-level 3-D integration because
bonding/thinning processes inhibit maintaining the flatness of
fully processed wafers in each layer-stacking process [47], [48].
Prior to wafer alignment and bonding, fully processed wafer
may have certain compress or tensile stress on the device layer.
Elevated bonding or debonding temperature enlarges the stress
to induce wafer bow/warpage and nonlinear distortion [49].
Backside thinning makes internal shear stress dominated to
the thin wafer, while a thick silicon substrate keeps the wafer
flatness from the stress [49].

A. Thermal-Induced Misalignment

Thermal management has been a big hurdle for high-
performance integrated circuit (IC) processing and could be
even more important in multilevel 3-D integration [47]–[75].
Thermal-induced wafer distortion and mismatched thermal
expansion of the wafers are the two major concerns in wafer-
to-wafer alignment. For 3-D processing, the thermal expan-
sion (run-out) error can occur in a wafer bonding/debonding
process. It is critical to use materials with matched coefficients
of thermal expansion (CTEs) and to control the temperature
profile of any thermal processes. Table I shows the CTEs for
the materials typically used in these 3-D integration platforms.
As the CTEs of copper and BCB are much bigger than that
of silicon, it is very delicate to integrate 3-D ICs that include
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Figure 3.12: Schematic of various misalignments [74].



4
Poly-SiO𝑥 passivating contact

optimization

Fabricating the poly-SiO𝑥 finger solar cells requires many depositions to establish all the layers that
constitute the solar cells. This chapter focuses on the optimization of the processes involved in the
fabrication process. In section 4.1 the surface passivation is optimized, separated in three subsections
that investigate the front side poly-SiO𝑥 , the passivation layers and the rear side doping layer. Section
4.2 investigates the doping profiles of the doping layers deposited for the local poly-SiO𝑥 finger solar
cells fabrication.

4.1. Surface passivation
The passivation for the doped poly-SiO𝑥 passivating contacts includes the chemical passivation from
the ultra-thin tunneling SiO𝑥 layer positioned between the doping layer and the doped poly-SiO𝑥 , and
the field-effect passivation to prevent minority carriers from diffusing towards the surface. This section
will first investigate the doped poly-SiO𝑥 deposited on the front side of which the poly-SiO𝑥 fingers will
be fabricated. The majority of the surface area will however not contain the poly-SiO𝑥 fingers, thus the
passivation layer of bulk surface area is investigated as well. Finally the rear side doping layer is briefly
examined.

In order to have separation of the charge carriers a p-n junction should be present. Initially for this
project the p-type and n-type doping layers would’ve been created using ion implantation, this is a
fabrication technique which through ion acceleration changes the chemical and electrical properties
of a semiconductor [75]. Unfortunately the machine which provides the ion implantation turned to
be defective and was no longer functional. An alternative for the p-n junction formation is thermal
diffusion of doping atoms into the semiconductor surface. This can be achieved through either BBr3 or
POCl3 diffusion, BBr3 providing a p-type layer and POCl3 a n-type layer. These respective diffusion
methods consist of an initial deposition of the required material and afterwards a drive-in of to move
doping atoms deeper into the substrate [76, 77]. With the equipment available in the lab it is not possible
to use thermal diffusion to create a p-type doping layer, because there is no active furnace to facilitate
the diffusion. The only option left was to build the poly-SiO𝑥 finger solar cells on wafers that already
have a p-type doping layer. For this project commercial p+ diffused Cz wafers are utilized. These wafers
are the staring material for the poly-SiO𝑥 finger solar cells. These wafers are commercial grade n-type
c-Si quasi-square Cz wafers. They have a thickness of approximately 150 𝜇m with a resistivity ranging
between 0.5 - 3.0 W𝑚, the front side is textured and the rear side is flat. The square dimensions are about
182 mm and the lattice is a <100> orientation. On the front side is a p+ diffused doping layer while the
rear side is intrinsic. Figure 4.1 shows the structure of the commercial Cz wafer.

34
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Figure 4.1: Schematic structure of the commercial p+ diffused Cz wafer used for the poly-SiO𝑥 finger fabrication.

To investigate the optimization of the various process used throughout, symmetrical test sam-
ples will have to be constructed. The reason being is that when characterizing the test samples the
measurements are unreliable in the front side and rear side are not identical. Surfaces which contain dif-
ferent layers to each other will inherently give different results. Symmetrical samples will avoid this issue.

4.1.1. Doped poly-SiO𝑥 on the front side
In section 3 an optimization for the poly-SiO𝑥 finger morphology was performed, this section will
discuss the optimization of the poly-SiO𝑥 finger properties. Symmetrical samples containing full area
poly-SiO𝑥 were fabricated using the optimal PECVD deposition parameters previously determined. For
examining the properties both the poly-SiO𝑥 thickness and annealing temperature were investigated.
The commercial Cz wafers were first cleaned using RCA cleaning, a low concentration HF bath was
subsequently used to remove the native oxide layer. The SiO𝑥 was formed in a 69.5 % nitric acid solution
on both sides. Full area a-SiO𝑥 :H was deposited using the PECVD, with thicknesses of 20, 50, 100 and
150 nm on individual wafers. Each wafer is laser cut into four pieces. The annealing process which
follows takes place at 850, 875, 900 and 900 °C, with each different poly-SiO𝑥 thickness wafer piece
being annealed at a different annealing temperatures. This results in sixteen unique test samples. The
passivation is performed by applying a 75 nm thick SiN𝑥 layer and subsequent FGA. Figure 4.2 shows
the schematic structure of the symmetrical p+ doped poly-SiO𝑥 sample.
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Figure 4.2: Schematic structure of the doped poly-SiO𝑥 symmetrical test sample.

The Sinton WCT-120 was utilized at various points in the process to measure, among other parameters,
the implied open-circuit voltage (𝑖𝑉𝑜𝑐), the minority carrier lifetime (𝜏) and the saturated current density
(𝐽0). These measurements were taken after the annealing, after the SiN𝑥 deposition, after the FGA and
after removing the SiN𝑥 layer on both sides. Figures 4.3, 4.4, 4.5 and 4.6 show the progression of the
𝑖𝑉𝑜𝑐 for the test samples when the a-SiO𝑥 :H fingers with various thicknesses is annealed at specific
temperatures.
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Figure 4.3: 𝑖𝑉𝑜𝑐 of doped poly-SiO𝑥 test samples
annealed at 850 °C.
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Figure 4.4: 𝑖𝑉𝑜𝑐 of doped poly-SiO𝑥 test samples
annealed at 875 °C.
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Figure 4.5: 𝑖𝑉𝑜𝑐 of doped poly-SiO𝑥 test samples
annealed at 900 °C.
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Figure 4.6: 𝑖𝑉𝑜𝑐 of doped poly-SiO𝑥 test samples
annealed at 925 °C.

For the majority of the samples the 𝑖𝑉𝑜𝑐 increases when the SiN𝑥 passivation layer is applied following
the full-area poly-SiO𝑥 annealing. The highest rise of the 𝑖𝑉𝑜𝑐 occurs for the 50 nm thick poly-SiO𝑥

layer, it increases from 637 𝑚𝑉 to 663 𝑚𝑉 after the SiN𝑥 is deposited. Following the FGA annealing the
𝑖𝑉𝑜𝑐 decreases for the 20, 50 and 100 nm thickness samples, however for the 150 nm thickness is seems
to slightly increase. Removing the SiN𝑥 layer results in small irregular changes to the 𝑖𝑉𝑜𝑐 , for some
samples there appears to be no change when performing this operation. Poly-SiO𝑥 layers that are too
thin or too thick show the lower obtained 𝑖𝑉𝑜𝑐 measurements. During the annealing process some of
the p-dopants present in the a-SiO𝑥 :H layer might diffuse into the c-Si bulk material. A decrease of the
dopants from the poly-SiO𝑥 reduces the intensity of the field-effect passivation resulting in a decrease
of the passivation properties [78].

