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Abstract

Shading on photovoltaic modules is practically inevitable, especially in urban environments. The shadows
cast by neighbouring objects on the solar panel force shaded solar cells to operate under reverse bias. In
this case, instead of generating power, the shaded solar cell dissipates power, which is converted into heat
and may induce the formation of hot-spots. Many attempts have been made to improve the shade tolerance
photovoltaic modules. In this work, we focus on solar cells with low breakdown characteristics to build shade
tolerant photovoltaic modules. These types of solar cells allow the current flow at low reverse bias voltages
(around −4 V). The main design challenge is to maintain high conversion efficiencies while achieving low
breakdown voltages.

In order to design shade tolerant photovoltaic modules, the carrier transport mechanisms in the solar cell
under reverse bias conditions are firstly investigated. A robust simulation template is created in Sentaurus
TCAD to perform a parametric evaluation, including both the structural and operating parameters, of the
device I-V characteristics. The silicon heterojunction interdigitated back contact solar cell with a silicon oxide
passivation layer is among the most promising cell structures to achieve both the low breakdown voltage and
the high efficiency. Band-to-band tunneling happens between the heavily doped p+ and n+ regions at the
rear side, which allow charge carriers to recombine without entering the bulk of the solar cell. We analyse the
effect of the tunneling mass, the gap distance and the dopants penetration length on the forward and reverse
I-V curves. Simulations suggest that it is possible to design high efficiency solar cells with breakdown voltages
as low as −1.2 V. In addition, device performances under different temperature and irradiance conditions are
analysed for the purpose of further investigations on the system level.

While this research study is mainly focused on the performance of solar cells, the results presented in this
thesis facilitate comprehensive system level energy yield analyses of shade tolerant photovoltaic modules
with low breakdown voltage solar cells.
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1
Introduction

1.1. Solar energy
The past 120 years have witnessed a rapid growth in world population, from 1.7 million to 6.9 million while the
economic development has boosted significantly in the same time [1]. Both of the expansions are forcefully
supported by the abundant energy supply. Figure 1.1 illustrates the growth of global energy supply, increasing
by 1400% during the past centuries.

Figure 1.1: Global energy supply in sectors retrieved from [2]

The dominance of traditional fossil fuels in the existing power generation sector would raise series of
environmental problems, including the immense emission of carbon dioxide, and would accelerate global
warming effect [3]. Looking to the future, the anticipated world population in 2050 is estimated at 9.7 billion.
In the meantime, the total global energy demand is supposed to rise at an even higher rate [4]. Therefore,
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2 1. Introduction

the Paris Agreement has been ratified and countries have scaled up renewable energy in order to capture the
exponentially increasing energy demand and to sharply reduce the energy-related CO2 emissions [5].

Since the Sun is the primary energy source for almost every process happening on Earth and the amount
of solar energy incident on Earth is around 10,000 times larger than the total energy consumption of mankind
within the same period [6], photovoltaic technology is believed to be the most promising energy generation
method for harvesting solar energy directly and being utilized in decentralized ways.

1.2. Photovoltaic applications
Photovoltaic (PV) technology can be traced back to the year 1876 when the British natural philosopher William
Grylls Adams demonstrated the photovoltaic effect on a platinum and selenium based junction with his stu-
dent [6]. The generation of a potential difference at a junction consisted of two different materials is in re-
sponse to the electromagnetic radiation [7]. Electrons are emitted from a material that absorbs light with an
energy exceeding a threshold value. Based on that emerges devices like solar cells [8]. In 1954, three scien-
tists Daryl M. Chapin, Calvin S. Fuller and Gerald L. Pearson made the first silicon-based solar cell with an
efficiency of 6 % [6], and a heavy investment in the PV industry has occured since then.

A typical photovoltaic system employs several solar modules, each consisting a number of solar cells to
generate electric power. There has been a boost in the photovoltaic installations in the past 50 years [9].
These PV installations could be adjusted according to different working conditions. Roof-mounted, wall-
mounted, ground-mounted and even floating installations are implemented in various situations [10]. Due
to its flexibility, PV systems have been utilized as the stand-alone power systems or the grid-connected ones.
The production of the PV modules has been enormous since the 21st century when the Eurosolar organization
started the ten thousand roof program with the government funding [11].

Nowadays, the global installed photovoltaic power capacity, from the simplest one-module-one-load sys-
tem to the large power plants, has exceeded 1 GWp [9]. The majority of the installed capacity belongs to
the solar power plants while the largest proportion of its growth lies in the residential sector. The ground-
mounted installations are mostly for those large-scale power plants while there is considerable diversity in
residential solar systems. Unlike those power plants, the landscapes of urban environment would lead to
various operating conditions. The ever changing conditions would definitely influence the performance of
these PV modules and the most prominent, among which, is the partial shading condition [12].

1.3. Partial shading and bypass diodes
Partial shading describes the condition of unevenly distributed irradiation on the solar modules. From a
macro perspective, the annual energy yield of PV modules in urban environment is lower than that in solar
power plants where there would be negligible partial shading conditions [12]. Therefore, the thesis project
mainly focuses on the partial shading problem in the rapid growing residential sector where trees, chimneys
and neighboring buildings could cast shadow on solar modules, which are inevitable as shown in Figure 1.2.

Figure 1.2: Solar panels under partial shading conditions

When a solar cell in a module is shaded, its generated photo-current will be remarkably reduced [13],
thus limiting the power output of the installed PV panel. The shaded solar cell will be operating under reverse
bias caused by the other unshaded cells, meaning it will dissipate, instead of generating, energy [6], and this
part of dissipated energy is mostly converted into heat. The heat may induce the breakdown of certain solar
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cells when their reverse bias are large enough. When the temperature of certain cells exceed normal ranges,
the encapsulation materials tend to crack while other materials inside the cell show tendency of wearing
out [6], known as the hot-spots, which are believed to permanently damage the performance of solar cells
[13]. In addition, the partial shading problem will lead to the electrical mismatch. This mismatch leads to an
insufficient annual energy yield of installed PV panels in urban environment.

The previous paragraphs discuss the problems of electrical loss and potential hot-spots due to the partial
shading condition. It can be prevented by simply adding bypass diodes into solar panels [14]. Most com-
monly, these diodes are connected parallel to a number of cells. They block current when solar cells are
under reverse bias. However, when one of the cells is shaded, the diode will pass current owing to the biasing
from other cells connected in series. The introduction of bypass diodes protects the solar panels, but has the
problem of disproportional loss in the same time if the number of bypass diodes are limited.

Most PV panels currently available in the market have all solar cells (6 by 12) connected in series, shown
in Figure 1.3, and include 3 bypass diodes [15]. Each bypass diode is connected to a group of 24 cells. When
one of the cell is being shaded, the bypass diode connected parallel to this string will be activated and pass
the generating current through. The module will experience a decrease of power output around 33 %. Such
reduction in power output is much larger than the proportion of the shaded area, which is around 1.67 %.

Figure 1.3: Commercial PV panels with 72 cells and 3 bypass diodes

Aside from the 72 cells PV panel, the PV panel consisting 96 cells is shown in Figure 1.4 has 3 bypass
diodes as well. Unlike the 72 cells PV panel, half of the cells in the middle are connected parallel to only one
diode. Thus, partial shading occurred especially in the middle of the PV panel could lead to a even higher
disproportion in this case. A 1.04 % shaded area will lead to a 50 % power output loss.

One straight-forward approach to deal with the disproportional power output losses is assigning one by-
pass diode to every single solar cell [16]. However, attaching more bypass diodes to a PV panel makes the
manufacturing process complex and augments the total cost of certain PV panels.

In addition, there are several cells that could be functioning partially as those with bypass diodes. At-
tempts have been made on both the front back contacted (FBC) cells and the interdigitated back contact
(IBC) cells. When these solar cells are operating under reverse bias, they could become electrically conduc-
tive at a relatively low reverse voltage.
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Figure 1.4: PV panels with 96 cells and 3 bypass diodes

The integration of bypass diodes into the FBC cell structure is to create a region with reverse polarity to
the bulk [17]. Figure 1.5 below illustrates an integrated bypass diode FBC cell. With a bypass diode region
consisted of the same materials listed on the right side, the equivalent circuit of such solar cell will then have
an extra bypass diode and a series resistance as shown in Figure 1.6 [17].

-

+
n-Si

p-Si

n-Si

Bypass

diode

region

Isolation

region
Solar

cell

Figure 1.5: Front back contacted cell with integrated bypass diode

Bypass

diode

Rs Rsh

Main

cell

Figure 1.6: Equivalent circuit of a front back contacted cell with integrated bypass diode

When the bypass diode is activated, there will be additional power loss due to the existence of such series
resistance. Furthermore, the bypass diode region together with the isolation region occupies too many active
areas of the cell, therefore, the efficiency of such bypass diode integrated FBC cell is relatively low [17]. The
fabrication process is not convenient as well.

Besides the bypass diode integrated FBC solar cells, other research groups have focused on different types
of interdigitated back contact solar cells as well. These IBC cells have high efficiency and low breakdown
voltages, below 5 V. The structure of IBC solar cells will be discussed later in chapter 2.
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In this case, the PV panels consisting such solar cells are believed to have a better performance under
partial shading conditions.

1.4. Problem statement
The problem of partial shading for solar panels has been clarified. Inevitable shading conditions caused by
neighboring objects largely limit the annual energy yield of PV modules mounted in urban environment.
The introduction of bypass diodes significantly relieves such problem. Bypass diodes are activated when one
of solar cells connected in parallel is shaded, thus ensuring the energy output of cells from other strings.
However, owing to the limited number of bypass diodes inside the module, there would then be problems
of disproportional output losses. In the meantime, different types of solar cells have shown low breakdown
voltages and good forward characteristics. Therefore, solar cells without external components but with better
shade tolerance are essential.