For the symmetrical samples the saturation current density 𝐽0 is also obtained, these values will have
to be halved to account for the symmetric structure. Similar to the 𝑖𝑉𝑜𝑐 the smallest 𝐽0 is obtained for 50
nm poly-SiO𝑥 layer thicknesses. For an 𝑖𝑉𝑜𝑐 of 662 𝑚𝑉 the value of 𝐽0 156 is 𝑓 𝐴/𝑐𝑚2, for the same finger
thickness the 𝐽0 becomes 289 𝑓 𝐴/𝑐𝑚2 when annealing at 900 °C. These results imply that the higher
annealing temperatures result in a higher 𝐽0, thus a higher recombination.

The lifetimes of the doped poly-SiO𝑥 test samples are given in figures 4.7, 4.8, 4.9 and 4.10. As was
the case for the 𝑖𝑉𝑜𝑐 , the 50 and 100 nm thick finger have obtained the highest values. The highest
lifetime that was measured after the SiN𝑥 removal is for the 50 nm thick finger annealed at 850 °C with
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155.64 𝜇s. This also happens to be the finger that showed the lowest 𝐽0. Following the application of
the SiN𝑥 layer on the doped poly-SiO𝑥 , the majority of the test sampled increase in measured lifetime.
The 150 nm thick doped poly-SiO𝑥 is the only thickness which decreases after the passivation of the
doped poly-SiO𝑥 layer, these figures all show a similar trend for all annealing temperatures. The FGA
procedure results in lower lifetimes for all investigated samples, a similar decrease is seen when looking
at the 𝑖𝑉𝑜𝑐 . The inclusion of the FGA to the overall process causes a decrease in passivation quality.
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Figure 4.7: Lifetimes of doped poly-SiO𝑥 test samples
annealed at 850 °C.
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Figure 4.8: Lifetimes of doped poly-SiO𝑥 test samples
annealed at 875 °C.
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Figure 4.9: Lifetimes of doped poly-SiO𝑥 test samples
annealed at 900 °C.
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Figure 4.10: Lifetimes of doped poly-SiO𝑥 test samples
annealed at 925 °C.

Given the results for the 𝑖𝑉𝑜𝑐 , 𝜏 and 𝐽0 of the investigated samples the preferred conditions for the
doped poly-SiO𝑥 fingers would be a 50 nm thickness annealed at a temperature of 850 °C. The sample
which was fabricated according to these parameters presented the highest 𝑖𝑉𝑜𝑐 with a values of 662 𝑚𝑉
and a corresponding 𝐽0 of 156 𝑓 𝐴/𝑐𝑚2.

4.1.2. Passivation layer on the front side
The majority of the doped poly-SiO𝑥 finger solar cell will have the surface passivated by a Al2O3
and SiN𝑥 layer, this section will investigate the influence of the Al2O3 thickness and the annealing
temperature used to "active" the passivation layer. The ALD deposited Al2O3 layer has to be speci-
fied by the amount of cycles that are allowed for the deposition. Three different amounts of cycles
are considered for the test samples: 60, 120 and 240 cycles. These cycles correspond to deposited
Al2O3 thicknesses of approximately 5, 10 and 20 nm, respectively. The annealing process is catego-
rized by FGA at 400 °C for 30 minutes and three RTA processes. The RTA takes place at 760, 780
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and 800 °C for 1 minute also in a forming gas environment. The structure of the passivated test
sample is presented in figure 4.11, a double side textured diffused p+ emitter wafer is chemically
passivated by a thermally grown SiO𝑥 layer. The Al2O3 layer is deposited next, followed by the SiN𝑥

capping layer. The test sampled are subsequently laser cut into smaller pieces to perform the annealing
processes. The measured 𝑖𝑉𝑜𝑐 of the passivated test samples are shown in figures 4.12, 4.13, 4.14 and 4.15.
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Figure 4.11: Schematic structure of the passivated symmetrical test sample.
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Figure 4.12: 𝑖𝑉𝑜𝑐 of passivated test samples
annealed using FGA.
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Figure 4.13: 𝑖𝑉𝑜𝑐 of passivated test samples
annealed using RTA at 760 °C.
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Figure 4.14: 𝑖𝑉𝑜𝑐 of passivated test samples
annealed using RTA at 780 °C.
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Figure 4.15: 𝑖𝑉𝑜𝑐 of passivated test samples
annealed using RTA at 800 °C.

From these four 𝑖𝑉𝑜𝑐 figures it can be observed that the FGA test samples provide the highest 𝑖𝑉𝑜𝑐
measurements. Following the FGA for the 20 nm thick Al2O3 passivation layer, the measured 𝑖𝑉𝑜𝑐
increases from 663 𝑚𝑉 to 692 𝑚𝑉 with a 𝐽0 of 22.4 𝑓 𝐴/𝑐𝑚2. The slightly thinner Al2O3 layer of 20 nm
has a lower 𝑖𝑉𝑜𝑐 of 669 𝑚𝑉 and a 𝐽0 of 74 𝑓 𝐴/𝑐𝑚2. The thinnest Al2O3 of 10 nm has an even lower 𝑖𝑉𝑜𝑐
of 667 𝑚𝑉 , however it has a slightly lower 𝐽0 of 63 𝑓 𝐴/𝑐𝑚2.

The measurements for all the RTA samples generally do not surpass the 𝑖𝑉𝑜𝑐 of the FGA samples,
or have lower 𝐽0 than that of the FGA samples. The highest obtained 𝑖𝑉𝑜𝑐 for any of the RTA samples
is 673 𝑚𝑉 for a 20 nm thick Al2O3 layer annealed at 760 °C for one minute. The 𝐽0 corresponding to
this measurement is 81 𝑓 𝐴/𝑐𝑚2. This samples seems to be an outlier when compared to the remainder
of the RTA samples, since none of the other samples reach and 𝑖𝑉𝑜𝑐 that exceeds 655 𝑚𝑉 . It has been
mentioned that high annealing temperatures can cause the passivation quality to degrade, which could
be a plausible explanation for the measurements of the RTA samples. Regarding the RTA samples, the
10 nm thick Al2O3 layer samples perform the best when compared to the 5 and 20 nm samples. The 5
and 10 nm thick Al2O3 samples provide higher 𝑖𝑉𝑜𝑐 measurements after the RTA process, with the 10
nm thickness resulting is steeper increases. The lifetimes for these samples have also been measured
and are presented in figures 4.16, 4.17, 4.18 and 4.19.
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Figure 4.16: Lifetimes of doped poly-SiO𝑥 test samples
annealed at 850 °C.
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Figure 4.17: Lifetimes of doped poly-SiO𝑥 test samples
annealed at 875 °C.
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Figure 4.18: Lifetimes of doped poly-SiO𝑥 test samples
annealed at 900 °C.
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Figure 4.19: Lifetimes of doped poly-SiO𝑥 test samples
annealed at 925 °C.

The values of the lifetimes corroborate what the 𝑖𝑉𝑜𝑐 measurements suggest; the optimal annealing
process following the passivation of the p+ diffused textured surface is FGA. The highest measured
lifetime is for the 20 nm thick Al2O3 with a value of 283.89 𝜇s. The lifetimes for the other FGA samples
are 106.04 𝜇s for the 10 nm thick Al2O3 sample and 121.87 𝜇s for the 5 nm thick Al2O3 sample. The RTA
samples fail to reach these high lifetime values, apart from the 10 nm thick Al2O3 layer annealed at 760
°C. This RTA sample has a lifetime of 123.43 𝜇s, however this is the same RTA sample that happened to be
the exception to the majority of the RTA measurements and is the only sample with a higher measurement.

The passivated test samples suggest that the best parameters for applying the passivation is deposit-
ing a 20 nm thick Al2O3 layer, followed by FGA. The highest attainable 𝑖𝑉𝑜𝑐 and 𝜏 for investigated test
samples were achieved when these parameters where selected, with an 𝑖𝑉𝑜𝑐 of 692 𝑚𝑉 and a 𝐽0 of 22.4
𝑓 𝐴/𝑐𝑚2.

4.1.3. n-type poly-SiO𝑥 on the rear side
This project does not focus on the optimization on the rear side doping layer, however this layer will
have to be fabricated to obtain functional solar cells. A single test wafer was created with the intent to
deposit n-type doping and observe the influence of the annealing temperature on the performance. The
symmetrical samples that was fabricated is shown in figure 4.20. The commercial Cz wafer currently
has a p+ diffused front side textured surface, to turn this layer into an intrinsic flat surface a potassium
hydroxide (KOH) solution is implemented. During this etching step the surface loses the p+ diffused
doping layer and becomes flat. Chemical passivation is performed using a 69.5 % nitric acid solution
and with PECVD a 100 nm thick n-type doping layer is deposited on both sides. The doping layer is
a-SiO𝑥 :H for the first 10 nm, then phosphor is introduced to form doped a-SiO𝑥 :H. The samples are
annealed at 850, 875, 900 and 925 °C for 30 minutes. An HF dip follows the annealing process to remove
native grown oxide with a SiN𝑥 deposition and FGA afterwards. In figure 4.21 and 4.22 the 𝑖𝑉𝑜𝑐 and
lifetime of this sample is presented.
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Figure 4.20: Schematic structure of the symmetrical rear side n-type doping test sample.
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Figure 4.21: 𝑖𝑉𝑜𝑐 of 100 nm n-type flat test samples.
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Figure 4.22: Lifetimes of 100 nm n-type flat test samples.

The 𝑖𝑉𝑜𝑐 of the different annealing temperature samples range between 711 to 734 𝑚𝑉 . The highest
measurement is obtained for the sampled annealed at 875 °C, which is the 734 𝑚𝑉 with a 𝐽0 of 3.9
𝑓 𝐴/𝑐𝑚2. The lowest 𝑖𝑉𝑜𝑐 is obtained when annealing at 925 °C with 711 𝑚𝑉 and a 𝐽0 of 7.3 𝑓 𝐴/𝑐𝑚2. The
highest measured lifetime is obtained for the 875 °C annealed sample also, with a corresponding value
of 2798 𝜇s. The lifetimes are slightly lower for the 850 and 900 °C annealed temperatures, which are
1752 and 1763 𝜇s, respectively. Again, the lowest measured values are obtained for the 925 °C annealing
temperature and is 1358 𝜇s. For the rear side n-type layer the annealing temperature that shows the best
performance is 30 minutes at 875 °C.

4.2. ECV measurements
The doping profiles for the samples discussed in the previous section were investigated by fabricating
unique test samples and performing ECV measurements. Being able to observe the doping profiles is
helpful for visualizing the diffusion of the dopants into the semiconductor material.

The first ECV sample is shown in figure 4.23, this structure is the basic commercial Cz wafer with a
chemical passivation, a 20 nm thick Al2O3 layer followed by a 75 nm thick SiN𝑥 capping layer. During
the local carrier-selective contact solar cell fabrication an annealing step is performed after the doped
a-SiO𝑥 :H deposition. The majority of the semiconductor’s surface will not be in contact with the doped
a-SiO𝑥 :H, this sample investigates what happens to the p+ diffused doping layer during the annealing for
these areas. The RCA cleaned sample is cut into four pieces and annealed at 850, 875, 900 and 925 °C for 30
minutes prior to the application of the passivation layers. After the passivation an FGA step is performed
followed by removal of the SiN𝑥 layer. The ECV doping profiles of these samples are shown in figure 4.24.
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Figure 4.23: Schematic structure of the commercial Cz wafer with a passivation layer.
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Figure 4.24: Logarithmic visualization for the doping profile of an annealed and passivated commercial Cz wafer.

It is clear that the dopants present near the surface of the wafer have diffused further into the
semiconductor bulk material, since the doping concentration at an etching depth of 0.20 𝜇m is higher
that directly at the surface. At 0.50 𝜇m into the semiconductor material the doping concentration is
equal to that of the surface. The highest obtained doping concentration over this domain is 7.18 x 1019

𝑐𝑚−3. When approaching a depth of 1.00 𝜇m the doping concentration has decreased several orders
of magnitude. There is little noticeable difference for the various annealing temperatures up until an
etching depth of about 0.90 𝜇m, it appears that for 875 °C the diffusion has reached slightly further than
the others. The final local carrier-selective solar cells’ area will primarily consist of this type of surface,
where the highest doping concentration will not be directly at the semiconductor surface.

The second ECV test sample investigates the how the doping profile changes when the p+ doped
poly-SiO𝑥 is applied on the surface. An RCA cleaned sample is chemically passivated and p+ doped
a-SiO𝑥 :H with a thickness of 100 nm is deposited on the front side. Annealing takes place at 850, 875,
900 and 925 °C for 30 minutes and a SiN𝑥 capping layer is deposited afterwards. The structure of this
sample is given in figure 4.25. The measured doping profile is shown in figure 4.26.
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Figure 4.25: Schematic structure of the commercial Cz wafer with a p+ doped poly-SiO𝑥 .
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Figure 4.26: Logarithmic visualization for the doping profile of a p+ doped poly-SiO𝑥 commercial Cz wafer.

The difference of the doping profile between this p+ doped poly-SiO𝑥 sample and the previous
passivated wafer is seen in the first 0.20 𝜇m of the measurements. The deposited doped poly-SiO𝑥

reached carrier concentrations upwards of 1.00 x 1020 𝑐𝑚−3, albeit very irregular. The first 0.10 𝜇m of
the measurements show a high level of fluctuation for the measured carrier concentration for all four
samples, there is no clear annealing temperature providing a uniform doping profile. The influence of
the annealing temperature is more visible in the 0.10 to 0.30 𝜇m etching depth range, where there is an
apparent difference in the carrier concentration. These doping profiles suggest that a higher annealing
temperature promotes further diffusion into the semiconductor bulk. At an annealing temperature of 850
°C the doping concentration deceases the most rapidly and earliest when compared to the other annealing
temperatures. At 0.10 𝜇m the doping profile for the 850 °C annealing p+ doped poly-SiO𝑥 sample is
equal to that of the passivated wafer without added doping. The next doping profile to decrease in
doping concentration is that of the 875 °C annealed sample. The diffusion gain of the dopants is higher
than that of the 850 °C, but lower than that of 900 and 925 °C annealed sample. At an etching depth of
0.20 𝜇m the doping profile for the 875 °C sample is at the same value to the non-doped passivated wafer.
This also is the case for the 900 °C annealed sample at and etching depth of 0.25 𝜇m, and at 0.30 𝜇m for
the 925 °C sample. The doping profiles for these annealing temperatures will most likely be present
at the local carrier-selective contacts depending on the annealing temperature used following the PECVD.