1.5. Research goal and outline
The rapid expansion of PV installations raises concerns regarding both the high efficiencies and good shade
tolerance. Solar cells with low breakdown voltages and high efficiencies remain the trend of future designs.
Therefore, the main research goal of this thesis project is to investigate into the most promising cell structure
that could maintain high efficiency under forward bias and realize low breakdown voltages under reverse bias
at the same time. The research goal can be further divided into three detailed objectives:

1. Investigate different solar cell structures that result in low breakdown characteristics and identify the
charge carrier transport mechanisms involved under reverse bias conditions;

2. Generate a robust 2D simulation template to perform a parametric evaluation of the I-V characteristics
of a solar cell;

3. Analyze the influence of structural parameters and operating conditions on the forward and reverse I-V
characteristics of a solar cell.

This document is structured as follows. Chapter 2 will give an overview of the most common techniques
that are used in current state-of-the-art solar cells. This chapter will also introduce the breakdown mecha-
nisms behind each kind of cell structures. Chapter 3 will describe the methods that have been used during
the simulation phase of this thesis project. Chapter 4 presents the simulation results concerning the char-
acterisations of different structural factors. Chapter 5 will discuss the effects of realistic working conditions
on temperature and irradiance. Finally, chapter 6 presents the conclusions and recommendations. A sum-
mary of the most important results obtained during this project will be provided in this chapter while the
recommendations for future research will be presented as well.





2
Fundamentals

Before diving into the research project, it is essential to be equipped with several fundamentals. Photovoltaic
devices usually process the interaction with light, thus, in this chapter, the basics of solar cell working princi-
ples and illustrations of various solar cells will be presented. The breakdown mechanisms will be explained
and the reverse characteristics of certain IBC solar cells will be analyzed as well.

2.1. Working principles of solar cells
Nowadays, various photovoltaic technologies have been commercialized and the PV market is in unprece-
dented prosperity [18]. Among all the technologies, the fundamental working principle of a solar cell is the
photovoltaic effect [6].

2.1.1. Generation of charge carriers
The potential of the solar cell is generated over the junction that are formed by two different materials when
receiving the electromagnetic radiation. The solar energy incident on Earth, is assumed to be consisted with
a flux of photons with different energies. The energy of a photon (Eph) is determined by:

Eph = hν (2.1)

where h is the Plank constant and ν is the frequency of certain electromagnetic radiation. The semicon-
ductor material used to absorb the incident light is characterised by its band gap energy EG . If the semicon-
ductor material has no defects, electrons are only allowed to occupy a position below the valence band or
above the conduction band of certain materials. Such band gap describes the difference between those two
energy states:

EG = EC −EV (2.2)

Conduction Band

EV
+ -

-

+
Valence Band

EC

EG = EC - EVEph

Figure 2.1: The generation of electron-hole pair when an incident light with energy larger than the bandgap of the material
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8 2. Fundamentals

Photons are absorbed by a semiconductor material. The energy of a photon Eph is used to excite an
electron from the valence band to the conduction band in such material, which means that a photon is only
able to excite an electron into the conduction band when its energy is greater than the band gap energy [19].
The rest of such energy will be dissipated in forms of heat mostly.

2.1.2. Separation and collection of charge carriers
When an electron-hole pair is generated inside the buck region, electrons and holes must be separated and
then collected at different contacts of a solar cell to flow through the external load circuit [20]. The flow of
charge carriers through the external load builds a DC electric current that can be used to power different
electrical devices [6].

Charge carriers flowing through the external circuit usually requires the semipermeable membranes to
allow electrons and holes to flow bidirectionally, show in Figure 2.2, and such semipermeable membranes in
solar cells are formed by p- and n- materials [6].

-
+-

-
+

+

Load

membrane membrane

Figure 2.2: Charge carriers separation of simplified cell model

When these two materials are brought together, the different concentrations of holes and electrons form
an internal electrical field. The photogenerated electron and hole pairs will then be forced to opposites sides,
which is known as the drift current inside the buck region [20]. In the meantime, carriers tend to move from
high concentration regions to low concentration regions, known as the diffusion. Such effect will form the
diffusion current within such space charge region as well [6]. High concentration of holes at P side and elec-
trons at N side will lead to a diffusion current, and the space charge region will be under equilibrium when the
drift current is compensated by such diffusion current [21]. Therefore, doping is used to improve the carrier
collections of different materials.

+
+
+
+
+
+
+
+
+
+
+
+
+

+
+
+
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-
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E-field

electrons holes
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Figure 2.3: Formation of a space charge region and carrier movements
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Doping is the manipulation of boron and phosphorus atoms replacing silicon atoms in the structure [22].
When boron is introduced into the silicon based structure, a neighboring electrons will be attached to the
boron atom to form bonds towards four neighboring silicon atoms [6]. In consequence, a hole will then be
created, which is called the free charge carrier. Such atoms that improve the concentration of holes are called
acceptors. Similarly, atoms that can improve the concentration of electrons are called donors, which are often
referred to phosphorus [6]. With a high concentration of acceptors and donors, the internal electrical field
will be stronger, leading to a higher collection of both photogenerated electrons and holes.

When the doping is introduced, the band diagram of certain materials will be changed correspondingly.
The Fermi level, which describes the probability of electrons occupancy at different energy levels, will no
longer be at the middle of the bandgap [23]. Instead, the Fermi level will move upwards if the material is
doped with phosphorus, or downwards if it is doped with boron. Such changes of Fermi level indicates the
property of certain materials, as illustrated in Figure 2.4.

Conduction 

Band

Valence 

Band

Conduction 

Band

Valence 

Band

a) b)

P type N type

EFi

EF

EF

Figure 2.4: Fermi level after a) Boron doping; b) Phosphorus doping

Several metals including aluminium are used to finally collect the photogenerated electron and hole pairs.
The metal contacts are placed next to the separation layers and have relatively low resistance [21]. In conse-
quence, the charge carriers flow through the external circuit and will be utilized in different forms.

2.2. Comprehensive complements of solar cells
In this section, various layers of solar cells will be discussed. Most of them are replenished to the structure
mentioned above to improve the efficiency of solar cells.

2.2.1. Anti-reflection coating
Anti-reflection coating is placed at the surface of the solar cell. It is the first layer in contact with the incident
light. Anti-reflection coating itself has nothing to do with the photon absorption. Such layer is designed to
improve the absorption inside the wafer where most of the electron and hole pairs are generated [24].

The flat surface of silicon wafer can have a high surface reflection over 30%. Around one third of the inci-
dent light is going to be wasted due to the reflection [20]. Such reflection can be reduced simply by applying a
textured anti-reflection coating to the surface. By bouncing the reflected light back to the rough surface, the
texturing raises the probability of light refraction into the absorber.

The Fresnel’s law describes the intensity of light transmitted and reflected between two medium [25]. It
is related to the incident angle and the refractive index of both medium. When an anti-reflection coating is
placed in between, the intensity of reflected light will be reduced due to the gradually increasing refractive
index from air to the absorber [24]. Therefore, the transmission of incident light will be enlarged with the
existence of anti-reflection coating.
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Bare surface Textured surface

Figure 2.5: Light reflection of bare and textured surfaces

2.2.2. Passivations
Passivations are used in solar cells to prevent the photogenerated electrons and holes from recombining. The
periodic crystal of silicon is interrupted at the edges of the wafer [26]. Such edges refer to the interfaces of
silicon wafer and other layers in a solar cell diagram. When the periodic crystal is ended abruptly, the forma-
tion of allowed electronic states tend to exist at that region. These states can act like effective recombination
centers for charge carriers, hence, the collection of photogenerated electron and hole pairs is deteriorated
[27].

There are several materials that can be used as the surface passivations. Thin SiO2, SiNx and Al2O3 layers
are the main dielectric layers in the state-of-art cell technologies [26]. Under thermal treatment, these layers
are able to passivate the silicon dangling bonds. In consequence, the potential recombination centers are
reduced and the collection of the photogenerated electron and hole pairs are enhanced [28].

Passivation method is implemented at the interface of metal and semiconductor as well [29], where the
recombination velocity is relatively high. The conventional way to passivate this contact is to increase the
dopant concentration of certain regions underneath the metal. With a high dopant concentration, electrons
and holes will pass the desired boundary, thus reducing the recombination probability at both sides shown
in Figure 2.6.
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Figure 2.6: Band diagram of c-Si wafer where contacts are passivated by n+ and p+ selective regions [26]

2.2.3. Transparent conductive oxides
Transparent conductive oxides layers, TCO in short, are doped metal oxides used in solar cells. TCO layers are
usually placed right beneath the anti-reflection coating. TCO layers act as the optically transparent layer for
photons incident at the surface to enter the absorber and as the electrically transparent layer for photogen-
erated electrons or holes to move towards the external circuit.

TCO layers improve the transmission of both photons and charge carriers of the solar cell. Furthermore,
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there will be additional parasitic absorption of light with short wavelengths due to the bandgap of TCO [30].
Therefore, TCO layers are widely used in the cell structures nowadays.

2.3. Breakdown mechanisms
Shading conditions are partially inevitable to solar panels operating in urban environment, as mentioned in
the first chapter, and will induce the breakdowns of solar cells. The previous sections discuss the working
principles and essential components of solar cells. In the following sections, the possible breakdown mecha-
nisms and the performances of two typical solar cells under partial shading conditions will be analyzed.
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Figure 2.7: a) Thermionic emission; b) Intra band tunneling; c) Band-to-band tunneling; d) Trap assisted tunneling

There are mainly three different types of mechanisms that would lead to the breakdown of the junctions,
namely thermionic emission, avalanche breakdown and Zener breakdown [19]. Thermionic mechanism
refers to the situation where the carriers are able to overcome the barriers themselves and to be transported,
which will not be discussed in this thesis project.
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Zener breakdown mechanism describes a different conductive process under reverse bias. It mostly oc-
curs where the electric field of certain region is large enough that the charge carriers start jumping across
the narrow junction, and it is also known as tunneling. Tunneling could be further divided into three dif-
ferent types, the trap assisted tunneling, the intra band tunneling and the band-to-band tunneling [31][32].
Most of the trap assisted tunneling happen within the region where there are the presences of traps within
the depletion region. The existence of traps, in other words, would split the energy barrier into two parts,
resulting in two consecutive tunnel through thinner energy barriers. This would increase the probability of
total tunneling process [33]. It is worth mentioning that there could be more than one traps within the barrier
especially for those highly degraded junctions. The intra band tunneling and the band-to-band tunneling are
both among direct tunneling [32]. Charge carriers could be transported directly through the forbidden energy
barrier formed by the dielectric layer in these cases. Such dielectric layers are mostly thin layers compared
with the trap assisted tunneling [32]. The main difference between the intra band tunneling and the band-
to-band tunneling is that in the intra band tunneling, charge carriers would be transported to the same band
after overcoming the barrier while they would be in another band after the band-to-band tunneling process
as illustrated in Figure 2.7 [34].