The n-type on the rear side is deposited according to the structure shown in figure 4.27. A commercial
wafer is KOH polished to remove the p+ diffused doping layer and changed from a textured surface
to flat. The wafers are RCA cleaned and chemically passivated, subsequently a n-type doping layer is
deposited by PECVD. Four samples are annealed at 850, 875, 900 and 925 °C for 30 minutes, followed by
the deposition of a SiN𝑥 layer. The measured doping profiles for these samples are shown in figure 4.28
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Figure 4.27: Schematic structure of the commercial Cz wafer with a n-type doping on a flat surface.
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Figure 4.28: Logarithmic visualization for the doping profile of a n-type doped KOH polished commercial Cz wafer.

These four measurements show the most deviation between when compared to the previous profile
shown in figure 4.24 and 4.26. A similar trend for the diffusion depth can be observed: a higher
annealing temperature results in a further diffusion of the dopants into the semiconductor bulk. At the
lower etching depth there is more consistency in the doping concentration when compared to figure
4.26. For the lowest annealing temperature of 850 °C the doping profile starts to rapidly decrease at an
etching depth of about 0.10 𝜇m, for the highest temperature of 925 °C this happens at approximately 0.25
𝜇m. Most of the doping profiles decrease several order of magnitude after an etching depth between
0.25 to 0.60 𝜇m. Depending on the annealing temperature used for the local carrier-selective solar cell
fabrication, doping profiles on the rear side of the wafer are expected to follow similar doping profiles
as seen in figure 4.28.



5
Poly-SiO𝑥 finger solar cell fabrication

and performance

The fabrication process for the local poly-SiO𝑥 finger solar cell is given in this chapter. The optimization
processes described in previous chapters are applied for various steps throughout the process. Section
5.1 describes the fabrication process for the local poly-SiO𝑥 finger solar cells and visualizes the entire
process in a flowchart. The performance of the local poly-SiO𝑥 finger solar cells were characterized by
measuring the J-V curves and the EQE. Section 5.2 shows these results and section 5.3 explains some of
the observed power loss.

5.1. Poly-SiO𝑥 finger solar cell fabrication
The optimization processes described in previous chapters are applied for various steps throughout the
fabrication. For several steps it is possible to process multiple wafers, however some processes have to be
performed one wafer at a time thus making it quite time intensive. The solar cell structure that should
be the result of the fabrication process is given in figure 5.1. This structure shows the p+ local poly-SiO𝑥

fingers deposited on top of the p+ diffused doping layer, with the poly-SiO𝑥 finger also in contact with
the metal contact. The remaining surface area is deposited with a passivation layer. The rear side
has a n-type doping layer and a full metal back contact. The process can be divided into general segments:
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Figure 5.1: Proposed p+ poly-SiO𝑥 finger solar cell structure.

1. Wafer preparation. The commercial Cz wafers are too large for processing. Using the laser cutter
located in the ESP lab basement, square wafers are cut from the larger wafer that are approximately
90 mm by 90 mm. Alternatively the dimensions of standard circular 4-inch wafers can be used to

45
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cut into the larger commercial Cz wafer, however this will result in more waste material. For the
180 𝜇m thick wafers a speed of 200 mm/sec and a loop count of 100 should be sufficient. RCA
cleaning is subsequently implemented for cleaning the wafers since the surface potentially holds
contaminants, this consists of an RCA 1 and RCA 2 bath in which the wafers are deposited for 10
minutes each. Rinsing baths are used between every soak in a chemical bath. The wafers have to be
dried using a nitrogen gun one separately. Square laser cut wafers do not properly fit in automated
drying tools, and circular laser cut wafers are too fragile and will not survive the high rotation
speed. To ensure that future lithography processes can be performed without any impediment a lo-
calized polishing of the wafers is required, this consists of a lithography step and a wet etching step.

By far the most difficult aspect of the poly-SiO𝑥 fingers is the alignment. The alignment is
performed with the alignment markers, as shown in figure 3.11. The issue arises from the substrate
surface that is used for the poly-SiO𝑥 finger deposition. The commercial Cz wafers are front side
textured, thus the markers are deposited through the hard mask on the textured surface. One
of the properties of the textured surface is that it reduces reflection. During the alignment it
becomes very difficult to observe the markers, the purpose of the alignment is now obsolete since
no suitable reference points are available. Given the very small room for error the alignment
becomes a gamble when it is attempted. Figure 5.2 shows several examples of the misalignment.
During the alignment the line going through the four images has to be positioned exactly in the
black gap between the two white structures and should end at the edges of the white structures.
The black gap indicates the placement of the poly-SiO𝑥 finger, the white area are structures from
the alignment mask.

Figure 5.2: Examples of misalignment. From left to right: high vertical overshoot and high horizontal overshoot, high vertical
undershoot and high horizontal overshoot, slight vertical overshoot and slight horizontal overshoot, slight vertical overshoot and

slight tilt.

The misalignment becomes a problem when the lithography step is applied. At a certain point
in the process an Al2O3 and SiN𝑥 layer are deposited on top of the poly-SiO𝑥 fingers, applying
photoresist on all areas but the poly-SiO𝑥 fingers is required to etch away these layers covering the
poly-SiO𝑥 . Otherwise when applying the metallization there is no contact between the poly-SiO𝑥

finger and the metal contacts. A solution has to be applied before the Al2O3 and SiN𝑥 layers are
deposited which will preserve the functionality of the alignment, with this solution being localized
polishing of the commercial Cz wafer. Flat surfaces are more desirable when performing the
alignment; there is more reflection from the flat surface than the textured surface. By introducing
localized polishing prior to all the depositions the area suited for the marker placement can be
transformed from textured to flat. Figure 5.3 shows a schematic structure of a commercial Cz
wafer that has been locally polished.
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Figure 5.3: Schematic structure of the localized polished commercial Cz wafer to define the textured area for the solar cells and
flat area for the markers.

This locally polished wafer still has the textured p+ diffused doping layer on the front side and now
on the edges of the wafer the doping layer is removed to make the surface flat. Lithography is used
for specifying the area that is protected during the localized polishing. There is no lithography
mask available to define the area for the localized polishing, but it is possible to create a makeshift
mask. Using lithography mask scraps, a glass plate and some tape a mask suitable for localized
polishing can be constructed that will preserve the p+ diffused doping layer for the solar cells, but
will polish the area used for the marker placement. Figure 5.4 shows the localized polishing mask.

Figure 5.4: The localized polishing mask (right) besides the poly-SiO𝑥 finger solar cell mask.

A photoresist layer with a 4 𝜇m thickness is deposited on the commercial Cz wafers to preserve the
area where the poly-SiO𝑥 finger cells will be deposited. The localized polishing is performed using
a poly-etch solution, this solution is a mixture of 69.9 % HNO3, water and 40.0 % HF in [500:500:15]
proportions. Given that the amount of HF present in the solution is relatively little, stirring the
mixture prior to etching is desirable for creating a homogeneous solution. The wafers are etched
for 10 minutes, longer than 10 minutes will cause the photoresist to degrade and separate from the
wafer surface. The localized polished wafer used for further processing in shown in figure 5.5. The
markers deposited on the polished surface are significantly more observable during the alignment
process with an Al2O3 and SiN𝑥 layer deposited on top of it, as shown in figure 5.6. Without
localized polishing the alignment was arduous and tedious, however with localized polishing the
alignment can be carried out effortlessly and resolved the majority of the alignment issues.
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Figure 5.5: Localized polished commercial Cz wafer. Figure 5.6: Localized polished wafer after passivation.

The application for both the positive photoresist and negative photoresist are similar. This localized
polishing has to be performed using positive photoresist specifically the AZ ECI 3012 photoresist
[79]. The wafer is placed on the spin coater as centered as possible. If the spin rotation of the wafer
is not centralized, or if the photoresist is not situated in the center of the wafer, the distribution of
the photoresist coating might not be uniform or some parts of the wafer might not receive any
photoresist at all. A vacuum connection is made between the chuck on which the wafer is situated
and with the wafer itself. The recipe for positive photoresist consists of two steps:

(a) A 5 seconds rotation at 500 rpm.
(b) A 20 seconds rotation at 3450 rpm.

The first step broadly distributes the photoresist over the wafer surface, the second step increases
the rotation speed significantly in order to obtain the desired thickness. The desirable thickness
for every lithography step utilized in fabrication process is 4 𝜇m. A hotplate heated up to a
temperature of 90 °C facilitates the post-coating softbake, the wafer is placed on the hotplate for 4
minutes. The general rule of thumb for the bakes for photoresist coating is 1 minute for every
𝜇m of photoresist. The exposure is performed for 19 seconds using a standard front soft contact
alignment. The mask utilized for the exposure has a rectangle shape with the intent to preserve
this area for the localized polishing. After removing the wafer from the aligner the pattern should
be slightly visible in the photoresist. The post-exposure bake following the exposure takes place
in a small heating oven for 4 minutes at 125 °C. The final step uses standard MF-322 developer
for a single minute deposited on top of the wafer, with the wafer placed on top of a beaker. It is
problematic to fully submerge the wafer in a bath filled with the MF-322 developer, not only is
it a waste of developer but the wafer might break when removing it from the bath. The excess
developer is carefully rinsed from the surface and the wafer is dried with the nitrogen gun. The
front side of the wafer now has an area on the front side defined for the localized polishing. This
entire process is now repeated for the rear side, but without the exposure step. The purpose of
this photoresist deposition is to protect the rear side of the wafer from the wet etching step which
will follow. The surface of the rear side is flat, as opposed to the textured front side, however the
coating recipe is still suitable to fabricate a decent protective layer.
The commercial Cz wafer currently has a front side isolated photoresist layer and a rear side full
area photoresist layer, the localized polishing now has to be performed. Rinsing the wafer with DI
water and removing the photoresist using IPA is the final step after the localized polishing, figure
5.7 shows how the commercial Cz wafer looks after this process.
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Figure 5.7: Front side (left) and rear side (right) of the commercial Cz wafer following the localized polishing.

The next step is to perform the RCA cleaning for removing any unwanted particles from the
surfaces. Given the amount of chemicals involved in the cleaning process, preferably multiple
wafers can be cleaned simultaneously. RCA 1 is performed for 10 minutes at 70 °C and RCA also
for 10 minutes at 80 °C shortly after completing the RCA 1. Once the RCA cleaning is finished, the
wafers are prepared for the first depositions. The schematic structure of the wafer after these steps
is that of the structure 1) in figure 5.15.

2. PECVD depositions. Applying the local carrier-selective contacts through the hard mask starts
with the PECVD deposition of the a-SiO𝑥 :H. Prior to the deposition the native oxide present on
the wafer surface is removed by using a low concentration HF bath. This process is followed by
the chemical passivation through a nitric acid solution of 69.5 % at room temperature. The wafer
is submerged in this solution for 30 minutes to form a ultra-thin SiO𝑥 layer.
The PECVD depositions will first deposit the doped a-SiO𝑥 :H through the hard mask on the
textured front side, shortly after the n-type a-SiOx will be deposited on the flat rear side. Figure
5.8 gives an example of the commercial Cz wafer and hard mask together in the holder. There is a
possibility that both the commercial Cz wafer and the hard mask can move during the placement
in the holder, thus it is essential to be extra careful to avoid any misalignment when placing the
holder in the AMOR load lock. The hard mask has to be lined up with the isolated area of the
locally polished wafer. Waiting for thirty minutes is required for the substrate to heat up to the
deposition chamber temperature of 180 °C. The sample is inserted in the first chamber of the
AMOR, this chamber will have access to the boron gas to create a p-type doping. The doped
a-SiO𝑥 :H is deposited for 5 minutes and 22 seconds at a power 15 Watt and a pressure 1.5 mbar, the
plasma is guided through the hard mask and this results in 50 nm thick doped a-SiO𝑥 :H fingers.
Figure 5.8 shows an example of the hard mask PECVD deposition. Next the holder is removed
from the chamber, the wafer and hard mask removed from the holder and the wafer is placed
in the holder again upside down. Directly after the front side deposition the rear side n-type
a-SiOx will be deposited. To create the n-type doping, the holder is placed in the second chamber
which has access to phosphine gas. A 100 nm thick n+ a-siOx layer is deposited with a power
of 5 Watt and a pressure of 1.0 mbar, given the low power the deposition will take 23 minutes
and 40 seconds. During the last 2 minutes of the deposition the CO2 present in the chamber is
turned off, the deposition will change to an n+ a-Si layer. This part of the deposition will function
as a protective layer for the rear-side doping. Following a successful deposition of the front side
textured p+ doped a-SiO𝑥 :H fingers and rear side flat full area n+ a-siOx annealing is performed
at 850 °C for 30 minutes. During the annealing process solid-phase crystallization will take place
and transfer the a-SiO𝑥 :H to poly-SiO𝑥 . The schematic structure of the current wafer is that of
structure 2) presented in figure 5.15.
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Figure 5.8: The hard mask with a square locally polished
commercial Cz wafer below it placed in the holder for the

PECVD deposition.
Figure 5.9: Deposition of a-SiO𝑥 :H fingers through the hard

mask on a locally polished commercial Cz wafer.

3. Passivation. Providing the front surface with passivating layers are the next depositions, both
will be performed in the Kavli Nanolab. Prior to entering the lab, a short HF dip is performed to
remove the native oxide which has grown on the surface. The Al2O3 layer which will be deposited
using ALD will be 20 nm thick, this is achieved by depositing for 240 cycles at a temperature of 105
°C. Given that the rear side of the wafer is flat, an issue that could present itself whilst the load
lock of the ALD Oxford is pumping down is that the wafer might move out of position. There is
little friction between the rear side of the wafer and the moving platform onto which the wafer is
positioned. During the pumping down procedure to reduce the pressure in the chamber, the air
between the moving platform and the wafer causes the wafer to slide from its place. An solution
to this issue is employing a dummy wafer onto which the commercial Cz wafer is positioned. If
this dummy wafer has a textured surface there is a higher chance of the wafer maintaining its
position. When the pressure in the load lock is sufficient the moving platform transfers the wafer
to the deposition chamber, this all occurs automatically when the recipe is selected in the software.
Once finished, the wafer is transferred back to the load lock for further processing. The SiN𝑥

layer is deposited on both sides of the wafer next, however only one surface can be processed per
deposition. The wafer is placed on a heated table at a temperature of 400 °C. For the textured
front side the PECVD deposition is performed for 5 minutes and 36 second, resulting in a SiN𝑥

layer approximately 75 nm thick. For the flat rear side the PECVD deposition is performed for 8
minutes, resulting in a SiN𝑥 layer approximately 100 nm thick. The different thickness for the SiN𝑥

layer is relevant when performing a simultaneous wet etch for both the front and rear side SiN𝑥

removal, the flat surface etching rate is higher than that of the textured surface. The structure of
the current wafer is that of structure 3) given in figure 5.15, the front side and rear side of the wafer
are presented in figure 5.10 and 5.11.
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Figure 5.10: Al2O3 and SiN𝑥 deposited on the textured localized
polished front side of the commercial Cz wafer with local doped

poly-SiO𝑥 fingers.
Figure 5.11: SiN𝑥 deposited on the flat rear side of the

commercial Cz wafer.