Avalanche breakdown is the dominant mechanism in most crystalline silicon solar cells. The breakdown
voltages are usually lager than that of Zener breakdown. A conventional crystalline silicon solar cell has a
breakdown voltage over 10 V while the Zener breakdown requires a lower reverse potential [35]. The next
section is going to reveal the structures and breakdown behaviors of both FBC and IBC solar cells.

2.4. Front back contacted solar cells
The previous sections provide an overview of essentials in a solar cell and the mechanisms when breakdown
occurs. In this section, the most common front back contacted solar cells in the market nowadays will be
introduced.

metal

ARC passivation n+ emitter

p type wafer p+ BSF

Figure 2.8: Front back contacted solar cell diagram

Front back contacted solar cells have been commercialized in large scales. Such type of solar cells have
carrier collection regions on both sides. Figure 2.8 below shows a typical front back contacted cell structure.
The incident light reaches the anti-reflection coating and is transmitted through the anti-reflection coating
and the passivation layer to the absorber, which is a p type wafer in this case. Photons of wavelength below
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1107 nm are absorbed and electron and hole pairs are generated afterwards. The n+ emitter and p+ BSF act
as the semipermeable membranes for electrons and holes. In consequence, electrons will be then collected
at the front side and holes will be collected at the back side. To avoid the possible recombination happening
at the interfaces of both n+ emitter and p+ BSF between metal contacts, two passivation layer are added to
the FBC solar cell. Eventually, collected charge carriers will flow through the external circuit and be utilized
in different forms according to the loads.The front back contacted solar cells have advantages of distinct
fabrication processes. Layers are grown on top of each other and there are no divisions at a certain depth
[20].

2.4.1. Breakdown mechanisms in front back contacted solar cells
Front back contacted solar cells have an internal electric field formed by the P and N junctions as mentioned
in the previous section. When solar cells are under reverse bias, such internal electric field is enhanced. As
a consequence, the diffusion current will decrease due to a stronger obstacle within the space charge region
[20]. When one of the solar cells connected in series is shaded, other unshaded cells will act like a reverse
bias on this shaded solar cell. The photogenerated current flowing through this string will be larger than the
allowed current passing through this shaded cell. Such shaded cell will eventually become conductive when
the reverse bias is large enough, and the required reverse voltage is called the breakdown voltage.

Reverse characteristics can be separated into three different regions based on the the corresponding volt-
age current behavior [36]. The extremely low breakdown region refers to the situation where ohmic shunts
and prebreakdowns are dominate owing to the crystal defects, which is not discussed in this thesis project.
Low breakdown region usually correlates to the situation that high recombination occurs when there is tun-
neling process. The high breakdown region can have a breakdown voltage up to −60 V. The I-V curve at this
region shows a steep slope, which is correlated to the avalanche breakdown mechanisms. The breakdown
voltage of most conventional solar cells are among −10 V to −20 V [36]. The breakdown mechanisms within
certain range is avalanche breakdown.
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Figure 2.9: Avalanche breakdown mechanism in a front back contacted solar cell under reverse bias

Avalanche breakdown occurs when a high reverse bias is applied. When charge carriers are accelerated
by such a strong electrical field, they tend to gain enough kinetic energy to be separated from the covalent
bonds. Furthermore, the accelerated carrier will further ionize other atoms on lattice, thus creating extra
pairs of electrons and holes. These free carriers further collide with other atoms and produce even more



14 2. Fundamentals

electron and hole pairs [19]. In the end, the free electrons flowing through the junction and develop the
reverse bias current, making the junction electrically conductive. Avalanche breakdown mechanism can lead
to a extremely large current within the material which used to be a good insulator [37].

Figure 2.9 shows the avalanche breakdown situation inside a front back contacted solar cell. The electrons
are accelerated by the electric field due to the reverse bias and cross the entire wafer,which results in an ex-
tremely high breakdown voltage. Other attempts to make front back contacted solar cells become conductive
under reverse bias, such as the integrated bypass diode, has been discussed in the first chapter.

2.4.2. Temperature coefficient of breakdown mechanisms in front back contacted solar
cells

For avalanche breakdown, the thermal vibration increases and the mean free path decreases at the same time
when the temperature increases [35]. In the free path, primary electrons or holes get accelerated strongly
enough to knock out electrons from the valence band to the conduction band. Since the path length gets
smaller, then the electrons or holes will need larger electric field to acquire kinetic energy equal or greater
than the energy gap. To increase the electric means to increase the voltage in this situation. Hence, the
breakdown voltage increases with the temperature increase.

2.5. Interdigitated back contact solar cells
Considerable progress has been made in high efficiency silicon based cell technology. Among which comes
the concept of interdigitated back contact (IBC) solar cell. The interdigitated back contact solar cells were
first introduced by Schwartz and Lammert in 1975 [38]. The most important feature of IBC cells is that all the
metal contacts for collecting charge carriers have been moved to the rear side of the device [39] compared
with conventional front contact designs illustrated in Figure 2.8. The intention of such modification is to
improve the cell efficiency by removing the potential shading losses due to the metal contacts at the front
surface. In terdigitated back contact solar cell is the focus of this these project.

metalARC passivation

n+ BSF

n type wafer

p+ emitter SiOx

Figure 2.10: Interdigitated back contact solar cell diagram

Figure 2.10 is a specific sketch of an IBC cell structure. On the top of the IBC cell is a anti-reflection coat-
ing. This texturing surface is aimed to improve the absorption of incident light on the surface, increasing
the possibility of refraction while decreasing the reflection there at the same time. Usually, the anti-reflective
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coating together with the transparent conducting oxide layer helps enhance the light transmittance in the
solar cells [40]. More light tend to be transmitted to the bulk thus raising the possibility of absorption in the
N-type wafer. IBC solar cells have shown unique merits other than its negligible shading losses. The first one
is the implementation of monocrystalline float-zone n-type wafers, which would not experience the light-
induced degradation [6]. Without the presences of both boron and oxygen, n-type wafer implemented in the
IBC solar cells would not suffer from the occurring defects under illumination. Besides, complex fabrication
processes of n-type wafer can be avoided for a low sensitivity to the impurities inside the wafer [6], thus re-
sulting in a reasonable price. Furthermore, larger metal fingers for carriers collection can be implemented
without concerns of shading. Due to the removal of the surface metalization contacts, the appealing color of
the IBC solar cell is decided by the thickness of the anti-reflection coating, which would harmonize with the
surrounding constructions and largely promote the utilization of IBC solar cells in different urban environ-
ment [41]. A substantial percentage of charge carriers generating near the front surface results in a low front
surface recombination velocity [42].The resistive losses at the metallic contacts are reduced as well.

The silicon oxide layer listed between the n type wafer and the interdigitated doped regions has another
function beyond passivation, which is to limit the doping diffusion length inside the wafer. The dopant diffu-
sion region inside the n type wafer can lead to a high recombination rate there. The thickness of such silicon
oxide layer has been evaluated previously in PVMD group. Silicon oxide layer beyond 1.6 nm would probably
forbid the carrier transportation by decreasing the tunneling possibility through this silicon oxide layer while
thickness below 1 nm would fail to select the collecting carriers, leading to a high contact recombination in
those two heavily-doped interdigitated regions. An appropriate silicon oxide layer here could even improve
the transportation of charge carriers and restrict the tunneling for the non-collecting carriers [43]. The in-
terdigitated p+ and n+ regions at rear side are formed by high temperature diffusion processes with BBr3 and
POCl3, for instance sputtering [39]. The passivating layer at the rear side is capable of providing excellent
passivation on both p+ and n+ surfaces as well as withstanding the high temperature fabrication processes.
Metals at the rear side are in direct contact with only a small part of doped collection regions thus significantly
reducing the recombination processes on the contacting surfaces [41].

IBC solar cells have been commercialized by SunPower company with an efficiency of 24.2 % [6]. In ad-
dition, it has been observed that the IBC solar cells have a much better performance under reverse bias. A
relatively low breakdown voltage of about −3.7 V at which the reverse current reaches 2 A under dark con-
dition was achieved on a IBC solar cell with a contiguous p+ and n+ region at the rear side [44]. Such soft
breakdown behavior suits the need for better resilience against shading precisely.

2.5.1. Breakdown mechanisms in IBC solar cells
Many of the interdigitated back contact solar cells are reported to have breakdown voltages below −5 V. Zener
breakdown, due to the high electric field and a short distance, becomes dominant in IBC solar cells at the rear
side. Figure 2.11 below presents the reverse characteristics of several IBC solar cells.
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Figure 2.11: Dark I-V reverse characteristics of various solar cells [39][45][46]

Tunneling significantly reduces the breakdown voltage of IBC solar cells and brings such structure to low
breakdown region [47]. This is owing to the short distance between p+ and n+ regions at the rear side. When
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a reverse bias is applied to the cell, tunneling are likely to happen at the rear side. Electrons have a shorter
path in IBC cell compared with FBC cells, and the heavily doped p+ and n+ regions form a strong electric field,
which is beneficial for tunneling at the rear side as well.

The reason for such soft breakdown behavior is the involvement of band-to-band tunneling, in specific.
When a heavily doped p+ and n+ junction is under reverse bias, which is exactly the same in this case, elec-
trons can tunnel from the valence band directly into the conduction band. The tunneling current follows

Jt ∝ A×F ×V ×exp(−B/F ) (2.3)

A and B are positive quantities that are related to material properties such as the bandgap and the effective
mass of carriers [44]. F means the average electric field inside the junction and V refers to the applied voltage.
The width of the depletion here is small enough, hence, a higher electric field due to the heavily doped p+ and
n+ regions at the rear side leads to the desired low breakdown voltage.