4. Lithography. At the moment there is unwanted material present on top of the local doped
poly-SiO𝑥 fingers, a 20 nm Al2O3 and a 75 nm SiN𝑥 layer. Removing this material is the next step,
isolating the area which needs to be removed is required. Using lithography a pattern that is of
the same design as that of the doped poly-SiO𝑥 fingers is created. Negative lithography is used to
form an opening directly on top of the local poly-SiO𝑥 finger, the negative photoresist which is
used is the AZ nLOF 2020 [80]. The coating recipe for the negative photoresist is different than
that of the positive photoresist, the steps are:

(a) A 10 seconds rotation at 700 rpm.
(b) A 30 seconds rotation at 1060 rpm.

A 4 𝜇m thick negative photoresist coating is established when following this recipe. Furthermore,
with other the differences of the negative photoresist application is a double exposure time
of 28 seconds and a double post-coating baking time of 8 minutes for the protective rear side
coating. An extended exposure is required to properly apply the pattern of the isolation into
the coating. The extended post-coating bake increases the strength of the coating for the rear
side. This is required for the wet etching process that follows, if the extended post-coating bake is
not performed then the photoresist will detach during the wet etching and areas that should be
preserved will be subjected to the etching process. This lithography process is also the reason
why the initial localized polishing was performed. The markers used as reference points for the
lithography alignment of below a Al2O3 and SiN𝑥 layer. Fortunately on the flat surface they are
visible, however if they are deposited on the textured surface this become impossible to locate
and a proper alignment can not be conducted. The structure of the wafer once the lithography is
performed is that of structure 4) in figure 5.15.

5. Wet etching. A short wet etching step will remove the 20 nm Al2O3 and 75 nm SiN𝑥 layers. Two
chemicals are used for the wet etching: BOE 1:7 and an HF dip. The etching rate of BOE 1:7 is
typically between 30 to 80 nm/min, depending on the quality of the layer that will be etched.
The etching rate of the HF dip, which is at a concentration of approximately 0.55 %, is only a few
nm/min. Experimentally the etching times were determined by etching away the Al2O3 and SiN𝑥

layers on dummy wafers. The etching process is performed using the following etching times:

(a) 1 minute and 30 seconds BOE 1:7 wet etch.
(b) 3 minutes 0.55 % HF dip.

Following the wet etching, the excess Al2O3 and SiN𝑥 material which was present on top of the
doped poly-SiO𝑥 finger has now been removed. The structure of the wafer following this process
is that of structure 5 shown in figure 5.15.
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6. Metallization. Applying the metal contacts on the front and the rear side is the final step, front
side metallization is applied using one of the lithography masks as shown in figure 3.10, and
the rear side metallization is deposited through the metallization mask. Once again, negative
lithography is applied to isolate an area on the front side through which a thermal evaporation
of aluminium may be deposited. The recipe for the negative photoresist is used to provide a 4
𝜇m thick pattern on the front surface that has an opening of 10 𝜇m for the fingers and 2 mm
thick busbars surrounding every individual solar cell. A protective rear side coating is also
applied to prevent any of the evaporated aluminium from reaching the rear side of the wafer
during the metallization. The recipe of the front side metallization is a 700 nm thick aluminium
layer deposited at a pressure of 2.00 −5 𝑚𝑏𝑎𝑟. The aluminium is deposited on top of the doped
poly-SiO𝑥 finger and on the protective photoresist. All the excessive aluminium can be removed
through a lift-off process. The lift-off is a technique which allows the transfer of a pattern on a
substrate using a sacrificial material, the photoresist in this case will be that material. The process
is visualized in figure 5.12.

Figure 5.12: Schematic procedure of the lift-off process [81].

Removing the negative photoresist from the substrate requires NMP and an ultrasonic bath. The
NMP will over time decrease the strength of the negative photoresist and cause it to detach from
the substrate surface. The ultrasonic bath promotes the removal of the sacrificial layer since it can
only be reached from the sides of the openings on the wafer. Eventually all the photoresist will
have been removed from the substrate and what is left is a front side metallization of 700 nm thick
aluminium metal contacts on the textured surface. FGA is performed after the front side metal
contacts are in place, the FGA will provide hydrogen to the dangling bonds in the passivation
layer to reduce the interface surface trapping density. Additionally a low ohmic contact is formed
between the doped poly-SiO𝑥 fingers and the aluminium on the front side.
Currently the rear side is still covered with the SiN𝑥 capping layer, the rear side metallization can
not be performed with this layer still present. Removing the SiN𝑥 layer requires the front side of
the wafer to be covered with a positive photoresist protection layer and a subsequent BOE 1:7 wet
etching and HF dip. The etching times for the rear side have also been determined experimentally
using dummy wafers, with the two steps as follows:
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(a) 2 minutes BOE 1:7 wet etch.
(b) 3 minutes 0.55 % HF dip.

The rear side n-type poly-SiO𝑥Ox is now exposed and full area silver is deposited using thermal
evaporation through the metallization mask. The recipe for the rear side metallization deposits 1
𝜇m of silver at a pressure of 5.00 −5 mbar. The finalized local carrier-selective solar cell is that of
structure 6 shown in figure 5.15, and the physical version is shown in figures 5.13 and 5.14.

Figure 5.13: Six poly-SiO𝑥 finger solar cells. Figure 5.14: Rear side of the poly-SiO𝑥 finger solar cells.
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Figure 5.15: Visual flowchart for the local carrier-selective contacts wafers deposited through the hard mask.
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5.2. Poly-SiO𝑥 finger solar cell performance
The J-V measurements were carried out using the WACOM solar simulator. The voltage range over
which the measurements were performed ranged from -1.00 to 1.00 𝑉 . Measurements are taken for
every 0.04 𝑉 resulting in 52 data points from which a graph can be plotted. Figure 5.16 shows the J-V
curves for the poly-SiO𝑥 finger cells, relevant parameters for the poly-SiO𝑥 finger cells are shown in
table 5.1.
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Figure 5.16: JV curves for five poly-SiO𝑥 finger cells.

Table 5.1: External parameters of the poly-SiO𝑥 finger solar cells.

SC-1 SC-2 SC-4 SC-5 SC-6
𝐽𝑠𝑐 [𝑚𝐴/𝑐𝑚2] 34.09 39.98 11.23 39.93 35.67
𝑉𝑜𝑐 [𝑚𝑉] 525.0 553.0 483.0 555.0 562.0
𝐹𝐹 [%] 35.1 39.9 27.1 40.8 40.5

Efficiency [%] 6.29 8.82 1.47 9.03 8.12

Despite six poly-SiO𝑥 finger cells present on the wafer only five plots are present in figure 5.16.
Because SC-3 has the top-right of the cell broken off it is not possible to take measurements of its
performance, which is why this cell has not been included. SC-4 has a lower 𝑉𝑜𝑐 and significantly lower
𝐽𝑠𝑐 than the other measured cells, this can also be explained by breakage of the wafer. The bottom-left
corner of the busbars have suffered a break creating a bridge between charge carriers on the front and rear
side of the wafer, thus resulting in significant recombination. The final cell showing a lower performance
of is SC-1, this cell has an issue with the continuity of the front side metallization fingers. Near the left
side of busbars, the connection between the fingers and the busbar is broken along the length of the
busbar. The interruption of the finger formation prevents charge carriers from taking the shortest route
to the external circuit for charge carrier collection. The longer travel time of the charge carriers increases
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the chance of recombination in the metal contacts, leading to a lower performing solar cell. The origin
of this disruption in the metal fingers is most likely a faulty area of the lithography implemented for the
metal finger isolation. If the isolated finger area was not well defined then it is possible photoresist was
present on top of the doped poly-SiO𝑥 , during the lift-off process the aluminium on these location was
removed. Alternatively, the aluminium deposited during thermal evaporation might have separated
during the lift-off process in the event that a low level of uniformity was present at these specific locations.

The three cells that show similar 𝑉𝑜𝑐 and 𝐽𝑠𝑐 measurements are SC-2, SC-5 and SC-6. These are the
solar cells with 22, 11 and 10 fingers, respectively. SC-5 has the highest measured efficiency with 9.03
%, with a corresponding 𝑉𝑜𝑐 of 555 𝑚𝑉 , 𝐽𝑠𝑐 of 39.93 𝑚𝐴/𝑐𝑚2 and fill factor of 40.8 %. Second is SC-2
with an efficiency of 8.82 %, with slightly a lower 𝑉𝑜𝑐 of 553 𝑚𝑉 but a higher 𝐽𝑠𝑐 of 39.98 𝑚𝐴/𝑐𝑚2 and
fill factor of 39.9 %. Finally SC-6 has an efficiency of 8.12 %, 𝑉𝑜𝑐 of 562 𝑚𝑉 , 𝐽𝑠𝑐 of 35.67 𝑚𝐴/𝑐𝑚2 and
fill factor of 40.5 %. There does not seem to be a direct correlation between the MFC and the external
parameters, since the measured efficiency is the highest when 11 fingers are implemented in SC-5.
Apart from the J-V characteristics, the EQE performance of the solar cells were also measured, these are
presented in figure 5.17.
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Figure 5.17: EQE curves for five poly-SiO𝑥 finger cells.

Similar to the J-V measurements, SC-1 and SC-4 given the mechanical defects present in the solar
cells. There remaining solar cells that showed similar trends for the J-V curve also have similar EQE
curves. At low photon wavelengths the number of collected charge carriers is approximately 50 %, with
the highest obtained values reaching 90 % for wavelengths between 500 to 900 nm. Using the EQE
values it is possible to calculate the 𝑖𝑛𝑡 𝐽𝑠𝑐 by using equation 2.5, the values of these calculations are
presented in table 5.2.
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Table 5.2: Integrated short-circuit current density of the poly-SiO𝑥 finger solar cells.

SC-1 SC-2 SC-4 SC-5 SC-6
𝑖𝑛𝑡 𝐽𝑠𝑐 [𝑚𝐴/𝑐𝑚2] 29.61 33.91 32.27 34.70 34.79

The 𝑖𝑛𝑡 𝐽𝑠𝑐 shows lower values for the better performing poly-SiO𝑥 finger solar cells when compared
to the J-V measurements. These values for the 𝐽𝑠𝑐 can be considered more accurate than those of the J-V
measurements due to the EQE measurement being independent from the contact area of the solar cells.
The solar cell area may not be properly defined during the J-V measurements thus giving inaccurate
results. These new 𝑖𝑛𝑡 𝐽𝑠𝑐 values would suggest that the performance of the poly-SiO𝑥 finger solar cells
is even lower. By combining the 𝑖𝑛𝑡 𝐽𝑠𝑐 from the EQE measurements with the 𝑉𝑜𝑐 and FF from the J-V
measurements new efficiencies for the solar cells can be calculated as shown in table 5.3:

Table 5.3: External parameters of the poly-SiO𝑥 finger solar cells by combining the J-V and EQE measurements.

SC-1 SC-2 SC-4 SC-5 SC-6
𝑖𝑛𝑡 𝐽𝑠𝑐 [𝑚𝐴/𝑐𝑚2] 29.61 33.91 32.27 34.70 34.79

𝑉𝑜𝑐 [𝑚𝑉] 525.0 553.0 483.0 555.0 562.0
𝐹𝐹 [%] 35.1 39.9 27.1 40.8 40.5

Efficiency [%] 5.46 7.48 4.22 7.86 7.92

The champion cell using the 𝑖𝑛𝑡 𝐽𝑠𝑐 calculated using the EQE measurements is SC-6 which has 10
poly-SiO𝑥 fingers. It has a champion efficiency of 7.91 %, 𝑖𝑉𝑜𝑐 of 562 𝑚𝑉 , 𝑖𝑛𝑡 𝐽𝑠𝑐 of 34.7 𝑚𝐴/𝑐𝑚2 and fill
factor of 40.5 %.

5.3. Power loss of poly-SiO𝑥 solar cells
The poor performance of the local carrier-selective contacts would suggest that there still is significant
recombination taking place. Observations made during the fabrication process might explain some of
the loss of power loss.

5.3.1. Auger recombination in the fingers
During the optimization of the full area doped poly-SiO𝑥 it may be noted that the obtained values
for the 𝑖𝑉𝑜𝑐 are lower and the 𝐽0 are significantly higher than those for the passivation layers or the
rear side n-type doping. The higher 𝐽0 implies that after the p+ doped poly-SiO𝑥 deposition on the p+

diffused emitter of the commercial wafer there already is significant recombination occurring. The
highest measured lifetime during the optimization was 155.64 𝜇s, the low lifetime implies that charge
carriers decay quickly due to recombination. Specifically, the recombination causing the low lifetime
of the charge carriers in Auger recombination. When the doping concentration is higher, the Auger
recombination lifetime is lower. For the structure built using the p+ doped poly-SiO𝑥 deposition on the
p+ diffused emitter there is one highly doped region on top of another highly doped region, the high
dopant concentration facilitates the high Auger recombination in this area.

5.3.2. Metal contact shunting
With the formation of the front side metallization, a significant amount of shunting is introduced.
Shunting occurs when an alternate current path is introduced for the induced photogenerated current
[82]. Given the available masks for the metallization, the front side aluminium contacts are in direct
contact with the p+ diffused emitter surrounding the poly-SiO𝑥 finger solar cells. This specifically
applies for the metal busbars that surround the metal fingers. Figure 5.18 shows an image taken with
the SEM that shows the interface between the busbars with the textured p+ diffused emitter surface.
The solution for this specific problem would be to produce new lithography mask which will facilitate
the metallization by preventing the connection between the p+ diffused emitter and the busbars.
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Figure 5.18: SEM image of the busbars in contact with the p+ diffused emitter.



6
Conclusions and outlook

6.1. Conclusion
The objective of this project is to fabricate local carrier-selective contacts that are deposited through a
hard mask, and the local contacts are placed only below the metal contacts with the intent to increase
the passivation by lowering the parasitic absorption losses.

The formation of the PECVD deposited a-SiO𝑥 :H was optimized experimentally by investigating
the influence of the deposition power and pressure. The power has the most significant influence
for the finger formation, a lower power results in irregular fingers while higher power improves the
uniformity. A larger power also provides a higher deposition rate. The variation for the pressure shows
little influence on the finger formation. The poly-SiO𝑥 fingers deposited for the solar cell fabrication
were deposited at a medium power of 15 Watt at a pressure of 1.5 mbar, these parameters provide a
manageable deposition controls while also ensuring satisfactory uniformity of the deposited finger
through the hard mask. A poly-SiO𝑥 finger with a width of 40 𝜇m is obtained.

The local carrier-selective contacts are deposited on commercial wafers with a p+ diffused doping
layer. An investigation regarding the process parameters affecting the surface passivation was performed
by creating symmetrical samples of full-area doped poly-SiO𝑥 and full area Al2O3. The full area doped
poly-SiO𝑥 with a chemical passivated ultra-thin SiO2 layer shows the best performance when a PECVD
deposited 50 nm thick layer of p+ doped a-SiO𝑥 :H is annealed at a temperature of 850 °C. The 𝑖𝑉𝑜𝑐 of
this sample has a value of 662 𝑚𝑉 and a corresponding 𝐽0 of 156 𝑓 𝐴/𝑐𝑚2. The optimal thickness for the
Al2O3 passivation layer is achieved by depositing 20 nm thick layer followed by FGA, with an 𝑖𝑉𝑜𝑐 of
692 𝑚𝑉 and a 𝐽0 of 22.4 𝑓 𝐴/𝑐𝑚2.