A measurement has been carried out on IBC solar cells. The measured IBC cells feature no gaps between
the emitter and BSF, which greatly simplifies the process and reduces the manufacturing costs. In the infrared
images listed below in Figure 2.12, the area between p+ and n+ regions is relatively uniform which implies
that the tunneling current flows through the p+ and n+ regions instead of crowding into certain spots [48].
The breakdown over the entire junction tends to be uniform. As the consequence, a uniform heat dissipation
is observed. Such measurement confirms a uniform tunneling happening at the rear side. A stable tunneling
process leads to a soft breakdown voltage of the device.

a) b)

Figure 2.12: a) Photoluminescence image and b) IR characteristics of an IBC solar cell under reverse bias retrived from [48]

2.5.2. Temperature coefficients of breakdown mechanisms in IBC solar cells
For Zener breakdown, the electric field must be sufficiently high to torn electron from the valence band to
the conduction band. So, the electric field must be strong enough such that the valence electrons could cross
the energy gap. Since the energy gap decreases with temperature increases, then the electric field required
to torn the valence electrons decreases with temperature increase, and consequently the required voltage
decreases since voltage equals the electric field intensity times the width of the space charge region, resulting
in a negative temperature coefficient.

2.5.3. Reverse characteristics of IBC solar panel
A measurement has been carried out in the laboratory to analyze the reverse characteristics of an IBC solar
panel. The I-V characteristics of IBC solar panel is measured in the laboratory. Up to 8 cells are being shaded
with exactly the same occluder one by one to show the power output of such panel. The results shown in
Figure 2.13 confirmed that, unlike the conventional PV panel, the new module made up of low breakdown
solar cells would experience power output drops before losing the power generated by the string connected
parallel to a bypass diode. The bypass diode would not be activated until more or less 4 cells are being shaded
in this experiment.
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a) b)

Figure 2.13: Solar module a) I-V and b) P-V plots under different shading conditions

2.6. IBC solar cells with low reverse characteristics
In this section, various interdigitated back contact solar cells will be analyzed. All of them have similar struc-
tures and have shown low breakdown voltages.

2.6.1. Maxeon solar cells
SunPower company has commercialized IBC solar cells and has been looking for a large scale of their latest
IBC solar cells. The SunPower Maxeon solar cells are the latest cells with both high efficiency and preferable
shading tolerance. The state-of-art Gen III cells [45] significantly reduces the breakdown voltage to around
−2 V under 2 A current flow, meaning the partial shading condition of a few solar cells in particular will not
turn on the bypass diode immediately. The photogenerated current will stay positive under most shading
conditions, hence, improving the annual energy yield and PV modules’ lifetime.

The state-of-art Gen III cells reduces the surface recombination at the rear side, and the efficiency of such
solar cell has reached 24.2 % [45]. A rear mirror has been placed at the back side and the passivation layer
there has been textured. Both of them reduces the recombination happening at the rear side surface, thus
contributing to a high efficiency and a larger open circuit voltage.

Figure 2.14: Infrared image of Gen III and Gen II IBC solar cells in reverse bias at 5 Amperes under ambient temperature retrieved from
[45]



18 2. Fundamentals

A further investigation of cell performance under reverse bias. The infrared image of Gen III cells shows
a lower temperature than the previous IBC cells. The temperature rise in reverse bias at 5 A is around 5 °C.
The lower breakdown voltage significantly reduces the heating of the modules, thus enhancing the long term
reliability.

2.6.2. IBC-SHJ POLO solar cells
The ISFH research institute has designed the silicon heterojunction IBC cells with polysilicon p+ and n+ re-
gions on top of an SiOx layer and such device has an efficiency of 26.1 % [41].

Figure 2.15: SEM images of a p(i)n junction on cell wafer retrieved from [41]

The p+ and n+ regions at the rear side is separated by another intrinsic polysilicon layer to avoid recom-
bination process there. The SiOx layer is placed between the n type wafer and the polysilicon regions but has
pin holes to allow the collection of generated charge carriers inside the wafer. Such SiOx layer has advantages
of good passivation quality of the crystalline silicon surface and low contact resistances as well.

2.6.3. Homojunction IBC solar cells
A research group at Fraunhofer ISE has fabricated IBC solar cells to test the cell performance under both for-
ward and reverse bias. Their simplified fabrication process is combining both ion implantation and furnace
diffusion. A local implantation of phosphorus is used to form the n+ BSF firstly with masks on p side. Then
follows a BBr3 furnace diffusion to form the p+ emitter and front floating emitter [46].

Figure 2.16: IBC solar cell with BSF formed by local ion implantation of phosphorus and subsequent BBr3 furnace diffusion retrieved
from [46]

Such IBC cells have a conversion efficiency up to 22.4 %. The degradation of the device performance is
believed to be related to the reduced passivation quality when fabricating. With an finer Al2O3 and SiOx or
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SiNx passivation layer, the degradation should be controllable [46].
The IBC cells without an interval between p+ emitter and n+ BSF at rear side are reported to achieve

breakdown voltages around −5 V [46]. The breakdown happens between these two regions and such effect is
evenly distributed due to a uniform doping level throughout the region, which is similar to other IBC solar
cells discussed in the previous sections. Moreover, different doping profiles have limited influences on the
reverse breakdown voltages of the device.

2.6.4. Soft breakdown IBC solar cells
Another IBC solar cell with low reverse characteristics designed by the research group in ISC Konstanz sug-
gested a non-separation doped regions at the rear side. The heavily doped p+ and n+ regions are placed next
to each other and the corresponding breakdown voltage under reverse bias could reach −3.7 V [44]. The sim-
ulation carried out indicates a band-to-band tunneling across the borders of p+ and n+ regions at the rear
side. The breakdown inside these IBC solar cells are uniform over the entire device and, most importantly, is
non-destructive.

Figure 2.17: Measured reverse IV curves at different temperatures retrieved from [44]

A measurement of two dark I-V curves at 26 °C and 104 °C shows a negative temperature coefficient of such
device. Such negative temperature coefficient strongly supports the tunneling mechanisms within the device
as discussed in the previous sections [35]. In the meantime, the study of dopant concentrations influences
on the breakdown characteristics has been carried out. The breakdown voltage can be modified by changing
the dopant profiles. When the boron or phosphorus sheet resistance is reduced, both the efficiency and the
breakdown voltage can be improved.

2.7. Reflections
In this chapter, the fundamental working principle of solar cells, the photovoltaic effect, is introduced. Solar
cells absorb light with energy greater than the bandgap to generate electrons and holes. Electrons and holes
are then collected at doped p and n regions to flow through an external circuit. The designs of anti-reflection
coating, passivations and transparent conductive oxides are for higher energy conversion efficiency of the
cell. When solar cells are partial shaded, they will be under reverse bias conditions and breakdowns can
happen. Avalanche breakdown remains dominant in front back contacted solar cells, resulting in relatively
high breakdown voltages due to the long distance of p and n regions. Tunneling is the key mechanisms for
the low breakdown voltage interdigitated back contact cells, where both p and n regions are placed at the
rear side. IBC solar panels tend to harvest more energy than the conventional FBC panels because of the low
breakdown voltages. Different designs of IBC cells are reported to achieve high efficiency and low breakdown
voltages at the same time.

Interdigitated back contact solar cells, as explained in the previous chapters, are among the most promis-
ing cell structures in the low breakdown voltages field. The IBC solar cells with contiguous p+ and n+ regions
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can realize a breakdown voltage towards −3.7 V [39]. It has been revealed in Equation 2.3 that a higher electric
field would lead to a higher tunneling probability through the depletion region at the rear side. However, if
there is no separation between those two heavily doped p+ and n+ regions, they will get in touch with each
other, causing shunting not only at the rear side but also within the wafer where there are two dopant diffu-
sion regions and destroying the forward characteristics.

In consequence, an silicon heterojunction interdigitated back contact solar cells similar to the structure
studied in section 2.6.2 is selected with an intrinsic polysilicon layer inserted into the gap between p+ and n+

regions to suppress the recombination flowing through.



3
Device Simulation

In this chapter, the simulation tools are presented according to the procedures. Physical models involved and
reasons for activating these models will be explained.

3.1. Simulations of solar cells in Sentaurus TCAD
Sentaurus TCAD is an advanced multidimensional device simulator with a broad category in different sim-
ulations, including electrical, thermal, and optical characteristics, of silicon based and compound semicon-
ductor devices [49]. It is chosen to simulate the electrical performance of silicon based interdigitated back
contact solar cells for its comprehensive functions and capability of new device simulation for which fabrica-
tion processes are not yet defined [50]. Majority of the thesis project simulations and sensitivity analysis are
carried out in Sentaurus.

3.2. Generation of geometric structures in Sentaurus structure editor
Sentaurus structure editor is a two dimensional or three dimensional structure editor to create TCAD devices.
Device structures are generated while dopant concentration profiles and meshing strategies are defined inter-
actively in Sentaurus structure editor. The geometry operations in Sentaurus are based on the ACIS geometry
kernel [50].

Figure 3.1 shows a promising cell structure in Sentaurus simulations. An silicon heterojunction interdigi-
tated back contact solar cells similar to the structure studied in section 2.6.2 is created by Sentaurus structure
editor. The parameters defined and modified in the structure editor are listed below in Table 3.1.

Table 3.1: Parameters in Sentaurus structure editor

IBC solar cells structure parameters
Cell pitch 600µm ARC thickness 5 nm
Wafer thickness 260µm SiOx layer thickness 1.2 nm
P+ region width 518µm P+ region thickness 20 nm
intrinsic polysilicon layer width 1µm intrinsic polysilicon layer thickness 20 nm
N+ region width 81µm N+ region thickness 20 nm
Metal contact width (P+) 498µm Metal contact thickness (P+) 10µm
Metal contact width (N+) 62µm Metal contact thickness (N+) 10µm
Wafer Phosphor concentration 1.559×1015cm−3 P+ boron concentration 1020cm−3

N+ boron concentration 1020cm−3

Other parameters such as the doping profiles and meshes are defined in structure editor as well. Sentau-
rus solves the continuity equations inside each mesh element so that the meshing sizes are finer closer to the
interfaces and regions with large doping gradients. The doping profiles consider the lateral penetration and
vertical diffusion are considered and follows Gaussian distribution at certain regions.

The optical simulation is carried out with GenPro4 in advance [51]. Such simulation results are loaded
in Sentaurus and photon absorption at every depth of the solar cell is assigned as an input. Therefore, the

21
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Figure 3.1: Diagram of the IBC-SHJ solar cell

anti-refection coating and the passivation layers are eliminated because they only complicates the meshes
for electrical simulations. The optical effect of texture is included in the optical generation profile loaded in
Sentaurus.

3.3. Physics in Sentaurus device
Sentaurus device functions as the circuit simulator for the two dimensional semiconductor device generated
in Sentaurus structure editor. In this chapter, different physical models and fundamental physics are intro-
duced for the electrical simulation.

3.3.1. The poisson equation and quasi Fermi levels
In all semiconductors, both the mobile and immobile charges like the traps and ionized dopants are of vital
importance. The electrostatic potential determined by all kind of the chargers remain the fundamental parts
of device simulations and is the solution of the Poisson equation [49] :

∇· (ε∇φ+−→
P ) =−q(p −n +ND −NA)−ρtr ap (3.1)

where:

• ε is the electrical permittivity.

•
−→
P is the ferroelectric polarization, which is linearly dependent on the electric field

−→
F .

• q is the elementary electronic charge.

• n and p are the electronic charge.

• ND and NA are the concentration of ionized donors and acceptors.

• ρtr ap is the charge density contributed by traps and fixed charges.
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When contacts are at the same potential, the device is under equilibrium .The electron and hole densities
can be calculated based on the corresponding quasi-Fermi level [49]. The formulas of the densities are:

n = NC exp

(
EF,n −Ec

kT

)
(3.2)

p = NV exp

(
EV −EF,p

kT

)
(3.3)

under Boltzmann statistics, where:

• NC and NV are the effective density of states in the conduction and valence bands, respectively.

• EC and EV are the conduction and valence band edges, defined as:

EC =−χ−q(φ−φr e f ) (3.4)

EV =−χ−Eg ,e f f −q(φ−φr e f ) (3.5)

where χ is the electron affinity, Eg ,e f f is the effective band gap, and φr e f is a constant reference poten-
tial.

• EF,n = −qΦn and EF,p = −qΦp are the quasi-Fermi energies for electrons and holes, Φn and Φp are
respectively the electron and hole quasi-Fermi potentials.

Boltzmann statistics utilizes the results of Maxwell law of distribution and Boltzmann theorem relating
entrophy and probability [52]. Quantum statistics has been developed by Fermi to apply to indistinguishable
identical particles having spin half [53]. The dopant concentrations of both P and N regions in this simulation
are 1020cm-3 as mentioned in the previous section, so Fermi statistics would then be more accurate than
Boltzmann statistics [54]. Equations 3.2 and 3.3 are then replaced by:

n = γn Nc exp

(
EF,n −EC

kT

)
(3.6)

p = γp NV exp

(
EV −EF,p

kT

)
(3.7)

where γn and γp are given by:

γn = n

NC
exp

(
EF,n −EC

kT

)
(3.8)

γp = p

NV
exp

(
EV −EF,p

kT

)
(3.9)

• n and p are the electronic charge.

• NC and NV are the effective density of states in the conduction and valence bands, respectively.

• EC and EV are the conduction and valence band edges.

• EF,n and EF,p are the quasi-Fermi energies for electrons and holes.

Within an ideal cell structure, two different junctions end abruptly at the interfaces. The conduction or the
valence bands near an abrupt heterointerface are not aligned, which is known as the discontinuous interface
in Sentaurus simulations [49]. This usually occurs on the heterointerfaces of different layers. The continu-
ous quasi-Fermi potential is essential in the simulations as it indicates the state of equilibrium. Therefore,
heterointerface model together with the thermionic-emission model, which defines the possible thermionic
current and energy flux through the interfaces, have been switched on in the device simulation [55] to ensure
a continuous condition.
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3.3.2. Carrier transport in semiconductors
Different transport models are used in device simulations including drift and diffusion model, thermody-
namic model, hydrodynamic model and Monte Carlo model [49]. The main carrier transport model used is
thermodynamic model, which is suitable for a low thermal exchange and high power density devices [56].
The fundamental working principle of carrier transport model is the continuity equations:

∇·−→Jn = qRnet ,n +q
∂n

∂t
(3.10)

−∇·−→Jp = qRnet ,p +q
∂p

∂t
(3.11)

where:

• n and p are the electron and hole density, respectively

• Rnet ,n and Rnet ,p are the net recombination rate of electrons and holes, respectively

•
−→
Jn and

−→
Jp are the current densities of electrons and holes, respectively

The continuity equation is the fundamental equation that describes the carrier transport model in the
simulation, additional equations regarding electron and hole temperature effects on carrier transport are not
included [57]. The only temperature simulation that will be carried out in this thesis is the lattice temperature,
which will be discussed in chapter 5 later.

Boundary conditions together with electrical properties are essential in solving continuity equations.
They come after the definition of carrier transport models. Contacts on semiconductors in this simulation
template are Ohmic contacts by default, with a resistance of 1 mΩ when connected to a circuit node [58].
There is no resistance in other conditions. Charge neutrality and equilibrium are assumed at Ohmic con-
tacts. The conditions are written as:

n0 −p0 = ND −NA (3.12)

n0p0 = n2
i ,e f f (3.13)

where n0 and p0 are the equilibrium concentrations of electron and hole, respectively. ni ,e f f refers to the
effective intrinsic density, which takes into account the doping dependent bandgap narrowing.

3.3.3. Carrier mobility
Definition of carrier mobility in Sentaurus device takes both carrier scattering and mobility degradation into
account. It implements a modular approach for the description of the carrier mobilities. For the doped
materials, the carriers scatter with the impurities, which leads to a degradation of the mobility [59]. Both the
n type wafer, p+ and n+ regions at the rear side have been doped. Therefore, the Philips unified mobility model
is switched on to describe not only the temperature dependence but also the electron-hole pairs scattering
and the impurities screening and clustering [49]. According to Matthiessen’s rule:

1

µi ,b
= 1

µi ,L
+ 1

µi ,D Ach
(3.14)

The Philip unified mobility model has two contributions namely µi ,L , which represents the lattice scatter-
ing, and µi ,D Aeh , which represents all other bulk scattering mechanisms owing to ionized particles and free
carriers [60]. µi ,L is relevant to temperature and can be calculated according to Equation 3.15:

µi ,L =µi ,max

(
T

300

)θi

(3.15)

The definition of µi ,D Aeh is complicated and contains the effects of clustering of donors and acceptors.
Mobility degradation at interfaces are not used in the study because of the flat surfaces built in geometric
structure in Sentaurus structure editor.

In other regions where the materials are not doped, the carrier drift velocity is no longer proportional
to the electric field. On the contrary, the velocity saturates to a finite speed vsat . The saturation velocity is
described by the extended Canali model [61]. The extend Canali model indicates that saturation velocity vsat

is proportional to the initial value, which is measured when the temperature is 300 K.
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3.3.4. Band structure of semiconductors
For semiconductor deviced simulations, essential properties other than electrostatic potential and carrier
transport is the band structure. It is complicated in real situations to simulate the accurate band structures
that Sentaurus has simplified it to four important parameters named the energies of the conduction and va-
lence band edges and the density-of-states masses for electrons and holes [49]. For undoped semiconductors,
the band gap and the density-of-state masses are determined by the intrinsic density ni :

ni (T ) =
√

NC (T )NV (T )exp

(
−Eg (T )

2kT

)
(3.16)

The bandgap is dependent on temperature [62]. Basically, the rise of temperature causes a decrease in
bandgap energy of silicon based semiconductors. Therefore, Eg (T ) accounts for the temperature dependent
bandgap energy. The bandgap narrowing could be switched off on remaining materials, for example the
silicon oxide layer, based on its property. The bandgap narrowing in silicon and poly-silicon regions in the
template is specified by using a function of donor and acceptor concentrations. The total bandgap narrowing
is the sum of the contributions of the two dopant types [63]. The density-of-state masses for electrons and
holes are also considered to be temperature dependent:

mn = 62/3a m2/3
0

Eg (0)

Eg (T )
m1/3

1 +mm (3.17)

mp (T )

m0
= a +b T + c T 2 +d T 3 +e T 4

1+ f T + g T 2 +h T 3 + i T 4

2/3

+mm (3.18)

where

• coefficients from a to i are all default values listed in Table 3.2.

• mm is used to define the temperature dependent mp and mn [64].

Table 3.2: Default coefficients for effective mass model

Default coefficients for effective mass model
Parameter name Value Unit
a 0.4435870 1
b 0.3609528×10−2 K −1

c 0.1173515×10−3 K −2

d 0.1263218×10−5 K −3

e 0.3025581×10−8 K −4

f 0.4683382×10−2 K −1

g 0.2286895×10−3 K −2

h 0.7469271×10−6 K −3

i 0.1727481×10−8 K −4

3.3.5. Generation and recombination processes
The carriers, other than undergoing the drift and diffusion process as discussed in the previous sections, are
affected by the generation-recombination process as well. In high defect density regions, Shockley-Read-Hall
recombination process is the dominant mechanism of carrier transport [65]. The trap-assisted Shockley-
Read-Hall recombination is highly sensitive to the energy differences between the defect level and the intrin-
sic level. With respect to the dopant concentrations and the temperature, the recombination rate is written
as:

RSRH =
np −n2

i ,e f f

τp (n +n1)+τn(p +p1)
(3.19)

n1 = ni ,e f f exp
Etr ap

kT
(3.20)
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p1 = ni ,e f f exp−Etr ap

kT
(3.21)

Etr ap refers to the difference between the intrinsic and defect level. It can vary from a wide range de-
pending on the trap density. In Sentaurus, the default value is chosen to be 0 for silicon layers. ni ,e f f is the
effective intrinsic density, which takes into account the doping dependent bandgap narrowing [49].