The results from the optimization were implemented for the carrier-selective solar cell fabrication.
A chemical passivation was implemented to provide the surface of the laser-cut commercial wafers
with an ultra-thin SiO2 layer and subsequently 50 nm thick a-SiO𝑥 :H was deposited through the hard
mask and annealed at 850 °C to form the poly-SiO𝑥 through solid-phase crystallization. An Al2O3 layer
deposited by ALD was deposited with a thickness of approximately 20 nm which induces a negative
charge density on the surface, repelling minority carrier thus reducing the recombination. A 75 nm thick
SiNx layer was deposited by PECVD which functions as a protective layers and reduces the reflection
from the solar cell surface. A lithography step was implemented to remove current materials deposited
on the carrier-selective contacts, the locally isolated area of the wafer ensures that the alignment can
be performed with little difficulty. Front side aluminium contacts and silver full metal back contacts
were deposited with thermal evaporation, followed by FGA to passivate remaining dangling bonds
to reduce the recombination induce by trap states. A flowchart was created specifically for the fabri-
cation of the hard mask and for the fabrication of local carrier-selective contacts on the commercial wafers.

J-V and EQE measurements of showed that the best performing local carrier-selective solar cell
achieved a champion efficiency of 7.91 %, 𝑖𝑉𝑜𝑐 of 562 𝑚𝑉 , 𝑖𝑛𝑡 𝐽𝑠𝑐 of 34.7 mA/cm2 and fill factor of 40.5
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%. The limited performance suggests that despite attempting to reduce the recombination from the
parasitic absorption losses there remains much recombination in the solar cells.

6.2. Outlook for future improvements
During the fabrication process and after measuring the external parameters of the local carrier-selective
contacts it has become apparent that there is a lot of potential for improvement, this section will highlight
some of the recommendations for improving the fabrication and the performance.

Wafer fragility
The aspect which hindered most of the fabrication process has been the fragility of the commercial
wafers. Given their 180 𝜇m thickness they are slightly thinner than most silicon wafers used in the lab,
which are primarily around 280 𝜇m. Because of the thickness of the commercial Cz wafers and them
having a rough laser cut edge, being extra careful is paramount during the poly-SiO𝑥 finger solar cell
fabrication. Slight mishandling of the wafer, whether it be putting too much force on the tweezer when
holding the wafer, drying the wafer when using the nitrogen gun for removing excess water from the
wafer, clamping the wafer in a holder during a deposition process or even taking the wafer out of a
wafer case can result in a fracture. This problem has been the most setback since it can occur at any step
in the process. Smoothing the edge of the wafer by means of a dicing process to remove the outer edge
of the cut wafer could potentially increase the endurance of the wafers.

At a certain point in the process the decision was made to shift from using square wafers to circular
wafers. Initially during the optimization process all the test samples and the initial poly-SiO𝑥 finger
solar cells were fabricated on square substrates. The circular wafers were cut using the laser cutter
out of the square wafers. When shifting to the circular wafers the breakage of wafers increased. An
explanation for the increased fragility could be the influence of the laser, the power of the laser can
affect the strength of the silicon [83]. The circular wafers are fully cut by the laser cutter, while the
square wafers only have the laser cut on two sides. In total the square wafers have a shorter exposure to
the laser cutter and this could explain their higher survival rate.

Poly-SiO𝑥 finger formation
The hard mask can be used multiple times if it doesn’t break during the PECVD process or when it is
cleaned between depositions. Over time more material will accumulate on the mask and gradually
reduce the openings of the hard mask. Investigations into the potential lifetime for the hard mask con
be conducted by performing many PECVD deposition on the same mask. Deposited poly-SiO𝑥 fingers
that become too narrow from built-up material reducing the hard mask openings may not form a good
contact with the metallization.

The etch-back method was briefly eluded to in chapter 3, this alternative method for finger formation
would not utilize the hard mask but lithography instead. Full area doped poly-SiO𝑥 is deposited and
subsequently etched away partly to form the finger. This method could potentially resolve the issue
of doped a-SiO𝑥 :H being deposited between the gap of the hard mask and the substrate, since the
dimensions of the finger would be exactly that of the lithography mask. The poly-SiO𝑥 finger following
a wet-etching step would be more rectangular shaped as opposed to a finger, given that the quality of
the photoresist protective layer survives the wet etching process.

Alignment of poly-SiO𝑥 finger
An alternative to the localized polishing would be to use the flat rear side for the marker reference, since
the rear side of the commercial wafers have a flat surface. To perform a proper alignment with the rear
side the markers on the lithography mask have to be perfectly mirrored. Attempts to align a lithography
mask to the poly-SiO𝑥 fingers have been made during this project, however the accuracy was never
sufficient due to the pattern-shift observed on the rear side.

Recombination near the doped poly-SiO𝑥 finger
The high concentration of dopants caused significant recombination due to the dopants in the poly-SiO𝑥

finger and the p+ diffused emitter on which it is deposited. A localized etching step can be performed
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prior to the doped a-SiO𝑥 :H PECVD deposition to remove the p+ diffused emitter, then the poly-SiO𝑥 can
be deposited at these locations. The intention of this etching step is to mitigate the Auger recombination
by having the dopants from the doped a-SiO𝑥 :H diffuse into the c-Si bulk, rather than into the p+

diffused emitter. This might potentially increase the carrier lifetimes due to lower Auger recombination
present in the local carrier-selective contacts.

TLM
During the optimization process TLM samples were fabricated from the 32 symmetrical samples, silver
and aluminium contacts where deposited in linear configurations with the distances between the metal
contacts spanning from 650 to 3350 𝜇m. Prior to the metallization the SiN𝑥 layers were removed to create
the interface between the metal contact and semiconductor doped areas. Fourteen measurements were
taken for each sample with seven measurements for both types of metal. Regrettably the measurements
were inconsistent for the majority of the samples, thus they have been ignored during the optimization
of the process. The measurements were flawed due to not having cut the samples into thin pieces to
prevent the carriers traveling away from the contacts. Future investigations into the contact resistivity of
samples will have to include the cutting of the samples.

Metallization
A combination of metals for the front side contacts that has not been investigated include copper and
titanium, both of which are available in the lab. By applying a thin titanium seed layer on top of the
aluminium contacts and then applying copper contacts via plating can potentially be beneficial given the
higher conductivity and lower cost of copper. The facilities available in the lab that provide the copper
plating only allow for circular 4-inch wafer to be processed, this in turn interferes with the problem of
the commercial wafer’s fragility. Either the local carrier-selective contacts are made on initially laser-cut
4-inch circular wafers, or an laser-cut square wafers and prior to the copper plating the wafer is cut to a
circular 4-inch wafer size.

New mask have since been designed which could potentially resolve the issues described in this
section, the masks are shown in figure 6.1. The blue-colored isolation mask can be utilized to properly
isolate active area for the solar cells, as opposed to the makeshift isolation mask. The red metallization
mask is designed for the front side metallization of the fingers, to deposit metal fingers only on the
poly-SiO𝑥 fingers. The purple mask is subsequently used to deposit another layer of metal on top of the
metal fingers to form the busbars.

Figure 6.1: New lithography mask usable for the local carrier-selective solar cell fabrication. The masks include an active-area
isolation mask (blue), poly-SiO𝑥 finger mask (green), metal finger metallization mask (red) front contact finger and busbars mask

(purple).
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