The surface recombination model is activated at the interfaces. The model used is structurally equivalent
to the Shockley-Read-Hall recombination process described above [66]. The surface recombination equa-
tions are written as:

RSRH
sur f =

np −n2
i ,e f f

sp (n +n1)+ sn(p +p1)
(3.22)

n1 = ni ,e f f exp
Etr ap

kT
(3.23)

p1 = ni ,e f f exp−Etr ap

kT
(3.24)

The equations are modified in the same way as for bulk Shockley-Read-Hall recombination. The only
difference is the recombination velocity s is dependent on the concentrations of dopants at the surface.

The recombination rate of band-to-band Auger recombination is written as:

R A
net =

(
Cnn +Cp p

)(
np −n2

i ,e f f

)
(3.25)

Cn and Cp are two temperature dependent Auger coefficients and increase with temperature. Auger re-
combination is typically important when the dopant concentration is high, which is exactly the same in this
simulation template [67]. Therefore, the recombination current output mostly relies on Auger recombination
in this simulation template. Radiation recombination is negligible in this case.

3.3.6. Band-to-band tunneling
Tunneling models are selectively switched on when there is possibility of conductivity. Band-to-band tun-
neling model has been switched on vertically through the silicon oxide layer and lateral through the intrinsic
polysilicon layer. The non-local tunneling model defines the starting position of band-to-band tunneling
and draws a straight line opposite to the gradient of the valence band at the starting position [49]. The po-
tential tunneling energy is equal to the conduction band energy plus the band offset at the ending position.
Tunneling mass represents the probability of tunneling within a certain region. When the tunneling mass
of the conduction band m(C ) and valence band m(V ) increases, the tunneling probability will decrease as a
consequence.

The band-to-band tunneling is modeled using the following equation:

Rbb
net = A F 7/2

ñp̃ −n2
i ,e f f

(ñ +ni ,e f f )(p̃ +ni ,e f f )

F∓
C
−3/2 exp

(
−F±

C
F

)
exp

(ħω
kT

)−1
+

F±
C
−3/2 exp

(
−F∓

C
F

)
1−exp

(−ħω
kT

)
 (3.26)

The Schenk model above describes the tunneling happens within the steep p-n junction or the strong
electric field regions. The ñ and p̃ are two density correction parameters compared with n and p. F (

C±) and

F (
C∓) are the critical field strengths. The upper sign in the equation above is the tunneling generation and

the lower sign refers to the recombination process [57]. Physically, the band-to-band tunneling occurs within
a certain distance. The tunneling path longer than this value would decrease the reliability of the Schenk
model. The insulator made up of silicon oxide can be extremely difficult for band-to-band tunneling, but the
relatively small width, which equals 1.2 nm enables the tunneling through the layer.
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3.4. External circuit connections in Sentaurus
An external circuit must be applied on the solar cell to simulate its I-V curve [49]. Two virtual electrodes
are created and placed right at the middle of the metal contacts for such intention. With the existence of
the external circuit, the designs of solar cells could be evaluated by key parameters, for instance the open
circuit voltage (V oc) and the fill factor (F F ). The entire two dimensional simulation template presents a cross
section of the solar cell and its link to the external direct current circuit. Simulation takes advantages of the
symmetry of solar cells to simulate a 2D device. The default length of this two-dimension model is set to be
1µm if necessary, thus, the calculations of certain parameters, such as photon absorption, can be carried out.

3.5. Reflections
Overall, the simulation process of IBC solar cell in the Sentaurus has been explained together with the phys-
ical models implemented. Geometric structure is generated in Sentaurus structure editor. Sentaurus device
simulates the physical processes from electrostatic potential to the generation and recombination processes.
Most of the physical models require fitting parameters which mostly come from the experiments in the labo-
ratory. Different correction factors are implemented in models and are used for various situations.





4
Simulations of structural parameters

In the previous chapters, the review of the interdigitated back contact solar cells and the working principles
in Sentaurus have been presented. In this chapter, analysis of structure parameters will be presented. Effects
of such parameters on breakdown voltages are indicated as well in this chapter.

4.1. Gap region between the emitter and the BSF
The initial simulation is based on the assumption that the interface between the doped polysilicon region
and the intrinsic polysilicon region is abrupt.

a) b)
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Figure 4.1: a) IBC cell diagram; b) Structure of IBC solar cell at the gap region

The structure of an IBC solar cell is shown together with the details at the rear side in Figure 4.1. Both
the p+ and the n+ regions at the rear side extend their dopant penetration regions laterally into the intrinsic
polysilicon layer, marked with boxes, just like the dopant diffusion regions inside the n type wafer. The fab-
rication process forms a gap between the heavily doped p+ and n+ regions. An intrinsic polysilicon layer is
there to suppress recombination process within the gap region. Such intrinsic polysilicon is in direct con-
tact with p+ and n+ regions and has no isolation layer in between. In consequence, their penetration regions
into the intrinsic poly-silicon layer act in accordance with Gaussian distribution in horizontal axis and can be
controlled by state-of-art fabrication processes. This results in a compensated poly-silicon region.

The compensated poly-silicon indicates the almost same concentrations of boron and phosphorus inside
this region, hence, it is no longer intrinsic. In order to distinguish from the vertical diffusion inside the N type
wafer, dopant penetration regions are used to describe the lateral diffusion inside the intrinsic polysilicon
region. The existence of silicon oxide layer limits the diffusion length inside the wafer while the penetration

29
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length inside the intrinsic layer would be longer owing to the lack of silicon oxide layer functioning insu-
lation. The updated structure within the gap region consequently improves the accuracy of the simulation
model and is more similar to the IBC solar cell in reality. The following sections will analyze the compensated
polysilicon region.

4.2. Tunneling between the emitter and the BSF
Tunneling usually happens where the electromagnetic field is intense and the tunneling path is short. The
most possible carrier transportation at the rear side of the IBC solar cells is direct tunneling. It happens
between two carrier selective layers, the emitter and the BSF, at the rear side of the solar cell. Owing to the
extremely close p+ and n+ regions, carriers can tunnel through the compensated polysilicon layer in between.
The Figure 4.2 below shows the band diagrams of such IBC solar cell under different operating conditions.

a) b)

c) d)

Figure 4.2: Band diagram of a) reverse bias −5 V; b) short circuit; c) maximum power point; d) open circuit conditions under
1000 Wm−2 illumination

Figure 4.2a illustrates the band diagram under a reverse bias of −5 V. The energy difference here of hole
and electron quasi-Fermi levels, EF p and EF n , is slightly varying from the applied reverse voltage because the
cutline is created horizontally. Hence, the band diagram here could only refer to the probability of tunneling
through the gap region.

The quasi-Fermi level of the n+ side conduction band is 0 all the time as shown in Figure 4.2. When the
device is under reverse bias in Figure 4.2(a), the valence band of P side exceeds the conduction band of N side
greatly, indicating the possibility of band-to-band tunneling through the gap region. Electrons accumulate at
the bending point, tunneling through the narrow depletion region in between.

The band diagram at short circuit condition in Figure 4.2(b) shows a continuous quasi-Fermi level from P
to N region. Both of the quasi-Fermi levels are zero in this situation and the valence band of P side. The edge
of the valence band of P side keeps the same as that of N region, meaning the device is in equilibrium. The
width of the depletion region is absolutely larger compared with the narrow path under reverse bias.

The p type quasi-Fermi levels of both regions are continuous when the device is under maximum power
output and the open circuit conditions in Figure 4.2(c) and (d). Device under illumination reveals the po-
tential of such solar cell. The difference of EF p and EF n is the largest when the device is under open circuit
conditions.
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Cutline

Figure 4.3: Cutline at the gap region of IBC solar cell

4.3. Effect of the tunneling mass
The analysis of cell structure and the band diagram under different operating points provides an insight of
where the tunneling happens and how it occurs. The upcoming sections are going to analyze several impor-
tant factors that affect the tunneling process.

Tunneling mass is a key parameter that influences the probability of tunneling. When the tunneling mass
increases, the tunneling probability will decrease, which is explained in the previous chapter. Hence, the
higher the value of tunneling mass is, the lower tunneling probability will be. The determination of the tun-
neling mass is done by experiments and has a reasonable range based on the materials, in other words, the
tunneling mass is a fitting parameter. Figure 4.4 below provides an intuitive view of the reverse characteristics
under different tunneling mass conditions.

Figure 4.4: Reverse characteristics of different tunneling mass mt

It is the high probability of tunneling through the gap region that reduces the breakdown voltage of such
device. The reasonable range for polysilicon tunneling mass could be from 0.01 to 0.34 as illustrated in Figure
4.4. The tunneling mass of monocrystalline silicon is specified to 0.17. This is because monocrystalline silicon
has a homogenous atomic structure where every atom follows and forms a single crystal. Polysilicon, on
the other hand, consists of multiple small crystallites. The combination of such crystallites bring the grain
boundaries that would act like defects in reality, hence, improving the probability of tunneling under reverse
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bias compared with the monocrystalline silicon. Therefore, taking possible effects into account, the band-to-
band tunneling mass of polysilicon is set to be 0.1 in the following analysis because band-to-band tunneling
is the dominant mechanism in reverse bias of such highly doped device and is in favor of a low breakdown
voltage. A previous study has proved that PV devices with low breakdown voltages have a higher annual
energy yield than the conventional solar cells. Such advantage would not be obvious for breakdown voltages
under −5 V [68]. Therefore, I-V characteristics of certain device only consider the breakdown voltage below
−5 V.

4.4. Effect of the gap distance
The previous sections suggest that the most possible carrier transportation at the rear side of the IBC solar
cells is band-to-band tunneling, which happens between those two carrier selective layers at the rear side of
the solar cell and is fostered by a reasonable tunneling probability and a relatively small distance. In order to
lower the essential voltage for conductivity under reverse bias, the simplest way is to narrow the width of the
gap region. Figure 4.5 below presents the effect of gap distance on the reverse characteristics of the IBC solar
cell when the dopant penetration length is fixed. Two different dopant diffusion lengths, 200 nm and 300 nm,
are selected for three gap values.

-5 -4 -3 -2 -1 0

Voltage (V)

0

10

20

30

40

50

60

70

80

90

100

C
u

r
r
e

n
t

d
e

n
si

ty
(m

A
c

m
-2

)

Gap 600nm

Gap 1000nm

Gap 2000nm

-5 -4 -3 -2 -1 0

Voltage (V)

0

10

20

30

40

50

60

70

80

90

100

C
u

r
r

e
n

t
d

e
n

si
ty

(m
A

c
m

-2
)

Penetration length 200nm

Penetration length 250nm

Penetration length 300nm

Figure 4.5: a) I-V characteristics of IBC cells for different gap widths for a dopant penetration length of 200 nm; b) I-V characteristics of
IBC cells for different dopant penetration length for a gap width of 1µm

With the decrease of the gap goes down the breakdown voltage of the IBC solar cell. The 600 nm gap
manifests the earliest conductivity under reverse bias. The breakdown voltage goes down to −1.2 volt in this
case. Reducing the penetration length has a similar effect to increase the gap width. Figure 4.1(b) indicates a
smaller effective gap when the penetration length increases. Furthermore, an even lower breakdown voltage
could be expected if the gap decreases further from the observations above.

It is incontrovertible that a smaller gap width will enhance the reverse characteristics but will also destroy
the forward characteristics if it is too small. If the interval between the doped p+ and n+ regions at the rear
side becomes too small, eventually, these two dopant diffusion regions inside the wafer will cause shunting
due to the annealing process.

The fabrication process of IBC solar cells uses the lithography technology to grow the doped p+ and n+

regions at the rear side. The interval of these two regions are related to the size of the mask utilized in lithog-
raphy as well. The laboratory standard for these masks could be in micrometer ranges while the industrial
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caliber are mostly in hundreds micrometer. Giving considerations to both feasibility and practicality, the gap,
which equals the interval of P and N regions, is set to be 1µm.

4.5. Effect of the dopant diffusion length
Considering both the feasibility and the practicality, the interval of P and N regions is 1µm. The effective
distance, nevertheless, is still dependent on the dopant penetration length. The following subsections are
going to analyze the effect of dopant penetration length from structural and electric perspectives.

4.5.1. Dopant concentration within the gap region
It has been explained that dopants are able to diffuse during the fabrication process of solar cells. High tem-
perature annealing and the sputtering deposition contribute to the vertically diffusion process and the hor-
izontally penetration. With the existence of silicon oxide layer, the diffusion depth into the wafer can be
limited. However, the compensated polysilicon layer is in direct contact with two heavy doped P and N re-
gions, consequently, penetration length over 160 nm will probably bring an engaged P and N regions within
the gap. Figure 4.6 provides an illustration of two different penetration length and the corresponding rear
side structures. The 230 nm penetration into the gap region eliminates the compensated region indicated in
green which is visible in the 60 nm case.

a) b)

Figure 4.6: Different dopant penetration lengths. a) 60 nm penetration; b) 230 nm penetration

b)a)
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Figure 4.7: a) Boron concentration at P side; b) Phosphorus concentration at N side

Figure 4.7 further reveals such engagement. The boron and the phosphorus concentration at both sides
have been illustrated. Both of the dopant penetration region have crossed the middle of the gap, reaching
even the opposite layer. In consequence, all the gap region is no longer intrinsic but compensated. It is filled



34 4. Simulations of structural parameters

with almost the same concentration level of two different dopant types. Although the Fermi level can still
remain the middle of the bandgap. The material itself is no longer intrinsic.

4.5.2. Electric I-V characteristics
Figure 4.8 shows the external parameters and the breakdown voltage of the solar cell as a function of the
dopant penetration length. The breakdown voltages of the IBC solar cell reach around −1 V when the pene-
tration lengths of both p and n type dopants are more than 300 nm.

Figure 4.8: Reverse and forward characteristics of different penetration lengths

Figure 4.8 shows essential parameters, including efficiency, fill factor, open circuit voltage, short circuit
current and breakdown voltage, for device performance evaluation. The efficiency and fill factor are in corre-
spondence with the change of the open circuit voltage. The reason for the breakdown voltage to start at 5 V,
as mentioned previously in this chapter, is that the range of breakdown voltage between −5 V and 0 V can im-
ply an improvement in the annual energy yield [68]. Therefore, the reverse characteristics is only simulated
within this voltage range that is of interest.

With the increasing penetration length comes the drop in open circuit voltage, which is due to the increase
of recombination inside the crystalline silicon absorber. Fill factor decreases in correspondence with the
open circuit voltage. The decrease of both the fill factor and the open circuit voltage contributes to a drop in
cell efficiency consequently when the short circuit current remains almost the same.
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However, the fill factor and the efficiency reaches the peak value when the penetration length is around
150 nm. Unlike the recombination process within the compensated polysilicon region, there can be two rea-
sons for lower efficiency when the dopant penetration length decreases. The first one is a higher recombi-
nation on the interfaces of crystalline silicon based n type wafer and the silicon oxide layer [41]. The short
penetration length leads to insufficient dopant concentration in the gap region, thus the recombination at
the interface of wafer and silicon oxide layer can not be sufficiently suppressed.

Another reason for a lower efficiency when the dopant penetration length decreases is in the crystalline
silicon wafer. For photogenerated electron and hole pairs above the gap region, the minority carriers must
flow vertically and horizontally to be collected either by the p+ emitter or the n+ BSF at the rear side [39]. An
insufficient carrier collection leads to a decrease of the efficiency of such device. When the penetration length
is shorter, the horizontal distance for minority carriers become longer, thus, part of photogenerated electron
and hole pairs recombine before being collected at he rear side.

The range of penetration length from 180 nm to 280 nm presents a rapid enhancement of breakdown
voltages under reverse bias while the drop of efficiency is not evident. This range that fits the research goal
of a low breakdown voltage while maintaining a favorable forward characteristic would probably be the next
research stage for a reliable cell structure to maximize the annual energy yield.

4.6. Reflections
This chapter mainly reveals the influences of several structural parameters on the I-V characteristics of the
device. With the reduction of gaps and penetration lengths goes down the breakdown voltage as they nar-
row the tunneling distance of carriers. The fitting parameter, tunneling mass, can vary from a wide range to
indicate the probability of tunneling. A lower tunneling mass is in favor of a lower breakdown voltage. Cell
performance under forward bias improves first due to the reduced recombination within the crystalline sil-
icon wafer and on the interface between the silicon oxide layer and the crystalline silicon wafer. The device
performance is deteriorated when penetration length continues to increase because of a higher recombina-
tion within the bulk when two dopant diffusion regions are closer. The breakdown voltage improves when
the penetration length is longer.





5
Effect of working conditions parameters

In this chapter, the study of different working conditions and their influences on the reverse characteristics
will be carried out. The chapter is divided into two parts, namely the irradiance simulations and temperature
simulations.

5.1. Irradiance simulation
One of the crucial input in electric simulation of solar cell devices in Sentaurus TCAD is the optical generation
profile. The profile indicates the number of photons absorbed per unit volume as a function of the position
inside the solar cell.

5.1.1. Absorbed photon density
To calculate the optical absorption inside the device, the solar cell has been simulated using GenPro4 under
AM1.5 spectrum [51].

Figure 5.1: AM 1.5 spectrum

37
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GenPro4 calculates the photon absorption at every position according to the device structural parameters,
such as materials, layer thicknesses, the optical properties (n and k) and the solar spectrum. By assigning the
amount of photons absorbed in each layer, Sentaurus simulations are accelerated because there is no need
to recalculate the optical absorption profile in every simulation.

Figure 5.2: Photon absorption on every depth within the cell

Figures 5.1 and 5.2 show the incident spectral power density on the solar cell under AM1.5 spectrum and
the simulation results of an textured surface IBC solar cell. The incident power density is 1000 Wm−2 and the
power density losses due to thermalization and below bandgap photons have been taken into account.

The optical analysis is essential when the device is under different illumination conditions. Ideally, a Gen-
Pro4 simulation should be carried out for every different illumination condition under which the I-V curve of
the solar cell is evaluated. Nevertheless, an approximation is introduced to circumvent the complexity of this
procedure. The optical profile for various irradiation conditions have been scaled proportionally to the total
irradiance, and the absorption of photons at every depth uses the same proportion. For instance, when the
incident power density is reduced to 500 Wm−2, the photon absorption at every depth will then become half
of that under 1000 Wm−2 condition.

In addition, texturing on the surface has been removed as well for the purpose of accelerating the electrical
simulation process. Since the value of absorbed photons is a function of the depth, the texturing on the cell
surface is no longer necessary for the electric simulation. Besides, the mesh refinements on this texturing
surface are complicated than the rest parts of the device. Hence, replacing the texturing surface with a flat
anti-reflective coating simplifies the electric simulation without any interference with results.

5.1.2. Effect on the breakdown voltage
The previous section focuses on the optical generation profile in the simulation, the effect of different irradi-
ation level will be analyzed in this section. In order to demonstrate the effects of irradiance and penetration
length on the breakdown voltages, a contour plot containing both parameters is shown in Figure 5.3,

Various irradiation level have been selected from 0 Wm−2 to 1000 Wm−2. The range of the penetration
lengths is from 200 nm to 400 nm. The color bar, from deep blue to light yellow, indicates the breakdown volt-
ages from high to low. The x axis stands for the dopant diffusion lengths while y axis represents the incident
power density. Figure 5.3 clearly shows an evenly distributed reverse characteristics along the y axis, meaning
that irradiance has negligible effects on the breakdown voltages when the dopant penetration length is fixed.
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Figure 5.3: Breakdown voltages of various penetration lengths and irradiances

The penetration lengths remain the prime factor as for the enhancement of reverse characteristics. The simu-
lation result along the X axis turns out that the breakdown voltages are dependent on the dopant penetration
length especially in the range of 200 nm to 300 nm. The required conductive voltage decreases to −1.2 V from
−4 V and keeps almost constant afterwards.

a) b)

Figure 5.4: Effects of irradiance on breakdown voltages from a) simulation when the penetration length is 370 nm; b) experiment
retrieved from [68]

The effect of irradiance is hardly visible in contour plot 5.3, thus, the breakdown voltages of different
irradiation conditions at a fixed dopant penetration length 370 nm is illustrated in Figure 5.4(a) with the ex-
perimental measurements in Figure 5.4(b). The experimental measurements were taken on SunPower Gen3
IBC solar cells but the structure of such IBC is unknown. SunPower Gen3 IBC solar cells have a high open
circuit voltage, hence, It is suspected that it is also an IBC solar cell with passivation contacts.

Normally, when a solar cell is under different illumination conditions, its forward characteristics change
significantly. Both short circuit current and open circuit voltage will decrease when the irradiance decreases.
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However, the reverse characteristics of certain device would mostly keep constant. Nevertheless, both of the
figures convey the information of the positive correlation of irradiance and breakdown voltages. The break-
down voltages tend to decrease when the irradiance increases. Nevertheless, such reduction is not so obvious
in simulations as in the experimental measurement. There is a large change in the breakdown voltage with
irradiance in experiments. However, the simulation result does not show that. The differences of breakdown
voltage in the simulation is only around 1 mV, which is relatively small.

One of the possible reasons for the different breakdown voltage changes are that both temperature and
irradiance are included in comparisons. The changes in irradiance is sure to change the temperature of the
device. As can be seen from Figure 5.4(b), device temperature are not exactly the same. Taking both tempera-
ture and irradiance into account, the breakdown voltage differences might be larger that that in simulations.

Another reason is regarding the cell structure. The measurement was carried out on SunPower Gen3 IBC
solar cells. The structure of such IBC cell is unknown except both the simulated IBC cell and the SunPower
Gen3 IBC cell have a high open circuit voltage. Different IBC cell structures are certain to bring simulation
and experimental results.

5.2. Thermal simulations
Another crucial input in electrical simulation of solar cell devices in Sentaurus TCAD is the temperature.
Temperature definitions include the lattice temperature and the electron and hole temperatures. The lattice
temperature stands for the effects of total dissipated heat and is constant throughout the device [49].

5.2.1. Device temperature
The temperature in this project is only used as the device operating parameter, effects on absorbed charge
carriers are not considered in this chapter. The temperature rise is mainly due to the self-heating by dissipat-
ing energy and is assumed to be uniform throughout the device.

Like all other semiconductor devices, solar cells are sensitive to temperature. Temperature modifies the
shape of the I-V curve especially under forward bias. When the temperature rises, the bandgap of silicon
decreases.

Eg (T ) = Eg (0)− αT 2

T +β (5.1)

where Eg (T ), α and β are the fitting parameters. With the bandgap decreasing ,more photons would then be
absorbed and collected, thus leading to a higher short circuit current [6].

Therefore, the inputs of GenPro4 have to be redefined every time the temperature changes. Since the
rise of the temperature will lead to a decrease in bandgap of the device, the photon absorption of the device
will increase correspondingly. However, the I-V curve is not very influential since it offsets the short circuit
current for a preferable analysis of the reverse characteristics only.

5.2.2. Effect on the breakdown voltage
In order to demonstrate the effects of temperature and penetration length on the breakdown voltages, a con-
tour plot containing both parameters is shown in Figure 5.5. Various temperature conditions have been se-
lected from 0 °C to 70 °C. The range of the penetration lengths is from 220 nm to 400 nm. The reason for
penetration length to start at 220 nm is all of simulations of penetration length below 220 nm fail. The color
bar, from deep blue to light yellow, indicates the breakdown voltages from high to low. The x axis stands for
the dopant penetration lengths and the y axis represents the incident power density. Figure 5.5 shows an
evenly distributed reverse characteristics along the y axis as well. The penetration lengths are dominate com-
pared with temperature as for the enhancement of reverse characteristics. The required conductive voltage
decreases to 1.4 V from 2.7 V and keeps almost constant afterwards.
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Figure 5.5: Breakdown voltages of various penetration lengths and temperatures
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Figure 5.6: Effects of temperature on breakdown voltages from a) simulation when the penetration length is 370 nm; b) experiment
retrived from [68]

The effect of irradiance is not obvious from Figure 5.5, thus, the breakdown voltages of different irradi-
ation conditions at a fixed dopant penetration length 370 nm is illustrated in another figure 5.6a with the
experimental measurements in figure 5.6b. Unlike the irradiance, both of the figures convey the informa-
tion of the negative correlation of temperature and breakdown voltages. The possible reason can be that the
temperature coefficient of tunneling is negative. For tunneling, which is among the Zener breakdown mech-
anisms, the electric field should be sufficiently high to torn electron from the valence band to the conduction
band. Since the bandgap decreases when temperature increases, the electric field required to torn the va-
lence electrons drops correspondingly. Consequently, the required voltage decreases because voltage equals
the electric field intensity times the width of the space charge region, resulting in a negative temperature
coefficient. Therefore, the higher the device temperature, the lower the breakdown voltage will be.

The possible reasons for the different breakdown voltage changes are similar to the previous analysis.
Both temperature and irradiance are taken into account in the experiment but the simulation is carried out
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based on temperature only. Another reason is regarding the cell structure. Different IBC cell structures are
certain to bring simulation and experimental results.

5.3. Reflections
The optical simulation is done by GenPro4 to generate the photon absorption profile and Sentaurus does
the electric simulation based on that profile. The results indicate that the breakdown voltage of the device in-
creases with the increase of irradiance but the change of breakdown voltage is negligible. On the contrary, the
increase in temperature lead to a decreasing breakdown voltage, which can be owing to the negative temper-
ature coefficient of tunneling. However, penetration length is dominant to both irradiance and temperature
in the influences on the breakdown voltage. The involvement of both temperature and irradiance in experi-
ments can lead to differences in simulation and experimental results. Different cell structures can be possible
reasons for such differences as well.



6
Conclusions and recommendations

The aim of this research was to identify the dominant mechanisms that determine the breakdown character-
istics of interdigitated back contact solar cells and study the combined optimization of reverse and forward
characteristics of interdigitated back contact solar cells.

6.1. Conclusions
This chapter summarizes the main the main research objectives proposed in the first chapter and the con-
clusions of this study.

1. Investigate different solar cell structures that result in low breakdown characteristics and identify the
charge carrier transport mechanisms involved under reverse bias conditions.

In front back contacted solar cells, the breakdown is mainly caused by avalanche effect. Charge carriers
gain enough kinetic energy from the applied electric field to be separated from the covalent bonds. The
free carriers, being accelerated, will further ionize the atoms on lattice. The process takes place within
the entire bulk region. Hence, the breakdown voltages are usually below −10 V. In the case of front back
contacted solar cells, the only possibility to improve the breakdown voltage is to create another path
between the positive and negative contacts of the solar cell and this can be achieved with a integrated
bypass diode.

However, in IBC solar cells, the positive and negative contacts are much closer to each other and when
the cell is reversed bias, the highly doped p+ and n+ regions allow carriers to recombine through band-
to-band tunneling without entering the bulk of the solar cell. Band-to-band tunneling can happen
where there is no gap between p+ and n+ regions in homojunction IBC cells or if the gap is filled with
intrinsic polysilicon in heterojunction IBC cells.

2. Generate a robust 2D simulation template to perform a parametric evaluation of the I-V characteristics
of a solar cell.

Sentaurus TCAD was chosen to simulate the electrical performance of silicon heterojunction interdigi-
tated back contact solar cells for its comprehensive functions. Initial conditions and material properties
are assigned to every layer within the cell structure and meshes are generated as meticulous as needed
to return a valid electrical output expeditiously.

3. Analyze the influence of structural parameters and operating conditions on the forward and reverse I-V
characteristics of a solar cell.

Widths of the gap region and lateral penetration lengths are the most important structural parameter
that have an effect on the reverse I-V characteristics of the IBC-SHJ solar cells. A smaller gap and a
longer penetration length contribute to reduce the width of the tunneling barrier, which leads to an in-
crease in the tunneling current and an improvement of the cell’s breakdown voltage. However, a smaller
separation between the p+ and n+ regions in an IBC solar cell can lead to an increased recombination
of the generated charge carriers inside the bulk of the solar cell as well. This can cause a deterioration
of the forward characteristics, mainly the open circuit voltage and the efficiency of the solar cell.
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Tunneling mass is a crucial fitting parameter to decide the probability of tunneling within a given mate-
rial. A lower tunneling mass was in favor of a lower breakdown voltage and took consideration of other
possible effects contributing to it.

Temperature and irradiance have limited influence on the reverse characteristics of IBC solar cells than
on the forward characteristics. The changes in temperature and irradiance were negligible on device
breakdown voltages compared to the effect of the penetration length. The sensitivity analysis of tem-
perature and irradiance provides the base for further investigation into the energy yield of PV modules
in realistic operating conditions.

6.2. Recommendations
This thesis project mainly focuses on the simulation of the breakdown characteristics of solar cells for shade
tolerant PV modules. After the work carried out, several refinements and research lines are opened for further
investigation.

First of all, the simplifications of temperature and irradiance could be refined. Scaling of irradiance can-
not show the precise absorption of incident light within the device. The optical simulation can hardly reflect
the incident light spectrum in reality. In addition, different temperatures are going to change the bandgap
of materials, leading to a nonidentical photon absorption. It is expected that the results would show similar
trends if accurate absorption profiles were generated when working conditions vary, and these results would
make the research project more complete.

Secondly, a slightly different diffusion rate of boron and phosphorus in reality could be implemented
to the simulation template. Such different diffusion rate of boron and phosphorus would result in a com-
pensated polysilicon layer close to the n+ region. The dopant diffusion regions inside the wafer would have
different depths, and may lead to a higher degradation in forward characteristics.

Thirdly, the influences of irradiance and temperature on breakdown voltages could be extended. Tem-
perature and irradiance can be interdependent, and the simulation results show the same trend but with
negligible differences compared with that of experiments. In consequence, a comprehensive comparison of
device performances under different working conditions could be carried out.

Finally, the simulated IBC solar cell achieved a low breakdown voltage while maintained a high efficiency
within a certain penetration length. The designs would be more complete if the annual energy yield of such
IBC solar cells could be estimated in system level simulation and measured in reality. Therefore, the fabrica-
tion process could be investigated to reveal the feasibility of commercializing these devices.
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